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Abstract
Our study investigates the effect of a highly selective cyclooxygenase-2 (COX-2) inhibitor,
celecoxib, on the cytotoxicity of docetaxel in nude mice bearing A549 tumor xenografts and
elucidates the molecular mechanisms of the antitumor effect of this combination. Female nu/nu
mice, xenografted with s.c. A549 tumors were treated with either celecoxib (150 mg/kg/day),
docetaxel (10 mg/kg) or a combination of both. The tumor tissues were quantified for the
induction of apoptosis, intratumor levels/expressions of prostaglandin E2 (PGE2), 15 deoxy
prostaglandin J2 (15-d PGJ2), microsomal prostaglandin E synthase (mPGES) and cytoplasmic
phospholipase A2 (cPLA2). The combination of celecoxib with docetaxel significantly inhibited
the tumor growth (p < 0.03) as compared to celecoxib or docetaxel alone, decreased the levels of
PGE2 by 10-fold and increased the 15-d PGJ2 levels by 4-fold as compared to control. The
combination also enhanced the peroxisome proliferator-activated receptor (PPAR)-γ expression,
decreased the expression of cPLA2, mPGES and vascular endothelial growth factor (VEGF), but
had no effect on the expression of COX-1 or COX-2 in tumor tissues. TUNEL staining of the
tumor tissues showed a marked increase in the apoptosis in the combination group as compared to
the celecoxib- or docetaxel-treated groups and this was associated with an increase in the
intratumor p53 expression. In conclusion, the combination of celecoxib with docetaxel produces a
greater antitumor effect in s.c. A549 tumors as compared to celecoxib or docetaxel alone and this
effect is associated with concomitant alterations in the intratumor levels of PGE2 and 15-d PGJ2.
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Lung cancer is the leading cause of cancer-related deaths in the United States. The strategies
that have been employed in the treatment of cancer include radiation, chemotherapy or
combination of radiotherapy with chemotherapy. Despite the recent advances in the
treatment of lung cancer, the response and remission rates in non-small cell lung cancer
(NSCLC) patients remain relatively low.1 Attention is now being directed to find novel
combination anticancer agents with non-overlapping mechanisms of action to obtain
enhanced anticancer efficacy with reduced adverse side effects. In this context, the use of
selective cyclooxygenase (COX)-2 inhibitors in combination with cytotoxic drugs has been
shown to have synergistic antitumor effect in colon2 and lung tumor models.3

Celecoxib is a highly selective COX-2 inhibitor and has been shown to have antitumor
effect in human tumor xenograft models of colon,4,5 breast,6 prostate7 and Lewis lung
carcinoma.4 The in vitro antiproliferative effect of celecoxib has been attributed to the
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induction of apoptosis.8 Docetaxel has been approved for the treatment of NSCLC patients
and exhibits its cytotoxic effect due to decreased proliferation and induction of apoptosis by
stabilization of microtubules. Thus, the combination of celecoxib with docetaxel might be
beneficial and currently clinical trials are underway in NSCLC patients.9,10 The recent
Phase II clinical data suggest that the combination of docetaxel and celecoxib can be safely
given in NSCLC patients.11

The molecular mechanisms responsible for the antitumor effect of celecoxib alone and in
combination with anticancer drugs have not been clearly elucidated yet. It has been reported
that celecoxib decreases the intratumor prostaglandin E2 (PGE2) levels in head and neck
xenograft tumors without affecting the COX-2 expression.12 The reduction of intratumor
PGE2 levels has been thought to be mediated via enzymatic inhibition of COX-2 activity in
the tumor milieu by celecoxib. Recent evidence also indicates that increased prostaglandin
biosynthesis is associated with the expression and activity of cytoplasmic phospholipase A2
(cPLA2, an enzyme involved in the release of arachidonic acid from membrane lipids) and
COX-2 in A549 cells.13 Further, COX-2 and microsomal prostaglandin E synthase (mPGES,
an enzyme mediating the conversion of prostaglandin H2 to PGE2 and functionally linked to
COX-2) have been shown to be overexpressed in lung cancer patients.14 In addition, other
COX independent mechanisms have also been reported for selective COX-2 inhibitors.15,16

We have reported recently that increased expression of peroxisome proliferator activated
receptor-γ (PPAR-γ) was associated with the in vitro cytotoxicity enhancement of
doxorubicin by a selective COX-2 inhibitor nimesulide in human lung adenocarcinoma,
A549 cells and the in vivo antitumor effect of nimesulide in s.c. A549 tumor xenografts.17,18

In the light of these studies, we hypothesize that the antitumor effect of celecoxib or its
combination with docetaxel may be associated with reduced intratumor PGE2 levels along
with alterations in the expression of key targets involved in the PGE2 biosynthesis such as
cPLA2 and mPGE synthase. We also hypothesize that the combination of celecoxib with
docetaxel may increase the expression of PPAR-γ17–19 and alter the 15-deoxy prostaglandin
J2 (15-d PGJ2) levels.20

The objectives of our present investigation were to study: (i) the enhanced antitumor effect
of the combination of celecoxib with docetaxel in vitro in human lung adenocarcinoma,
A549 cells as well as its xenograft tumors in nude mice, (ii) the intratumor levels of PGE2
and 15-d PGJ2 and (iii) expression of cPLA2, mPGE synthase, PPAR-γ and vascular
endothelial growth factor (VEGF) in tumor tissues harvested from mice. Our data indicate
that celecoxib and its combination with docetaxel reduce the intratumor PGE2 levels. Our
findings indicate that the combination of celecoxib with docetaxel has little effect on COX-2
expression, but decreases the expression of cPLA2 and mPGE synthase and enhances the
expression of PPAR-γ and intratumor levels of 15-d PGJ2 levels.

Material and methods
Materials

Celecoxib and docetaxel were gift samples from Pfizer (Skokie, IL) and Aventis
(Collegeville, PA), respectively. A549 cell line was obtained from American Type Culture
Collection (Manassas, VA). Antibodies against COX-2, PPAR-γ were purchased from
Cayman Chemical Company (Ann Arbor, MI). Antibodies against cPLA2, and mPGE
synthase were purchased from Santa Cruz Bio-technology, Inc. (Santa Cruz, CA). All tissue
culture chemicals and anti-β-actin antibody were obtained from Sigma Chemical Company
(St. Louis, MO). PGE2 and 15-d PGJ2 colorimetric enzyme immunoassay kits were
purchased from Assay Designs (Ann Arbor, MI). DeadEnd™ Colorimetric Apoptosis
Detection kit was obtained from Promega Corporation (Madison, WI). All other chemicals
were either reagent or tissue culture grade.
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Enhancement of docetaxel activity by celecoxib in A549 cells
The tumor cells (A549) were plated into 96-well microtiter plates, at a concentration of
10,000 cells/well in F12K medium containing 5% serum and allowed to incubate overnight.
Stock solutions of docetaxel and celecoxib were prepared in DMSO at 5.8 and 26.2 mM
concentrations, respectively and subsequent dilutions were made in tissue culture medium.
Various dilutions of docetaxel alone (0.00012–0.58 μM) and in combination with a fixed
concentration of celecoxib (26.2 μM) were added to the cells and the plate was incubated for
72 hr at 37 ± 0.2°C in a 5% CO2-jacketed incubator. The cytotoxicity was assessed by
crystal violet dye uptake assay,17,20 and quantified by measuring the absorbance of the dye
at a wavelength of 540 nm, using an automated micro-plate reader (Biotek Instruments Inc.).

Enhancement of the antitumor effect of docetaxel by celecoxib in A549 tumors
Female Nu/Nu (6 weeks old, Harlan, Indianapolis, IN) were preselected for s.c. A549
tumors and xenografts were transplanted by s.c. administration of 5 × 106 A549 cells in the
right hind leg.18 One-day after tumor implantation, the mice were treated with celecoxib
(150 mg/kg/day) by oral gavage until the end of the study (28 days). Celecoxib was
administered as a 2% w/v solution in ethanol: PEG 400: water (22.2:66.6:11.2, v/v).
Docetaxel (10 mg/kg) was given by i.v. on Days 14, 18 and 22 after tumor implantation. The
combination treatment group was given celecoxib and docetaxel essentially in the same way
as administered for their respective individual treatment regimens. The control mice were
administered with vehicle control. The tumor dimensions were measured twice weekly using
a linear caliper and tumor volume was calculated using the equation V (mm3) = a × b2/2,
where a is the largest diameter and b is the smallest diameter. The mice were fed with food
and water ad lib.

Analysis of celecoxib in plasma samples
After the last dose of celecoxib was given on Day 28, blood samples were collected one
hour after the oral dosing by cardiac puncture into heparinized tubes and analyzed
subsequently by HPLC. Plasma levels of celecoxib were analyzed by reverse phase HPLC
(C18 column 3.9 × 300 mm) using acetonitrile:water containing 0.05% v/v acetic acid) at
60:40. The eluted celecoxib was detected at 250 nm.

Western blotting of tumor tissues
Tumor tissues harvested at 28 days post-tumor implantation from control, celecoxib,
docetaxel and docetaxel with celecoxib-treated mice were cut into small pieces and
homogenized in PBS. The homogenate was centrifuged at top speed for 10 min to sediment
the tissue fragments. Next, the lysis buffer (25 mM HEPES, Triton-X 0.1%, NaCl 300 mM,
β-glycerophosphate 20 mM, MgCl2 1.5 mM, EDTA 0.2 mM, DTT 25 mM) with protease
inhibitors (sodium orthovanadate 4 mM, sodium fluoride 400 mM, benzamidine 20 mM,
leupeptin 2 μg/ml, aprotinine 4 μg/ml, PMSF 500 μM) were added. Samples were vortexed,
incubated on ice for 30 min, centrifuged again and the supernatant was stored at −80°C. For
Western blotting, equal amounts of supernatant protein (30 μg) from the control and
different treatments were denatured by boiling for 5 min in SDS sample buffer, separated by
8% SDS-PAGE, and transferred to nitrocellulose membranes for immunoblotting. The
membranes were blocked with 5% skim milk in Tris-buffered saline with Tween 20 [10 mM
Tris-HCl (pH 7.6), 150 mM NaCl, 0.5% Tween 20] and probed with COX-1, COX-2,
cPLA2 and PPAR-γ antibodies (1:500). Bound antibodies were revealed with HRP
conjugated secondary antibodies (1:2,000) using SuperSignal West pico chemiluminescent
solution (Pierce, Rockford, IL).

Shaik et al. Page 3

Int J Cancer. Author manuscript; available in PMC 2010 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Determination of PGE2 and 15-d PGJ2 levels in tumor tissues
The tumor tissue samples were homogenized in 70% ethanol and 30% of 0.1 M sodium
phosphate (pH 4.0) and incubated on wet ice for 30 min. The samples were centrifuged and
the supernatant was collected. A known volume of supernatant (Typically 250 μl) was dried
under nitrogen and resuspended in assay bufferb and analyzed for PGE2 and 15-d PGJ2
using their respective colorimetric enzyme immunoassay kits as per the manufacturer’s
recommendations (Assay Designs, Ann Arbor, MI).

Immunohistochemistry of mPGE synthase in tumor tissues
The tumor tissue samples collected at the end of the study (as described above) were frozen
in cryomatrix and sectioned in a cryotome (Shandon Cryotome 0620, Thermo Shandon,
Pittsburgh, PA) and immunostained for mPGE synthase. In brief, the 10 μm cryosections
were washed 3× with PBS to remove the freezing matrix followed by the quenching of
endogenous peroxidase activity by incubating the slides in 0.3% H2O2 solution. After this,
the slides were washed again 3× with PBS and incubated with primary antibodies for mPGE
synthase (1:50) for 1 hr at room temperature (RT) in a humidified chamber. Location of the
primary antibodies was achieved by application of HRP conjugated secondary antibodies for
30 min at RT and DAB substrate. The slides were counter-stained with hematoxylin.
Finally, the slides were observed with an Olympus BX40 light microscope equipped with
computer controlled digital camera (QImaging, Burnaby, BC, Canada) and imaging
software.

TUNEL assay of tumor tissues
DeadEnd colorimetric apoptosis detection system (Promega Corporation, Madison, WI) was
used to detect apoptosis in tumor tissues harvested at 28 days post-tumor implantation. The
tumor tissue cryosections as described above were washed in PBS and then fixed in 4%
paraformaldehyde solution before incubation in 20 μg/ml proteinase K for 10 min. The
sections were washed in PBS and incubated with TdT enzyme in a humidified chamber at
37°C for 60 min for incorporation of biotinylated nucleotides at the 3′-OH DNA ends. After
endogenous peroxidase quenching, horseradish-peroxidase-labeled streptavidin was used to
bound the biotinylated nucleotides, which are finally detected using hydrogen peroxide and
stable chromogen DAB. Slides were observed with an Olympus BX40 microscope and
analyzed as described earlier.

Effect of celecoxib, docetaxel and their combination on mRNA levels of COX-2, PPAR-γ,
VEGF and mPGE synthase in A549 tumor tissues

The tumor tissues collected at the end of the study (28 days post-tumor implantation) were
processed for total RNA using the Eppendorf Perfect RNA Mini Kit (Brinkman Instruments,
Westbury, NY). Reverse transcription was carried out with Moloney-murine leukemia virus
reverse transcriptase (MuLV-RT) (Applied Biosystem, CA) according to the manufacturer’s
protocol with some modifications. The PCR reaction was carried out following the
conditions: (94°C, 2 min) with COX-2, PPAR-γ, VEGF121, mPGE synthase and β-actin
primer pairs and ATAQ DNA polymerase (Applied Biosystem) for 30 cycles of 94°C, 52°C,
(60 °C for mPGES) and 72°C (1 min each), and then 10 min at 72 °C before holding at 4°C.
The PCR products (COX-2, 226 bp; PPAR-γ, 360 bp; VEGF, 121 bp; mPGES, 459 bp and
β-actin 390 bp) were separated in a 1.5% agarose gel and the band intensities were
normalized with respect to β-actin using Scion Image Software (Beta 3b version, Scion
Corporation, Frederick, MD).
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Statistical analysis
Differences in tumor volume between treatment groups were analyzed using non-parametric
Mann-Whitney test18 and the significance of the difference in the expression of PPAR-γ,
cPLA2, p53, VEGF and the prostaglandin levels (PGE2 and 15-d PGJ2), among the different
treatments was analyzed by one-way ANOVA followed by Tukey’s multiple comparison
test using GraphPad PRISM version 2.0 software (San Diego, CA).

Results
Celecoxib potentiates the cytotoxicity of docetaxel in vitro and in vivo

We studied the effect of celecoxib on docetaxel cytotoxicity in vitro against A549 cells and
as shown in Figure 1, the combination of celecoxib with docetaxel produced a greater cell
growth inhibition as compared to docetaxel alone. The IC50 value for docetaxel alone was
found to be 0.026 ± 0.0015 μM, whereas the combination of docetaxel with celecoxib
showed an IC50 of 0.0145 ± 0.0034 μM against A549 cells, which was found to be
statistically significant (p = 0.02). The concentration of celecoxib (26.2 μM) employed for
enhancing the docetaxel activity was below its IC50 value (50.1 μM) against A549 cells and
produced only 19.6% cell growth inhibition under the same experimental conditions.

Figure 2 shows the tumor volume-time data profiles after the administration of vehicle
control, celecoxib, docetaxel and the combination of celecoxib with docetaxel in mice
xenografted with A549 tumors. It is evident from Figure 2 that the combination of celecoxib
with docetaxel produced a greater antitumor effect as compared to celecoxib or docetaxel
alone treatments. At 28 days post-tumor implantation, the tumor volumes were found to be
2,488 ± 330.6, 633.5 ± 110.7, 622.3 ± 113.1, 148.2 ± 39.38 mm3 (expressed as mean ±
SEM) in vehicle, celecoxib, docetaxel and celecoxib with docetaxel-treated mice,
respectively. These results indicate that there was 95.5% reduction in the tumor volume in
celecoxib with docetaxel-treated mice as compared to 75% reduction in docetaxel-treated
mice and 74.5% reduction in celecoxib-treated mice when expressed with respect to the
tumor volume in vehicle-treated mice at 28 days post-tumor implantation. Mann-Whitney
test on tumor volume data at 21–28 days in celecoxib with docetaxel-treated mice was found
to be significantly lower (p < 0.03) as compared to vehicle, celecoxib- or docetaxel-treated
mice. There was no significant difference in the plasma levels of celecoxib between
celecoxib-treated mice (14.7 ± 4.6 μM) and celecoxib with docetaxel-treated mice (16.6 ±
3.7 μM).

Antitumor effect of celecoxib with docetaxel combination is associated with reduced
intratumor PGE2 levels and cPLA2 expression

The intratumor PGE2 levels are presented in Figure 3a and it is evident from this figure that
significant reduction in the PGE2 levels were observed in celecoxib, docetaxel and celecoxib
with docetaxel-treated mice as compared to vehicle-treated control mice. The maximum
reduction (93.3%) was observed in tumors from mice treated with celecoxib in combination
with docetaxel, whereas celecoxib and docetaxel alone produced 81.2 and 52.9% reduction
in PGE2, respectively. Western blot analysis of tumor tissues indicated that the expression of
COX-1 and COX-2 was not altered in tumor tissues from celecoxib with docetaxel-treated
mice as compared to vehicle (control)-treated mice (Fig. 4a). There was a 1.4-fold decrease
in the COX-2 expression in tumor tissues from celecoxib-treated mice, whereas docetaxel
treatment showed 1.5-fold elevated expression of COX-2 as compared to control (Fig. 4a).
Further, we also observed that the expression of cPLA2 in tumor tissues from mice subjected
to various treatments (celecoxib, docetaxel and celecoxib with docetaxel) was significantly
(p < 0.001) lower by 1.3-, 2.4- and 3.3-fold respectively compared to the control mice (Fig.
4a).
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Celecoxib with docetaxel treatment enhances the expression of PPAR-γ and intratumor
levels of 15-d PGJ2

We observed a significant (p < 0.001) increase in the expression of PPAR-γ in tumor tissues
harvested from mice treated with celecoxib (1.6-fold) or celecoxib with docetaxel (1.5-fold)
as compared to tumors from control mice by Western blotting (Fig. 4a) and RT-PCR
techniques (Fig. 4b). Docetaxel treatment did not show any increase in the PPAR-γ
expression by Western blotting, however, RT-PCR data showed a modest (1.3-fold) but
significant increase in PPAR-γ. Enzyme immunoassay of 15-d PGJ2 (natural ligand for the
PPAR-γ), in tumor tissues collected at 28 days post-tumor implantation showed 4-fold
increase in the tumor tissues from celecoxib with docetaxel-treated mice as compared to
control (Fig. 3b).

Inhibition of mPGE synthase by celecoxib with docetaxel
We have studied previously the localization of COX-2 in A549 tumor xenografts and found
that treatment with a selective COX-2 inhibitor, nimesulide has no effect on COX-2
localization pattern between control and treated tumors. Nimesulide treatment resulted in a
significant reduction in the intratumor PGE2 levels.18 In our present study, we observed that
the combination of celecoxib with docetaxel resulted in maximum reduction in the
intratumor PGE2 levels (Fig. 3a). We hypothesized that this reduction in the intratumor
PGE2 levels, may be associated with alterations in the expression of mPGE synthase. We
studied the effect of combination therapy of celecoxib with docetaxel on mPGE synthase
expression by immunohistochemistry. We observed moderate immunostaining in the
epithelial cells and low immunostaining in tumor associated blood vessels in specimens
obtained from the control tumors (Fig. 5a). There was negligible staining in the blood
vessels and weak immunostaining in epithelial cells of tumors obtained from mice treated
with the combination of celecoxib with docetaxel (Fig. 5b). Our results are further
confirmed by RT-PCR study, which showed that the combination of celecoxib with
docetaxel produced greatest inhibition of mPGES mRNA levels (2.4-fold) as compared to
tumors from untreated control mice (Fig. 6).

Celecoxib with docetaxel combination inhibits VEGF mRNA levels in tumors
The effect of celecoxib, docetaxel and celecoxib with docetaxel treatments on VEGF mRNA
levels in tumor tissues is shown in Figure 4b. It is clear from Figure 4b that the combination
of celecoxib with docetaxel treatment resulted in a significant (p < 0.001) reduction in the
intratumor levels of VEGF mRNA as compared to the other treatments and control. The
combination inhibited VEGF expression by 1.6-fold compared to control.

Induction of apoptosis in tumor tissues by the combination of celecoxib with docetaxel
As shown in Figure 7, celecoxib with docetaxel treatment showed a significant apoptotic
response (50% increase) as compared to the control tumors. We also observed about 30–
40% increase in apoptosis in celecoxib- or docetaxel-treated tumor tissues. The apoptotic
response observed with docetaxel or celecoxib with docetaxel combination treatment group
is associated with 5- and 3-fold increase in the expression of p53 in tumor tissues harvested
from docetaxel or celecoxib with docetaxel combination, respectively; whereas its
expression was not detected in tumor tissues from control- or celecoxib-treated mice (Fig.
4a).

Discussion
Extensive studies carried out in the last decade have shown that COX-2 is an important
pharmacological target for the prevention and or treatment of lung and other cancers.21,22
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These studies have unequivocally demonstrated that overexpression of COX-2 (a key
enzyme involved in the prostaglandin biosynthesis) in human lung adenocarcinoma is
associated with shortened patient survival.23–25 Further, selective COX-2 inhibitors such as
nimesulide, JTE-522 and celecoxib have been shown to have antiproliferative effect against
lung cancer cell lines and potentiated the in vitro cytotoxicity of anticancer drugs.3,8,17,26 It
has been demonstrated that a COX inhibitor sulindac, increases the potential of antitumor
activity of cytotoxic drugs in a murine LLC tumor model.27 Celecoxib has been shown to
increase the cytotoxicity of CPT-11 in a colon tumor model2; and 5-fluorouracil and
cyclophosphamide in murine LLC model.28 Even though clinical studies are in progress for
the combination of celecoxib with docetaxel in NSCLC patients, preclinical data of this
combination in lung tumor models has not been reported so far. There was a recent report
dealing with the potentiation of tumor response to radiation involving docetaxel in human
epidermoid carcinoma A431 tumor xenografts by selective COX-2 inhibitors, SC-236 and
celecoxib.29 Our present study is aimed at determining the potential of celecoxib in
increasing the docetaxel activity in vitro and in vivo in A549 lung tumors and to elucidate
molecular mechanisms underlying its antitumor effect.

Our studies indicate that celecoxib significantly increases the in vitro cytotoxicity of
docetaxel in A549 cells (Fig. 1) as well as the in vivo antitumor activity of docetaxel in s.c.
A549 tumors (Fig. 2). The combination of celecoxib with docetaxel produced highest tumor
growth inhibition as compared to celecoxib or docetaxel alone treatments. We used
celecoxib at 150 mg/kg/day, which is below its maximum dose (250 mg/kg/day) employed
in human head and neck squamous cell carcinoma, col26 murine carcinoma and HT-29
human colon carcinoma xenograft models.12,30 We followed the protocol of Dykes et al.31

for the administration of docetaxel to tumor bearing mice but at a lower dose (10 mg/kg, 3
times) than its effective dose (22 mg/kg, 3 times) in LX-1 lung tumor xenografts.31 In
another study involving the efficacy of combination therapy using docetaxel, radiation and
adenovirus-mediated p-53 gene transfer in A549 tumor xenografts, a single i.v. dose of
docetaxel at 30 mg/kg (equivalent to the total dose of docetaxel use in our study) was
employed.32 In our study, oral celecoxib was initiated 1 day after tumor implantation in
accordance with our previous study.18 A recent study demonstrated potentiation of docetaxel
and vinorelbine cytotoxicity in ACC-LC-319 lung tumor xenografts by the selective COX-2
inhibitor, JTE-522.3 In this study, Hida et al.3 initiated the COX-2 inhibitor treatment on the
first day of tumor implantation and docetaxel was given by i.v. at a single dose of 5 mg/kg.
We did not observe any significant difference in the tumor volumes between celecoxib
(55.62 mm3) and celecoxib with docetaxel (47.81 mm3)-treated mice, at 14 days post-tumor
implantation (i.e., when the first i.v. dose of docetaxel was administered in the combination
group). As evident from Figure 2, the combination treatment produced a more pronounced
inhibition of tumor growth as compared to individual treatments and thus indicates a
cooperative tumor growth inhibitory effect between celecoxib and docetaxel in A549 tumor
model.

Western blotting of tumor tissues indicated that the combination of celecoxib with docetaxel
has no effect on COX-1 or COX-2 expression (Fig. 4a) but produced a maximum reduction
in the intratumor PGE2 levels as compared to celecoxib or docetaxel (Fig. 3a). It has been
shown that cytotoxic drugs like taxol and docetaxel stimulate COX-2 expression in human
monocytes and mammary epithelial cell lines.33,34 Induction of COX-2 in tumor cells and in
endothelial cells by taxanes may be a protective mechanism counterproductive to the
antitumor effect of taxanes.35 It has also been reported that the addition of celecoxib to a
regimen of paclitaxel and carboplatin abrogated the marked increase in PGE2 levels in
primary tumors after treatment with paclitaxel and carboplatin in NSCLC patients.36

Reduction of intratumor PGE2 levels in tumor xenografts by COX-2 inhibitors such as
nimesulide18 and celecoxib12,30 has been reported previously. Our data suggest that the
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pronounced tumor growth inhibition associated with the combination treatment is paralleled
by the greatest inhibition of intratumor PGE2 levels indicating the role of tumor derived
PGE2 in supporting the tumor growth. We hypothesize that celecoxib mediated reduction in
the intratumor PGE2 levels may be associated with alterations in the expression of other
enzymes involved in the PGE2 biosynthesis. We observed a 3.3-fold reduction in the
expression of cPLA2 by Western blotting in tumor tissues obtained from celecoxib with
docetaxel-treated mice. Cytosolic phospholipase A2 (cPLA2) is a rate-limiting key enzyme
controlling the release of arachidonic acid from membrane phospholipids. The biosynthesis
of PGE2 from arachidonic acid requires 2 enzymes that act sequentially. In the first step,
arachidonic acid is converted to PGH2 catalyzed by COX, which exists in 2 forms
designated as COX-1 (constitutive) and COX-2 (inducible). The COX-2 catalyzed PGH2 is
subsequently converted to PGE2 by mPGE synthase. It has been reported previously that
A549 cells express constitutively high expression of cPLA2 and COX-2 leading to increased
PGE2 production.37 Further, a cPLA2 inhibitor has been found to inhibit the IL-1 stimulated
PGE2 synthesis in human enterocytes.38 Similarly, IL-1β stimulation resulted in the
induction of COX-2 and mPGE synthase in A549 cells.39 These observations suggest the
importance of cPLA2 and mPGE synthase in PGE2 release from A549 cells. By
immunohistochemistry and RT-PCR, we observed minimal staining and expression for
mPGE synthase in celecoxib with docetaxel-treated tumor sections as compared to control
tumors (Fig. 5b, 6). Our findings (reduction in the expression of cPLA2 and mPGE synthase
in the combination-treated tumors) indicate that the reduction in the intratumor PGE2 levels
is concomitantly associated with alterations in the expression of cPLA2 and mPGE synthase.

We have reported previously that nimesulide enhances the expression of PPAR-γ in s.c.
A549 tumors.18 In our current study, we report that celecoxib alone and in combination with
docetaxel enhances PPAR-γ (1.6- and 1.5-fold, respectively) may also contribute to the
observed antitumor effect. It was observed recently that celecoxib and F-L-Leu (a PPAR-γ
agonist), separately or in combination, increased the PPAR-γ expression in
methylnitrosourea induced rat mammary tumors.40 Similarly, overexpression of PPAR-γ in
oral squamous carcinoma cells and NSCLC cells by sulindac sulfide has also been reported.
41,42 Our results are in agreement with these reported findings and suggest that PPAR-γ
overexpression may contribute to the antitumor effect of celecoxib or celecoxib with
docetaxel treatments as observed in our study.

Our results also indicate that the lowering of intratumor PGE2 levels in tumor tissues from
the combination of celecoxib with docetaxel-treated mice is associated with an increase in
the intra- tumor levels of 15-d PGJ2. As hypothesized by Badawi et al.,40 COX-2 inhibition
and PPAR-γ activation inhibit PGE2 synthesis and switch the cells back to PGD2 and PGJ
series dominated state. This is helpful in maintaining a normal physiological state. This
argument is further supported by the observation that 15-d PGJ2 suppressed the IL-1β
induced PGE2 synthesis in rheumatoid synovial fibroblasts via inhibition of COX-2 and
cPLA2.43

Increased expression of COX-2 has been associated with increased levels of VEGF mRNA
and protein levels44,45 and selective COX-2 inhibitors have been shown to inhibit VEGF
expression in tumor tissues.46,47 Further, the role of specific COX-2 derived PGE2 in
mediating the VEGF activity in tumor cells has been described recently.45 Our data shown
in Figures 2 and 4 suggest that the superior antitumor effect of celecoxib and docetaxel
combination is associated with reduced VEGF mRNA levels as compared to control tumors.
It is known that VEGF is an important angiogenic factor and celecoxib has been shown to
have antiangiogenic properties.48 It may be speculated, therefore, that celecoxib-mediated
inhibition of intratumor PGE2 levels and VEGF expression, may contribute to the
potentiation of docetaxel activity in tumors via inhibition of angiogenesis (Fig. 8).
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We observed that the combination treatment of celecoxib with docetaxel produced
maximum apoptosis, which is associated with a 3-fold increase in the intratumor p53
expression. Our data do not support a quantitative relationship between p53 expression and
apoptosis, however, a recent report indicates a physiologically relevant interaction between
COX-2 and p53 in A549 cells. It has been shown that p53 upregulates COX-2 expression
and COX-2 in turn inhibits p53-dependent transcription. It has also been shown that a
selective COX-2 inhibitor, SC-236 potentiates p53-mediated apoptosis.49 We speculate,
therefore, that the apoptosis induced by celecoxib or celecoxib with docetaxel may be
attributed in part through the COX-2 and p53 interactions and the corresponding modulation
of p53 dependent transcription by the inhibition of COX-2 activity. Further studies are
warranted to understand the relationship between COX-2 and p53 and its role in tumor
growth inhibition and apoptosis.

In conclusion, the combination of celecoxib with docetaxel enhances the in vitro and in vivo
antitumor effect of docetaxel and this effect is associated with modulation of intratumor
PGE2 and 15-d PGJ2 levels, decreased expression of cPLA2, mPGE synthase and VEGF and
increased expression of PPAR-γ.
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Figure 1.
In vitro cell growth inhibitory effect of docetaxel alone and in combination with a fixed
concentration of celecoxib (26.2 μM) against A549 cells. The cytotoxicity was assessed by
crystal violet dye uptake assay and expressed with respect to the untreated control cells.
Data was expressed as mean ± SEM of 4 independent experiments.
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Figure 2.
Antitumor activity of celecoxib, docetaxel and celecoxib with docetaxel combination against
A549 lung tumors. The nude mice were s.c. implanted with 5 × 106 A549 cells in the right
hind leg and randomly divided into 4 groups (10 per group). Two groups of mice were given
celecoxib by oral gavage (150 mg/kg/day), initiated 1 day after tumor implantation and
continued till the end of the experiment (28 days). One of the celecoxib fed group was
further used for the administration of docetaxel, whereas the other group served as celecoxib
only-treated group. Docetaxel was administered by i.v. via tail vein at 10 mg/kg dose on
Days 14, 18 and 22 after tumor implantation. Docetaxel treatment was initiated on Day 14 in
docetaxel alone and celecoxib with docetaxel-treated groups. Control mice were
administered with vehicle used for docetaxel by i.v. in the same schedule as used for
docetaxel treatment. The tumor dimensions (longest diameter and shortest diameter) were
observed twice weekly. Tumor volume was calculated as the half the product of longest
diameter and the square of the shortest diameter. Data presented was mean ± SEM. ⋆At 21–
28 days post-tumor implantation, the tumor volumes observed in celecoxib with docetaxel
combination-treated group were significantly lower (p < 0.03), as compared to control-,
docetaxel-or celecoxib-treated mice as analyzed by non-parametric Mann-Whitney test.
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Figure 3.
(a)-PGE2 and (b)-15-d PGJ2 levels as measured by enzyme immunoassay in tumors
harvested at the end of the study (28 days post-tumor implantation). Data represented was
mean ± SEM (n = 6). *Significant differences as compared to the vehicle control (p < 0.05).
**Significant differences as compared to the vehicle control (p < 0.01). ***Significant
differences as compared to the vehicle control (p < 0.001).
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Figure 4.
(a) Western blotting of tumor tissue lysates for COX-1, COX-2, cPLA2, PPAR-γ, p53 and β-
actin. The tumors were harvested 28 days post-tumor implantation and lysates were prepared
as described in Material and Methods. Protein (30 μg) was loaded in each lane. (b) RT-PCR
of COX-2, PPAR-γ and VEGF in tumor tissues. The PCR product sizes for COX-2 (226 bp),
PPAR-γ (360 bp), VEGF (121 bp) and β-actin (390 bp) were determined using 100–2680 bp
DNA ladder (Fisher Scientific Co., Atlanta, GA). *Significant differences as compared to
the vehicle control (p < 0.001).
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Figure 5.
Immunohistochemical staining for mPGE synthase in tumors from (a) control- and (b)
celecoxib with docetaxel combination-treated mice. The tumors were collected 28 days post-
tumor implantation. Original magnification = 40×. It is evident that mPGE synthase staining
in the combination-treated mice was weak as compared to the moderate staining observed in
the vehicle-treated control mice.
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Figure 6.
RT-PCR of mPGE synthase in tumor tissues. Lanes 1–4 represent control, docetaxel,
celecoxib and celecoxib with docetaxel combination treatments, respectively. The tumor
tissues were harvested 28 days post-tumor implantation and processed for RT-PCR as
described in Material and Methods. The mPGE synthase product size (459 bp) was
determined using a 100–2680 bp DNA ladder (Fisher Scientific Co., Atlanta, GA).
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Figure 7.
TUNEL staining of tumor tissue sections obtained from (a) control-, (b) celecoxib-, (c)
docetaxel- and (d) celecoxib with docetaxel combination-treated mice. The tumors were
harvested 28 days post-tumor implantation. Celecoxib treatment showed 30% increase in
apoptosis over the control whereas docetaxel treatment showed 40% increase. The
combination showed the highest increase of 50%. Original magnification = 40×.
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Figure 8.
This is a hypothetical model describing the possible mechanism(s) involved in the in vivo
antitumor effect of the combination of celecoxib with docetaxel The combination of
celecoxib with docetaxel significantly decreases the intratumor PGE2 levels (by inhibition of
COX-2 enzyme activity of tumor stromal cells and possibly via reduced expression of
mPGE synthase), which is associated with a concomitant increase in the intratumor levels of
15-d PGJ2. The inhibition of intratumor PGE2 levels may contribute to the reduction in the
tumor growth by inhibition of angiogenesis (supported by the reduced VEGF expression in
tumor tissues obtained from the celecoxib with docetaxel-treated-mice as observed in our
study and as reported elsewhere46) and induction of stromal cell apoptosis. The combination
treatment has an inhibitory effect on cPLA2 expression, which may inhibit the release of
arachidonic acid from membrane lipids and also contribute to the apoptosis as observed by
Yu et al.50 The combination of celecoxib with docetaxel treatment resulted in an increase in
the intratumor expression of PPAR-γ and p53 protein. As hypothesized of Badawi et al.40

that inhibition of PGE2 synthesis and activation of PPAR-γ may switch the cells back to
PGD2 and PGJ series dominated state, which may contribute to the inhibition of tumor
growth. The upregulation of p53 is one of the important modes of apoptosis induction by
taxanes51 and in combination with other cytotoxic drugs.52,53 Recent evidence suggests that
COX-2 and p53 exhibit physiologically relevant interactions in A549 cells, where it has
been shown that endogenous p53 co-precipitating with endogenous COX-2 using COX-2
specific antibodies. It has also been shown that a COX-2 selective inhibitor potentiates p53-
induced apoptosis. It has been hypothesized that overexpression of COX-2 in various tumors
negatively affect p53 function that harbor wild-type p53 and further the antitumor activity of
COX-2 inhibitors may be attributed to the inhibition of COX-2 activity, thereby protecting
wild-type p53 from negative effects of COX-2 resulting in tumor growth inhibition.49 The
direct effect of the combination of celecoxib with docetaxel is indicated by bold arrow. The
arachidonic acid pathway of prostaglandin biosynthesis is indicated by open arrow.
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