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Aim: To examine the effect of celecoxib on tumor growth and angiogenesis in an orthotopic implantation tumor model of colon cancer. Meth-
ods: Human colorectal adenocarcinoma HT-29 cells were implanted subcutaneously in nude mice. Four groups of animals received different
doses of celecoxib after tumor implantation. After 42 days, all animals were evaluated for changes in body weight, the volume and weight of
colorectal tumors, and tumor growth inhibition. The content of prostaglandin E, (PGE,) in the tumor tissue homogenate was estimated by
radioimmunoassay (RIA). Cyclooxygenase-2 (COX-2) and CD34 expression in tumor tissue was assessed by immunohistochemistry, and
the microvessel density (MVD) of tumor tissue was determined. Apoptosis of the tumor cells was detected by the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL). The expression of vascular endothelial growth factor (VEGF) mRNA and matrix
metalloproteinase-2 (MMP-2) mRNA extracted from the tumor tissue was analyzed by reverse transcriptase polymerase chain reaction
(RT-PCR). Results: There was no statistically significant change in the animals’ body weight between the treatment groups. However, with
increasing doses of celecoxib, the volume and weight of the tumor decreased. The rates of tumor growth inhibition for the L (low), M (medium)
and H (high) groups were 25.30%, 38.80%, and 76.92%, respectively, which were significant compared to the C (control) group. There were
significant differences in COX-2 expression in the tumor tissue between all groups, except between the L and M groups. Celecoxib exposure
also reduced PGE, levels in the tumor tissue homogenates. The level of PGE, correlated to the weight of tumor (r = 0.8814, P < 0.05) and
to COX-2 expression (r = 0.8249, P < 0.05). Compared to the control group, the tumor cells from celecoxib-treated mice had a significantly
higher apoptotic index. Celecoxib also decreased CD34" expression in tumors from treated mice. There were significant differences in the
MYVD between all groups except between groups H and M. Celecoxib significantly reduced the expression of VEGF and MMP-2 mRNA in
the group H but not in L and M groups. The MVD in tumor tissue was closely related to the PGE, levels, as well as the expression of VEGF
and MMP-2 mRNA (r = 0.9006, r = 0.8573 and r = 0.6427, respectively; P < 0.05). Conclusions: By inhibiting COX-2, PGE, synthesis,
and VEGF and MMP-2 mRINA expression in tumor tissue, celecoxib enhances tumor cell apoptosis, thereby inhibiting the growth and
angiogenesis of orthotopically implanted tumors in a mouse model of human colorectal cancer.
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Accordingto the recent reports, colorectal canceris
the third most frequently diagnosed cancer in the United
States. In 2005, an estimated 105,950 new cases of
colon cancer occurred. During the same year, an esti-
mated 55,290 people died from colorectal cancer [1].
In China, the incidence of colon cancer has increased
recently, becoming a major threat to the public health.
Therefore, improving early detection and treatment,
especially the efficacy, to reduce mortality and extend
the patients’ lives are of the greatest concern.

Cyclooxygenase (COX), a rate-limiting enzyme for
the metabolism of arachidonic acid to prostanoids,
has two isoforms, constitutive COX-1 and inducible
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COX-2, which were identified in 1991 [2, 3]. COX-1 is
expressed in quiescent and normal cells, while in normal
tissue the expression of COX-2is very low, and, in many
cases, undetectable. COX-2 expression is induced by
a variety of factors, including interleukin-1 (IL-1), tis-
sue anoxia, ultraviolet ray exposure, epidermal growth
factor (EGF), transforming growth factor B (TGF-B),
tumor necrosis factor-a (TNF-a) and tumor promoters
[2]. Recent researches have demonstrated that COX-2
is overexpressed frequently in various gastrointestinal
tract cancers, such as colorectal cancer, esophageal
carcinoma, gastric cancer and pancreatic cancer [4].
Epidemiological and clinical observation and labora-
tory research since 1980s have indicated that non-ste-
roidal anti-inflammatory drugs (NSAIDs) played a crucial
role intumor inhibition both in vivo and in vitro, particularly
in gastrointestinal tract cancers [5]. These researches
indicated that COX-2 is maybe a target of NSAIDs.
Since the development of selective COX-2 inhibi-
torsto treat inflammatory diseases, Steinbach et al. [6]
first reported in 2000 that in 100 patients with familial
adenomatous polyposis, six months of twice-daily
treatment with 400 mg of celecoxib, a COX-2 inhibitor,
significantly reduced the number of colorectal pol-
yps. More and more studies have demonstrated that
non-selective NSAIDs, as well as selective COX-2
inhibitors, can reduce cellular proliferation, induce
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apoptosis, promote immunologic surveillance, and/or
reduce neoangiogenesis. These drugs inhibit tumor
angiogenesis by both COX-dependent and COX-in-
dependent mechanisms [7-10]. However, the exact
mechanisms remain poorly understood [11-13].

In this study we established an animal model of or-
thotopic implantation of colon cancer cells to replicate
the clinical conditions of human colon cancer. We then
observed the effects of the selective COX-2 inhibitor
celecoxib on the tumors to investigate its anticancer
mechanism.

MATERIALS AND METHODS

Celllines and animal model. The human colorectal
adenocarcinoma cell line HT-29 was purchased from
the Institute of Biochemistry and Cell Biology (Shang-
hai Institute for Biological Sciences (SIBS), Chinese
Academy of the Sciences (CAS), Shanghai, China) and
was maintained in McCoy’s 5A medium containing 10%
fetal bovine serum (GIBCO, USA). Four-week-old female
BALB/c nu/numice (Shanghai Laboratory Animal Center,
CAS) were maintained under specific pathogen-free
conditions in a laminar air-flow incubator (25 °C, 40 to
60% humidity, with a 12 hlight-dark cycle). Toinitiate the
tumor growth, HT-29 cells in the log phase of growth were
implanted subcutaneously in nude mice. After 4 weeks,
small pieces of HT-29 tumor tissue (2 mm x 2 mm in di-
ameter) were resected aseptically during the exponential
growth phase (4 weeks) and implanted orthotopically on
the surface of the cecum of 24 nude mice. The cecum
was carefully exteriorized, and the serosa was injured
(2mm x 2 mm in diameter) at the site where the tumor
was to be implanted. A tumor piece was then fixed on
each injured site of the serosal surface with an 8-0 Vicryl
transmural suture. The abdominal wall and skin were
closed with 8-0 Vicryl sutures [14].

The present study was approved by the ethics com-
mittee of the hospital, and adhered to the tenets of the
Declaration of Helsinky.

COX-2 inhibitor treatment. The selective COX-2
inhibitor, celecoxib, was a generous gift of Pharmacia &
Upjohn Ltd (Suzhou, China). Postoperatively, all animals
were randomly divided into four groups: control (C), and
high (H), middle (M), and low (L) doses of celecoxib. Pure
water or water containing 1.5, 1.0, or 0.5 mg/L celecoxib
was provided daily for these animals to drink freely [15].
The mice were sacrificed at 6 weeks after tumor implanta-
tion. After weighing each animal, the tumors were removed
and the volume and weight were evaluated. The tumor
volume was determined using the formula V=L xW?/
2 where Lis length and Wis width of colon tumor. The rate
of tumor inhibition (Tl) was calculated using the formula
Tl = [(average tumor weight of the control group — ave-
rage tumor weight of the treatment group)/average tumor
weight of the control group] x 100%.

Histopathology. For histological examination, the
stomach, intestine, liver and colon of animals were
excised and fixed in 10% neutral buffered formalin
after the animals were sacrificed at 6 weeks. Paraffin
embedded sections (5 um) were cut and stained with

hematoxlin and eosin for histological examination by
a pathologist who was unaware of the treatment as-
signments. If the orthotopically implantated tumorsin-
vaded the serosa, muscularis propria, submucosa, or
mucosa, or there was pathologic damage to either the
stomach or intestine mucosa, or there were liver me-
tastases, the results were observed and recorded.

RIA for PGE,. After colon tumor tissue samples
(50 mg) were washed with 0.9% NS (normal saline),
these tissues were homogenized in 1 ml of 0.9% NS.
Then these solutions were centrifuged (7500 rpm,
10 min). The supernatant (0.1 ml) was collected and
the content of PGE, was measured with a PGE, RIA kit
(a gift from Jiangsu Institute of Hematology, Suzhou,
China) according to the manufacturer’s instructions.
PGE, values were expressed as picogram per milliliter
in the tumor tissue homogenate samples.

RT-PCR for VEGF and MMP-2 mRNA. Tumor
samples were frozenin liquid nitrogen or stored at —80 °C
for mRNA analysis. Total cellular RNA was extracted from
the frozen tumor samples using TRIzol Reagent (Sigma,
MO, USA) according to the manufacturer’s protocol.
Briefly, 40 mg of tumor tissue was homogenized in 1 ml
of TRIzol, and then 0.2 ml of chloroform was added,
and the mixture was centrifuged (12 000 rpm, 15 min,
4°C). The aqueous layer, which contained the RNA,
was carefully aspirated and 0.5 ml of isopropanol was
added to precipitate the RNA. The resulting solution was
centrifuged (12 000 rpm, 15 min, 4 °C) and the pellet was
washed with 0.6 ml of 75% ethanol, then with 0.8 ml of
100% ethanol and centrifuged again (12000 rpm, 15 min,
4°C). Finally, the pellet containing RNA was dissolved in
diethyl pyrocarbonate-treated water (DEPC-H,0) and
was stored frozen at —80 °C until analysis.

The RNA samples were prepared for RT-PCR
analysis by first diluting the mixture of total RNA (2 ug)
and 2 ul random hexamers (0.1 mmol/L) to 15 ul with
DEPC-H,0 and incubated at 70 °C for 5 min. Then,
after adding 8 ul of 5 x buffer (Promega co. Madison,
WI,USA), 200 units of Moloneymurine leukemia virus
reverse transcriptase (Promega), 50 units of RNasin
(Promega)and 1.25 ul dNTPs (10 mmol/L), the mixture
was diluted to 25 ul in DEPC-H,0O and converted to
cDNA by incubationat 37 °C for 1 hand 95 °C for 5 min.
Finally, the cDNA solution was stored at -20 °C.

PCRwas performed using 5 ul of diluted cDNAin a to-
tal volume of 50 ul, including 5 ul 10 X buffer (Promega),
1yl dNTPs (10 mmol/L), 4 ul MgC1, (25 mmol/L), 2 ul
of sense and antisense primers (10 umol/L) for VEGF or
MMP-2, 2 ul of sense and antisense primers (10 umol/L)
for B-actin, and 2.5 units of Taq Polymerase (Promega).
Sequences of the primers for the human VEGF, MMP-
2 and B-actin are shown in Table 1. The samples were
amplified for 30 cycles of PCR reaction in which pre-
denaturation was done for 5 min at 94 °C, denaturation
for 30 s, and extension for 3 minat 72 °C. Annealing time
was 30 s; however, the annealing temperature was 60 °C
for VEGF transcriptand 62 °C for MMP-2. After 30 cycles,
the product of the PCR reaction was stored for 7 min at
72 °C and then analyzed.
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Amplified cDNAs were separated by electropho-
resis on a 1.5% agarose gel containing ethidium
bromide. The density of the electrophoretic band for
each amplification product was evaluated using the
BioCaptMW software. The mRNA values are expressed
as relative units calculated according to the following
formula: density of the VEGF or MMP-2 amplification
product/density of the B-actin amplification product.

Immunohistochemistry for COX-2 protein. Tis-
sue samples were embedded in paraffin, cutinto 5 um
sections, deparaffinized, and subjected to microwave
irradiation for 15 minat 921098 °Cin 0.01 M Citric acid
buffer (pH 6.0). Then the slides were immersed in 1%
H,0O, for 30 min to neutralize endogenous peroxidases.
The primary antibody against COX-2 (anti-human COX-
2 mouse IgG, Cayman Chemical, USA) was applied to
tissue sections at a dilution of 1 : 100 and incubated
overnight at 4 °C. The secondary antibody and en-
zymes were obtained in an Ultravision Detection Sys-
tem kit (Lab Vision, USA). The reaction products were
visualized using streptavidin-biotin-peroxidase and 3,
3’-diaminobenzidene chromogen. Finally, the sections
were counterstained with hematoxylin, dehydrated,
and mounted in diphenylxylene. The expression level
of COX-2 was calculated by multiplying a quantitative
measure of the extent of COX-2 staining extent by
the quantitative measure of the staining intensity. The
COX-2 positive staining extent was recorded using
a 5-grade system, based on the percentage of tumor
cells stained: grade 0 =0% to 4%; grade 1=5% to
24%:; grade 2 = 25% to 49%; grade 3 = 50% to 74%;
and grade 4 = 75% to 100%. Staining intensity was
recorded using 3-grade system: grade 0 = negative;
1 = weakly positive; 2 = positive. All slides were inde-
pendently evaluated by two blinded observers, both
of whom were experienced pathologists.

Assay for microvessel density (MVD). Microves-
sels in the tumor tissue were immunostained using
anti-human CD34 mouse monoclonal antibody and
the streptavidin-biotin-peroxidase complex technique
(Lab Vision, USA). MVD was evaluated according to the
method first described by Weidner et al. [20]. The entire
tumor sections was observed under a light microscope
(Magnification: 40 x) to find the area that showed the
mostintense microvessel density, i.e. the highest density
of brown stained CD34-positive cells (also referred to
as the hot spot). Three different areas within a section
were chosen and the stained microvessels were counted
under alight microscope at 200x magnification. The aver-
age count was considered the MVD for each slide.

Assessing the apoptotic index (Al). Terminal
deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) was performed using a commercial
kit (In Situ Cell Detection kit, POD, Roche Diagnostics,
Germany) according to the manufacturer’s instruc-
Table 1. RT-PCR primers

tions. By this method, the nuclei of apoptotic tumor
cells were stained brown. One thousand tumor cells,
including the apoptotic tumor cells, were counted
for each sample. The apoptotic index (Al) was calcu-
lated as follows: Al (%) = (number of apoptotic tumor
cells/1000) x 100.

Statistical analysis. The data are expressed as the
mean plus or minus the standard deviation (SD). Analyses
between multiple groups were determined by ANOVA.
Analyses between two groups were determined using the
SNKtest. The relationships between PGE, and the weight
of tumor, between MVD and the PGE,, between COX-
2 expression and the PGE,, between MVD and VEGF
mRNA expression and between MVD and MMP-2 mRNA
expression were examined by simple linear regression
analysis. All statistical analyses were performed using a
statistical software package (SPSS, Version 10.0, USA).
Statistical significance was defined as P-values less than
0.05. All P-values were two-sided.

RESULTS

General Observations. None of the nude mice
died after implantation and all animals formed colorec-
tal tumor masses before sacrifice. Three animals in
group C could touch the mass (about 4 mm in diam-
eter) ontheinferior belly in the third week. After all ani-
mals were sacrificed, opening the abdominal cavity of
each animal revealed masses whose size ranged from
0.50cm x 0.45cm to 1.35 cm x 0.95 cm (Fig. 1, a).
In addition, staining with haematoxlin and eosin con-
firmed that, in some animals, the tumor cells both the
muscularis propria and submucosa (Fig. 1, b).

The mean body weight of the control animals was
lower thaninthe treatment groups, but the difference was
not statistically significant (P > 0.05; Fig. 2). However, the
volume and weight of the tumor in group C were signifi-
cantly higher than in the treatment groups, and were sig-
nificantly different among all groups (P < 0.05; Table 2).
Tumor growth was inhibited by 25.30% in the L group,
38.80% in the M group, and 76.92% in the H group, as
compared to the control group. No obvious ascites was
found in the abdominal cavity of any animal.

Also, no animal showed signs of liver metastasis,
hyperemia, edema, erosion, bleeding or ulceration
of the stomach and intestine mucosa, confirmed by
histopathology.

PGE, levels and COX-2immunohistochemistry.
The PGE, is one important product of metabolism of
arachidonic acid to prostanoids. The COX-2 plays a
role in this process. By measuring the PGE, levels, we
can analyze the activity of COX-2. In our research, the
PGE, levels in the tumor tissue were higher in group
C than that in the treatment groups (P < 0.05). With
increasing doses of celecoxib, the PGE, levels in the
treatment groups were reduced (P < 0.05; Table 3).

Sense Antisense Product size (bp) _ Reference
B-actin ATCTGGCACCACACCTTCTACAATGAGCTGCG CGTCATACTCCTGTGATCCACATCTGC 838 16
VEGF GGGCCTCCGAAACCATGAACTT CGCATCAGGGGCACACAG 259 17
B-actin GAAACTACCTTCAACTCCATC CGAGGCCAGGATGGAGCCGCC 219 18
MMP-2 ACCTGGATGCCGTCGTGGAC TGTGGCAGCACCAGGGCAGC 447 19
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Fig. 1. Macroscopic and microscopic appearance of ortho-
topically implanted tumors in a mouse model of colon cancer.
a: Differenttumor masses were found in the colon of each animal,
and celecoxib obviously inhibited the growth of tumor. b: Staining
with haematoxlin and eosin showed that the tumor cells invaded
muscularis propria and submucosa (Magnification: x 400)

23

Mean Body Weight of animal(g)

Pro- 1w 2w 3w
operation Weeks

Fig. 2. Celecoxib did not alter the mean body weight of animals
in this study. While the mean body weight of group C animals
was lower than in the treatment groups, there was no statistically
significant difference among all groups (P > 0.05)
Table 2. The volume and weight of colon tumor in situ?
Group volume of tumor, cm?® weight of tumor, g

C 0.53+0.07* 0.59 +0.06*

L 0.34 £0.10* 0.44 +£0.08*

M 0.25 £ 0.05* 0.36 = 0.05*

H 0.06 +0.03* 0.14 +£0.03*
Note: #Values represent the mean + SD; *P < 0.05 between all groups.

Table 3. The level of PGE and COX-2 expression in tumor tissue?

Group PGE2 pg/mL COX-2
C 608.88 + 76.71* 8.67 £1.03**

425.27 + 71.70* 6.83+1.17"*b
M 24477 + 29.04* 5.50 +1.05**b
H 97.92 + 15.57* 3.83+1.17**
Notes: 2Values represent the mean + SD; *P < 0.05; "There were significant
differences in the COX-2 expression of tumor tissue between all groups
except between L and M groups; **P < 0.05.

Fig. 3. Expression of COX-2 in tumor tissue as determined by
immunostaining. COX-2 expression was detected using the
streptavidin-biotin-peroxidase method as described in the Mate-
rials and Methods section The extent of COX-2 expression in the
treatment groups (group L, M and H) decreased gradually with
the increasing dose of celecoxib. (Magnification: X 400)
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The expression of COX-2 in the tumor tissue was
higherin group C thanin the treatment groups (P < 0.05).
There were significant differences between all groups
except the L and M groups in COX-2 expression in tu-
mor tissue (P < 0.05), and the expression decreased
correspondingly with the increasing dose of celecoxib
(Table 3, Fig. 3). In addition, the PGE, levels corre-
lated positively with the weight of the tumor (r = 0.8814,
P <0.05; Fig. 4, a). Between the PGE, level and the
extent of COX-2 expression significant association was
also seen (r=0.8249, P< 0.05; Fig. 4, b). By inhibiting
COX-2, celecoxib could reduce synthesis of PGE, in the
tumor tissue with the increasing dose of celecoxib.
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Fig. 4. Correlation between PGE2 and either the weight of
the tumor (a) or the expression of COX-2 (b). The correlation
coefficient between PGE2 and the weight of tumor was 0.8814

(P < 0.05), whereas the correlation coefficient between PGE2
and expression of COX-2 was 0.8249 (P < 0.05)

Apoptosis in the tumor cells. Apoptosis of the
tumor cells was detected by TUNEL assay to determine
the apoptotic index (Al) in the different groups. Our
experiment showed that the Al was significantly lower
in group C (2.77 = 0.70) than in the treatment groups
(P < 0.05) (Fig. 5). As the dose of celecoxib increased,
so did the Al, from 5.90 (= 0.65) in the L group, to
7.47 (£0.96) in the M group and 9.27 (£ 0.97) in the
H group. These differences were statistically significant
(P < 0.05). The results revealed that celecoxib could
dose-dependently enhance tumor cell apoptosis.

Microvessel density (MVD). The MVD is the impor-
tant biomarker for angiogenesis of tumor. Our experiment
investigated the anti- angiogenesis of celecoxib by mea-
suring the MVD in the tumor tissue. The MVD in group C
(30.50 + 4.60) was significantly higher than in the treat-
ment groups (P < 0.05). Celecoxib obviously decreased
the MVD of groups L (24.33 +3.78), M (13.17 = 3.19),
and H (9.00 = 3.58). There were significant differences in

Fig. 5. Detection of apoptotic HT-29 cells by the TUNEL assay. The
apoptosis of the tumor cells was detected using the TUNEL method
as described in the Materials and Methods section. TUNEL-positive
cells (apoptotic cells) are stained brown (Magnification: x 400).
There were more apoptotic cells in the samples from celecoxib-
treated mice than in the samples from the control group
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Fig. 6. Detection of microvessels in tumor tissue by immu-
nostaining for CD34. CD34 expression was detected using
the streptavidin-biotin-peroxidase method as described in the
Materials and Methods section. The microvessels were more
numerous in the control group than in the treatment groups
(Magnification: x 200)

the MVD (P < 0.05) between all groups except between
groups H and M (Fig. 6). A significant correlation was
found between MVD and PGE, levels in the tumor (r =
0.9006, P< 0.05; Fig. 7). The results showed that cele-
coxib could inhibit the angiogenesis of tumor and PGE,
could have a significant correlation with angiogenesis.

40 A
35 1
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25 A

0 T T T 1
0 200 400 600 800
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Fig. 7. Correlation between PGE2 and MVD in tumors from ce-
lecoxib-treated mice. The correlation coefficient between PGE2
and MVD was 0.9006 (P < 0.05)

VEGF and MMP-2 mRNA expression. VEGF and
MMP-2 play an important role in the angiogenesis of
tumor. Additionally MMP-2 might correlate to invasion
and metastasis of tumor. Our experiment showed that
celecoxib significantly reduced the expression of VEGF
and MMP-2 mRNA in the treatment groups compared
with to the control group (P < 0.05). There were signifi-
cant differences in the expression of VEGF and MMP-2
mRNA (P < 0.05) between all groups except groups L

and M (Table 4, Fig. 8 and 9).
Table 4. Expression levels of VEGF mRNA and MMP-2 mRNA in tumor tissue?

Group VEGF/B-actin MMP-2/B-actin
C 0.66 +0.10* 0.59 £ 0.14**
L 0.49 £ 0.06*° 0.42 £ 0.04**°
M 0.43 £0.08* 0.34 £0.06**
H 0.23 £ 0.06* 0.22 £ 0.08**

Notes: ?Values represent the mean + SD; *There were significant diffe-
rences in the expression levels of VEGF mRNA between all groups except
between group L and M; *P <0.05; ‘There were significant differences in
the expression levels of MMP-2 mRNA between all groups except between
groups L and M; **P < 0.05.

Flg 8. Expression of VEGF mRNA in tumor tissue as determined
y RT-PCR.

Fig. 9. Expression of MMP-2 mRNA in tumor tissue as deter-
mined by RT-PCR
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In addition, the MVD of tumor tissue significantly
correlated to the expression of VEGF and MMP-2 mRNA
inthe tumortissue (r=0.8573,r=0.6427, respectively;
P < 0.05; Fig. 10, A and B). By inhibiting VEGF and
MMP-2 mRNA expression in tumor tissue, celecoxib
inhibited the angiogenesis of colorectal cancer
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Fig. 10. Correlation between MVD and the expression of VEGF
(a) and MMP-2 mRNA (b) in tumor tissue. The correlation coef-
ficient between MVD and the expression of VEGF mRNA was
0.8573 (P <0.05), whereas the coefficient between MVD and
expression of MMP-2 mRNA was 0.6427 (P < 0.05)

DISCUSSION

In the past 20 years, epidemiological, molecular
and clinical studies have proved that COX-2 plays anin-
creasingly importantrole in the occurrence and devel-
opment of colon cancer by various mechanisms [5, 12,
13]. Since selective COX-2 inhibitors (e.g. celecoxib)
have lower toxicity and side effects compared to the
traditional NSAIDs (e.g. aspirin, sulindac, piroxicam,
ibuprofen, ibuprofen, and indomethacin), we have
investigated the effect of celecoxib on the growth and
angiogenesis of orthotopically implanted tumors in
a mouse model of human colon cancer [21-24].

Our first priority was to establish a suitable pre-
clinical animal model. According to the ‘seed and soil’
theory of S. Paget, the animal model of orthotopic
implantation of colon cancer is the most suitable to
study the anti-cancer mechanism of celecoxib,
because this model more accurately replicates the
clinical condition of human colon cancer, thereby more
accurately reflecting the efficacy of celecoxib against
colon carcinoma. In this study, none of the nude mice
died and all animals formed an in situ mass consistent
with colorectal tumor. Though liver or lymphoid node
metastasis and ascites were not found because of the
relatively short observation time and the biological

character of HT-29 cells, this model still contributes to
the study of the local biology behavior and pathophysi-
ological changes of colon cancer.

This study showed that both the volume and weight
of the tumor can be reduced significantly by cele-
coxib treatment. This effect was dose-dependent, as
demonstrated by the rate of tumor growth inhibition.
Moreover, this effect can be seen even at the lowest
dose of celecoxib (0.5 mg/L).

There are many possible anticancer mechanisms
of celecoxib. The most obvious is the inhibition of
COX-2 activity [2]. By inhibiting the enzyme activity
of COX-2, celecoxib reduces the synthesis of PGE,.
PGE, might enhance the proliferation and invasive
potential of colon carcinoma cells by activating major
intracellular signal transduction pathways [25], such
as cAMP/PAK/EP [26], c-Met-R/B-catenin [27],
Raf/MEK/ERK [28], among others. In addition, recent
reports show that PGE, stimulates angiogenesis, which
provides oxygen and nutrients essential for tumor
growing [29]. The positive correlation in this study be-
tween PGE, levels and the weight of the tumor shows
that, by inhibiting the activity of COX-2, celecoxib re-
duced the synthesis of PGE, and the growth of tumor
is suppressed.

Celecoxib might exert its effect by reducing the
expression of COX-2. In this study, the expression of
COX-2 is lower in the treatment groups than in the
control group, resulting in the inhibition of the synthesis
of PGE,. COX-2 expression could be suppressed by
a few possible mechanisms. Tjandrawnata et al. [30]
found that PGE, can up-regulate the expression of
COX-2mRNA.When PGE, levels are reduced, COX-2 ex-
pression decreases, which further suppresses the syn-
thesis of PGE,. Alternatively, the findings of Chun et al.
[381] suggest that celecoxib can down-regulate COX-2
expression by blocking activation of p38 mitogen-acti-
vated protein (MAP) kinase and the transcription factor
AP-1. Finally, Shishodia et al. [32] have reported that
celecoxib inhibits NF-kB activation through inhibition
of IKK and Akt activation, leading to down-regulation
of synthesis of COX-2. Thereby, not only by directly
inhibiting the activity of COX-2, but by down-regulating
the synthesis of COX-2, celecoxib takes effect.

In this study, the TUNEL assay was used to detect
apoptosis, demonstrating that more HT-29 cells under-
wentapoptosisinthe treatment groups than in the control
group. These data also show that celecoxib enhanced
apoptosis of colon cancer cells in a dose-dependent
manner. Recent reports have implicated many different
mechanisms in the induction of apoptosis in tumor cells
by celecoxib. First, PGE, can inhibit apoptosis by induc-
ing expression of the Bcl-2 proto-oncogene. Also, PGE,
and other prostaglandins often elevate intracellular cAMP
concentrations, which can suppress apoptosis. COX-2
inhibitors may prevent colon cancer by interfering with
both or either of the above processes [25].

Alternatively, Arico et al. [33] have reported that
celecoxib induces apoptosis through the major anti-
apoptotic PDK1/Akt/PKB signal transduction pathway.
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Another possible mechanism, reported by Wu et al.
[34], is activation of caspase-9 and caspase-3, and
release of cytochrome C in a Bcl-2-independent man-
ner. Grosch et al. [35] indicated that celecoxib can
inhibit the transition from the GO/G1 to the S phase of
the cell cycle in colon cancer cells in a concentration-
dependent manner, and induce apoptosis in HT-29
cells. Moreover, this study showed that the effects of
celecoxib were independent of the COX-2 status of the
cells, strongly suggesting that the anticancer activity of
celecoxib is independent of its ability to inhibit COX-2.
In other studies, the mechanisms by which selective
COX-2inhibitors induce apoptosis in cancer cells also
was found to be COX-2 independent, by affecting
such pathways as the 15-lipoxygenase-1[36], PPAR-6
[2, 37] and NF-«kB [38] pathways, for example. So,
celecoxib might induce the apoptosis of colon cancer
cells by dependent and independent pathways.

Angiogenesis plays a critical role in providing oxygen
and nutrients essential for tumor growth. Antiangiogenic
therapy has great potential to become the new method
for conquering cancer in the future [39]. In recent studies,
there is evidence that COX-2 may indirectly induce angio-
genesis in vitro by increasing the production of angiogenic
factors, such as VEGF. In these studies, selective COX-2
inhibitors were shown to be antiangiogenic [7].

Our study also showed that celecoxib suppressed
angiogenesis in the treatment groups. The MVD of tu-
mors from mice treated with celecoxib was lower than
in the control group. Additionally, celecoxib significantly
decreased the expression of VEGF and MMP-2 mRNAin
the treatment groups compared with the control group.
Both VEGF and MMP-2 expression are closely related
to angiogenesis. VEGF has been described as the fun-
damental and strongest regulator of angiogenesis and
vascular permeability [7]. Celecoxib suppresses the ex-
pression of VEGF by inhibiting the synthesis of PGE, and
the activation of the EPR/cAMP/PKA signal transduction
pathway by which the expression of VEGF was upregu-
lated [7, 40]. This pathway is the primary mechanism by
which selective COX-2 inhibitors prevent angiogenesis.
In our study positive correlations between MVD and
PGE, levels and VEGF mRNA were the best evidence
of celecoxib inhibiting this signal pathway.

MMP-2 plays an important role in matrix degrada-
tion, an important process in tumor angiogenesis.
Moreover, the digestion of vascular basement mem-
branes and aninvasive/angiogenic phenotype has been
closely associated with the overexpression of MMP-2.
When the basement membranes are degraded, growth
factors are released which can promote tumor angio-
genesis [41]. Recently Takahashi et al. [42] reported that
overexpression of COX-2 in tumor cells up-regulated
the expression of MMP-2, an effect which is blocked
by selective COX-2 inhibitors. The results of our study
also showed that celecoxib suppressed the expression
of MMP-2. Moreover, the expression of MMP-2 was
positively related to the MVD. This is another prob-
able mechanism of antiangiogenesis by a selective
COX-2 inhibitor. There are two potential mechanisms

by selective COX-2 inhibitors suppress the expression
of MMP-2. The first is by suppressing transcription of
MMP-2 [43], which is probably a COX-2-independent
effect. The second was described by Attiga et al. [44],
that selective COX-2 inhibitors suppress the synthesis
of MMP-2 by decreasing the COX-2 metabolites which
stimulate the synthesis of MMP-2. There are other po-
tential mechanisms by which selective COX-2 inhibitors
inhibitangiogensis, such asinhibiting TXA,, alphaV beta
3 integrin, MARK/ERK2 and Akt/GSK signal pathway.

In summary, this study tested the hypothesis that the
selective COX-2 inhibitor celecoxib caninhibit the growth
and angiogenesis of orthotopically implanted tumors in
a mouse model of human colon cancer by suppressing
COX-2, the synthesis of PGE, and the expression of VEGF
mRNA and MMP-2 mRNA. We did not find any pathologic
damage of gastrointestinal tract in any animals, sug-
gesting that celecoxib may have minimal side effects, as
leastin the gastrointestinal tract, in a clinical setting. The
further development of safer selective COX-2 inhibitors
could be a promising approach for the treatment of colon
cancer. However, celecoxib alone did not induce com-
plete tumor regression in our study. Accordingly, a careful
study of combination therapy with chemotherapeutic
agents, or radiotherapy, could lead to more successful
and promising treatment for colon cancer [45].
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LEJIEKOKCUB UHTMBUPYET POCT ONyXOJiIn " AHTUOTEHE3
NMPU OPTOTONMNMYECKO UMIMJIAHTALL UM PAKA TOJICTOM
KULWLKWU YHEJNTOBEKA

1]eas: M3yunTH BIMSIHYE [EJIEKOKCHOA HA POCT OIYXOJIM M AHTHOTEHE3 B MOJIE.TH OPTONMIECKOi MMILTAHTALMH OITyXOJI! TOJICTO KMIIIKA
qeJioBeKa. Memoos!: KJIeTKH KOJIOPEKTAIIbHO aIeHOKapIMHOMBbI yeioBeka HT-29 noako:KHo MMILTAHTHPOBAIM 0eCTHUMYCHBIM MBIIIIAM.
IocJie IMILTAHTAIMHA OITYX0JIM YeThIPE TPYIIIbI AKMBOTHBIX MOIYJAIM PAa3HbIe 1035l neleKoKkcnoa. Uepes 42 aHs H3y4ain u3MeHeHUs
Beca JKINBOTHBIX, 00beM omyxoJieii, ekt nnrnouposanms pocra omyxoiu. C moMompio paanonvmynnoro anamsa (RIA) B romo-
TeHaTe oImyxoJiei onpezensim conepxanue npocrornanmuna E, (PGE,). B onyxoneBoii TKaHH HMMYHOTHCTOXHMUIECKAM METOIOM
BBISIBJISUTH IKcnpeccuio MuKiIookcurenassi-2 (COX-2) u CD34 u onennBajm mioTHOCTh MUKpococynoB (MVD). AnonroTndyeckue
kieTkd BoisiBisL MetooM TUNEL. Dkcnpeccnss MPHK ¢akropa pocra snnorems cocynos (VEGF) u Meramionporennasbi-2
(MMP-2) B onyx0JisiX MPOAHAIM3UPOBAHA MeTOAOM 00paTHOi TpanckpunTa3noii peakmun (RT-PCR). Pesyiomameoi: cratucTu-
YeCKH I0CTOBEPHbIX PA3JIMIMii B BeCe JKMBOTHBIX MEKIY PA3HBIMH IPYIIaMu 00HAPYKeHO He 0bL10. BTO 3Ke Bpems, ¢ yBemmienneM
JI03bI LeJIEKOKCHOa 00beM 1 Bec omyxosm ymenbmasics. [1o cpaBaennio ¢ KOHTPoJbHOI rpymmoii (C), poCcT OmyXoJim CTATHCTHIECKH
JOCTOBEPHO MHruouposajca B L (nuskas no3a), M (cpennss x103a) u H (Bbicokas 103a) rpynnax xuBoTHbIX Ha 25,30%, 38,80% u
76,92% cootBeTcTBeHHO. BHLTH 00HAPYKEHBI 3HAYNTEbHBbIE OT/IMUKS B IKcnpeccn COX-2 B OMyX0J1eBbIX TKAHSX MEXKIY BCEMHU
TPyNnamMu JXMBOTHBIX, Kpome rpynn L u M. Beuio nokasano nenekoxcu0-3asucumoe ymenbiienue yposhsi PGE, B romorenarax
onyxoseii. Yposenb PGE, koppesmposan ¢ Becom onyxomm (r = 0,8814, P < 0,05) u akcnpeccueii COX-2 (r = 0,8249, P < 0,05).
ITo cpaBHEeHHIO ¢ KOHTPOJIBHO¥ IPYNIION OIyX0JIeBbie KJIETKH MBIIIIEii, MOTyJaBIINX eJIeKOKCHO, MMeJIH 3HAYMTETLHO 00J1ee BBICOKHIA
anonrorudeckuii nanekc. Llenekokcn6 Takxke camkai sxcnpeccuio CD34* Ha moBepXHOCTH OMyX0JIeBBIX KJIeTOK. BhUTi 00HApYKeHbI
CTATHCTHYECKH JOCTOBepHbIE pasmrans B MVD mexky Bcemu nccereoBaHHbvE rpyrmavu, kpome H u M. [enekokcud cocodcTBoBAT
ymenbiennio 3kcnpeccui MPHK VEGF u MMP-2 B rpynme H, o He B rpymmax L u M. MVD B omyxoJ1eBoii TKAaHH KOPeJLTHPOBA C
yposuem PGE,, a takxke ¢ akenpeccneit MPHK VEGF u MMP-2 (r = 0,9006, r = 0,8573 ur = 0,6427 cootsercteenno; P < 0,05).
Bb1600b1: 11€71EKOKCHO CIIOCOOCTBYET aNONTO3Y OMYX0JIEBBIX KJIETOK, HHTHOMPYET POCT OIMYXO.IH i AHTHOTeHEe3 IPH OPTOTONNYECKOi
HUMILTAHTAIMA MBIIIAM KOJIOPEKTAJIBHOM aleHOKAPIMHOMBI YesioBeka. Takoii 3¢dekT nerekokcnda cBA3aH ¢ yTHeTeHHEM CHHTE3a
COX-2, PGE, u akcnpeccnn MPHK VEGF 1 MMP-2 B onyxo.1eBoii TKaHH.

Karoueeble caoea: paK TOJICTOH KHIIKH, OPTOTONHMIECKAS! MMILIAHTANNS, IMKJIOOKCUTeHa3a-2, aHTHOTeHe3, mpocTorianmu E,.
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