[CANCER RESEARCH 60, 6045– 6051, November 1, 2000]

Celecoxib Prevents Tumor Growth in Vivo without Toxicity to Normal Gut: Lack of
Correlation between in Vitro and in Vivo Models1
Christopher S. Williams, Alastair J. M. Watson, Hongmiao Sheng, Rania Helou, Jinyi Shao, and
Raymond N. DuBois2
Departments of Medicine [C. S. W., H. S., R. H., J. S., R. N. D.], and Cell Biology, [C. S. W., R. N. D.], The Vanderbilt Cancer Center, Vanderbilt University Medical Center,
Nashville, Tennessee 37232-2279; Veterans Administration Medical Center [R. N. D.], Nashville, Tennessee 37232-2279; and Department of Medicine, University of Liverpool,
Liverpool, United Kingdom [A. J. M. W.]

ABSTRACT
Nonsteroidal anti-inflammatory drugs have potential for use in the
prevention and/or treatment of colorectal cancer. We have studied the
cytotoxic effect of a specific COX-2 inhibitor, celecoxib, against LLC,
HCA-7, and HCT-15 cells grown in cell culture and have compared
these results with its effect on HCA-7 cells grown as xenografts in nude
mice. “High-dose” celecoxib (>20 M) reduced the viability of all three
cell lines in vitro as measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide assay. Flow cytometric analysis demonstrated that this loss of viability was attributable to the induction of
apoptosis. Significantly, concentrations of the drug <10 M had no
effect on cell viability in vitro. The cytotoxic effects of high-dose
celecoxib were independent of COX-2 inhibition because similar effects
were observed in cox-2 (ⴙ/ⴙ), cox-2 (ⴙ/ⴚ) and cox-2 (ⴚ/ⴚ) fibroblasts. A plasma concentration of 2.3 ⴞ 0.7 M was achieved when
celecoxib (1250 mg/kg of chow) was fed to animals ad libitum. Despite
a lack of toxicity at 2–3 M celecoxib in vitro, there was attenuation of
HCA-7 xenograft growth in vivo. Celecoxib had no effect on apoptosis,
cell division, or the epithelial architecture of the normal gut in treated
mice. These results support the need for additional clinical evaluation
of celecoxib for treatment and/or prevention of colorectal cancer in
humans.

INTRODUCTION
Colorectal cancer remains a significant health concern for much of
the industrialized world. Diagnosis often occurs at a late stage in the
progression of this disease, which reduces the likelihood of effective
treatment. Current treatment strategies often involve a combination of
surgical resection and adjuvant chemotherapy. Because of the unsatisfactory outcome of present treatment methods, especially with advanced disease, much emphasis has been placed on developing better
treatment and prevention measures.
Numerous epidemiological studies indicate that chronic use of
NSAIDs3 lowers the mortality rate from colorectal cancer (1, 2).
NSAIDs are effective at inducing regression of existing polyps in
familial adenomatous polyposis patients (3) and in reducing the tumor
burden in three animal models of colorectal cancer: the multiple
intestinal neoplasia mouse (4, 5), the azoxymethane-treated rat model
(6), and the nude mouse xenograft model (7–9).
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NSAIDs inhibit the activity of the cyclooxygenases, which are key
enzymes in the conversion of arachidonate to PGH2, the immediate
substrate for a number of specific prostaglandin synthases. Unfortunately, prolonged use of NSAIDs can result in gastrointestinal ulceration and bleeding. It is widely believed that this ulcerogenic activity
of NSAIDs is attributable to the chronic inhibition of prostaglandin
production in the gastric mucosa. Accordingly, researchers have tried
to identify NSAID derivatives that retain anti-neoplastic activity but
do not affect prostaglandin production in gastric mucosa.
There are two isoforms of cyclooxygenase, COX-1 and COX-2,
which differ in their expression pattern and function within the organism. COX-1 is constitutively expressed in many tissues and is
thought to be responsible for maintaining gastric mucosal integrity.
COX-2 is induced by a variety of stimuli and plays an important role
in wound healing, ovulation, fertilization, and in mediating inflammation (for review, see Ref. 10). COX-2 expression levels are increased in colorectal cancer tissues (11–14). Overexpression of
COX-2 has been shown to mediate cell cycle progression and to
contribute to such diverse processes such as apoptosis, angiogenesis
(15), and tissue invasion (16). On the basis of these effects, we have
investigated the role of specific COX-2 inhibitors in the treatment of
advanced colorectal cancer.
We have studied previously the effects of a selective COX-2
inhibitor, SC-58125, on the growth and viability of colorectal carcinoma cells grown in vitro and in vivo (7). The precise mechanism for
growth inhibition of tumors is under evaluation, but does not seem to
involve the induction of apoptosis in vivo (17). It has been reported
that nonselective COX inhibitors induce a G2-M cell cycle arrest
resulting in a corresponding reduction of p34cdc2 levels and activity
(18). We have observed a similar effect after SC-58125 treatment of
colorectal carcinoma cells.4 These results suggest that SC-58125 may
have therapeutic potential for treatment of colorectal cancer. However, SC-58125 will not be developed for clinical use in humans.
Furthermore, although SC-58125 reduces tumor growth, it does not
cause tumor regression (7, 9). Therefore, we evaluated other COX-2
inhibitors for their effect on the growth of colorectal carcinoma cells
in vitro and in vivo.
Here we report that celecoxib (Celebrex), at concentrations ⬎10
M, potently induces apoptosis and inhibits cell cycle progression in
colorectal carcinoma cells grown in culture by mechanisms independent of COX-2 inhibition. Lower concentrations of the drug have no
discernible effect on cells grown in vitro. We also found that when
celecoxib was administered to mice by inclusion in the diet (1250
mg/kg of chow), serum concentrations of ⬃2.3 M were achieved.
Nevertheless, in contrast to the results from cell culture experiments,
celecoxib significantly reduced the growth rate of colorectal carcinoma cells grown as xenografts, without toxicity to the normal intestine. These data highlight the point that the biological effects of
celecoxib against cells grown in culture do not predict its effects in
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vivo. However, these findings do support additional investigation for
the use of celecoxib as a therapeutic agent against colorectal cancer.

MATERIALS AND METHODS

tion at 1500 rpm. The supernatant was aspirated, and cells were resuspended
in PBS and counted using a hemocytometer. A final concentration of 5 ⫻ 107
cells/ml was made, and 100 l of cell suspension was injected s.c. using a
tuberculin syringe and a 27-gauge needle. Celecoxib was administered in the
diet (1250 mg/kg of chow) and the animals were fed ad libitum. The size of the
tumor was determined by direct measurement of tumor dimensions as described previously (7).
Scoring Apoptosis and Mitosis in Normal Intestinal Epithelium. In
brief, mice were fed celecoxib (1250 mg/kg of chow) and the small and large
intestines were removed separately and prepared by methods described in
detail elsewhere (21, 22). Apoptotic bodies were identified by their characteristic morphological appearance in sections stained with H&E. To score the
sections, each cell along the long axis of the crypt was numbered sequentially
from the base of the crypt; the cell at the crypt base was designated as number
1. Each cell position was scored as containing either a normal, mitotic, or
apoptotic cell. For each cell position, apoptotic and mitotic percentages were
calculated. We have already shown this methodology to be more accurate
when examining tissues than when identifying apoptotic bodies by TUNEL
staining (23).
Gut Morphometry. Villus height and crypt depth was measured on an
Axiohome microscope on 20 crypts and 20 villi from at least six animals/
experimental group.

Reagents. Celecoxib (SC-58635), SC-58125, and SC-560 were provided as
kind gifts from G. D. Searle and Co. (St. Louis, MO). Merck and Co. (Rathway, NJ) provided sulindac sulfide. DMSO (EM Science, Gibbstown, NJ) was
used as the solvent. Concentrated drug stocks were diluted in DMEM (Life
Technologies, Inc., Grand Island, NY) media before addition to cell cultures.
The DMSO concentration in cultures was kept at 0.1%.
Cell Culture. HCA-7 cells were a generous gift from Susan Kirkland. LLC
and HCT-15 cells and HCT-116 cells were purchased from the American Type
Tissue Collection (Manassas, VA).
MEF Derivation. Primary MEFs were derived by passing day 13.5
C57BL/6J mouse embryos through an 18-gauge needle. The cells were expanded over several days in DMEM supplemented with 10% FBS, 1% P/S/1%
L-glutamine. The cox-2 genotype of the MEF cell lines was verified as
described previously (19).
Cell Counts. LLC cells were seeded into six-well plates at 2.5 ⫻ 104
cells/well. Cells were treated in triplicate with DMSO or 25, 50, or 100 M
celecoxib for 12 h and then harvested and counted using a Coulter counter
model Z1 (Coulter, Fullerton, CA).
RESULTS
In Vitro Viability Assay. The MTT assay was used to determine cell
viability/proliferation. This assay measures mitochondrial activity. MTT is a
Treatment with Celecoxib Induces Concentration-dependent
yellow-colored tetrazolium salt that is taken up and cleaved only by metabol- Apoptosis in Vitro. We have observed previously that a compound
ically active cells, reducing it to a colored, water-insoluble formazan salt. The related to celecoxib, SC-58125, effectively inhibits the growth of LLC
solubilized formazan product can be quantified via absorbance at 570 nm and colorectal cancer cells by 40% after 3 days of treatment in vitro.4
measured using a 96-well-format spectrophotometer, and the absorbance cor- When celecoxib became available, we sought to test its effect on the
relates directly with cell number. Cells were plated at 1.5 ⫻ 104 cells/well in
growth of LLC cells. SC-58125-treated LLC cells remain morphologa 100-l volume in 96-well plates and grown for 24 h in DMEM supplemented
ically unchanged; however, when LLC cells were treated with 50 M
with 10% FBS. The indicated amount of test drug or DMSO in 1% FBS
containing OptiMEM media was then added to the wells. At the indicated celecoxib for 12 h, they became rounded and detached from the
culture dish (Fig. 1A, left panel). As with SC-58125, we found that
times, 10 l of MTT (5 mg/ml) was added, and the cells were incubated at
37°C for 4 h. The tetrazolium crystals were solubilized by the addition of 10% celecoxib inhibited the growth of LLC cells but was much more
SDS in 0.01 N HCl. After overnight incubation at 37°C, the absorbance was potent. After only 12 h of treatment, the IC50 for celecoxib inhibition
measured at 570 nm using a 96-well spectrophotometric plate reader (Packard of cell number was 40 M (Fig. 1A, right panel). The cytotoxicity of
Instruments, Meriden, CT). Results are expressed as the mean ⫾ SD of six celecoxib against LLC cells was also quantified using the MTT assay.
wells.
When celecoxib concentrations of ⬍10 M were used, no effect on
Prostaglandin Measurement. Subconfluent cell cultures were treated with cell viability or growth was observed.5 However, treatment for 12 h
either celecoxib or SC-58125 for the indicated time. Thirty min before harwith ⬎20 M celecoxib resulted in a dramatic decrease in cell viavesting media, arachidonate was added to the media to a final concentration of
bility (Fig. 1B). We next determined whether celecoxib also had
10 M. PGE2 was quantified as described previously (20).
Apoptosis Determination. The APO-Direct kit (PharMingen, San Diego, potent cytotoxicity against two human colorectal carcinoma cell lines
CA) was used for quantitative evaluation of apoptosis in response to celecoxib (HCT-15 and HCA-7). Celecoxib had similar cytotoxic effects against
treatment. This assay relies on the characteristic fragmentation of DNA during these cells with significant loss of viability at concentrations of ⬎20
the apoptotic process. Terminal nucleotide transferase enzyme is used to M (Fig. 1B). Once again, treatment of these cells with celecoxib for
end-label the free 3⬘-OH of fragmented DNA using fluorescein-conjugated 3 days at concentrations of ⬍10 M had no effect on cell viability.
dUTP is used as the nucleotide for the exchange reaction. Flow cytometric
To determine whether the cytotoxic effects of celecoxib were the
detection of fluorescein-labeled fragmented DNA was conducted to quantita- result of induction of apoptosis, LLC, HCA-7, and HCT-15 cells were
tively evaluate apoptosis in response to celecoxib treatment. Cells were seeded treated with 25 or 50 M celecoxib. Apoptotic cells were identified by
in 100-mm plates, and when 80% confluent cells were treated with DMSO, or
TUNEL staining and the results analyzed by dual parameter flow
12.5, 25, or 50 M celecoxib in 1% FBS-supplemented OptiMEM media.
cytometry using DNA content to identify the cell cycle position of
Negative control cells were not treated; vehicle-treated cells had an amount of
DMSO equivalent to the celecoxib-treated cells added. Cells were harvested cells undergoing apoptosis. Treatment with 50 M celecoxib caused
after 12 h of treatment, washed in PBS twice then fixed in 1% paraformalde- significant apoptosis in all three cell lines with 88%, 37%, and 15% of
hyde for 15 min and permeabilized by the addition of ice-cold 70% ethanol. LLC, HCA-7, and HCT-15 cells, respectively, undergoing apoptosis
The labeling reaction was performed according to the manufacturer’s recom- (Fig. 2). We found that LLC and HCA-7 cells undergoing apoptosis
mendations, with the exception that 2 ⫻ 106 cells/condition were used. After contained 4 N DNA content, suggesting that arrest at the G2-M stage
labeling, cells were washed three times in PBS, then resuspended in 1 ml of of the cell cycle was occurring. In contrast, apoptotic HCT-15 cells
propidium iodide staining solution (5 g/ml propidium iodide, 40 g/ml
contained a subdiploid DNA content after celecoxib treatment, sugRNASE A, in 1 ⫻ PBS). Cells were then filtered through 50-m mesh gesting that apoptosis was occurring when the cells contained 2 N
immediately before analysis on a Becton Dickinson FACScan flow cytometer.
DNA. The induction of apoptosis was confirmed by the detection of
Gating on FL2-width was used to exclude aggregates, and 104 gated events
oligonucleosomal cleavage of DNA in LLC and HCA-7 cells after
were collected and analyzed.
5
Xenograft Model of Tumor Biology. HCA-7 cells were grown on plastic treatment with 50 M celecoxib for 6 h.
culture dishes according to standard cell culture techniques (7). The cells were
5
trypsinized and resuspended in sterile PBS, then pelleted by brief centrifugaData not shown.
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Fig. 1. Celecoxib inhibits the growth of carcinoma cells. A, left panel, phasecontrast photomicrographs of cells treated for 12 h with 50 M of celecoxib (SC58635) or DMSO (control); right panel, LLC cells treated with the indicated amount
of celecoxib for 12 h. Attached cells were suspended and counted using a Coulter
counter. Data represents averages and SDs from triplicate wells. A, LLC (diamond),
HCA-7 (square), and HCT-15 (triangle) cell viability after treatment with vehicle
(DMSO) or with the indicated amount of celecoxib for 12 h. Cell viability was
determined using the MT assay. Value represents OD570-treated/OD570 control
(DMSO), and are expressed as averages ⫾ SD of six replicate wells/treatment
condition.

Induction of Apoptosis in Vitro Is Independent of COX-2 Inhibition. Next we sought to test whether cyclooxygenase inhibition was
required for the cytotoxic effect of celecoxib treatment in vitro. If
COX-2 is involved in inhibition of cell growth under these experimental conditions, then one would expect that other COX-2 selective
inhibitors would have similar effects. We directly tested this hypothesis by treating LLC cells for 12 h with the COX-2 selective inhibitors, celecoxib and SC-58125, the COX-1 selective inhibitor, SC-560,
and the nonselective COX inhibitor, sulindac sulfide. SC-58125 did
not affect cell viability over the time course of the experiment and
sulindac sulfide and SC-560 decreased MTT activity by 15–25%,
whereas celecoxib resulted in virtually complete loss of cell viability
(Fig. 3A). The lack of correlation between COX-2 inhibitory activity
and cytotoxicity suggests that the effect of celecoxib in vitro is
independent of its ability to inhibit COX-2. One possible explanation
for the different effects of celecoxib and SC-58125 on carcinoma cells
might be attributable to variation in inhibition profiles or half-lives of
these compounds. We next compared inhibition of PGE2 production
by celecoxib and SC-58125. Celecoxib inhibits PGE2 production in
LLC cells with an IC50 of 18 nM. Both compounds had similar
cyclooxygenase inhibition profiles, decreasing PGE2 levels by 85–
95% for at least 12 h after treatment (Fig. 3B.2, right panel).
Finally, although LLC cells express both COX-1 and COX-2,
HCA-7 cells only express COX-2, and HCT-15 cells express neither
isoform. Comparison of the cytotoxic effects of celecoxib between
these cell lines is not strictly valid because of differences at many

other genetic loci. Therefore, we tested the effect of celecoxib on
MEFs derived from cox-2 (⫹/⫹), (⫹/⫺), and (⫺/⫺) C57BL/6J mice.
The cytotoxicity profile and IC50 of celecoxib was similar in all three
cell lines regardless of COX-2 status (Fig. 3C). Furthermore, the
concentration dependence of cytotoxicity for the cell lines of all three
MEFs and LLC cells were similar (Fig. 3C). As with the colon
carcinoma cells tested (Fig. 1B), no cell death was observed at
celecoxib concentrations of ⬍10 M. These results strongly indicate
that the cytotoxicity of celecoxib in vitro is independent of inhibition
of COX-2 and brings up the question of whether this drug is cytotoxic
in vivo.
Celecoxib Does Not Cause Apoptosis or Inhibit Cell Division in
Normal Gut Epithelium. The COX-2 independent toxicity of celecoxib to MEFs raises the possibility that celecoxib might cause
significant apoptosis and/or cell cycle arrest in normal gut epithelium.
Therefore, we determined apoptotic and mitotic rates in the small and
large intestinal epithelium of nude mice fed celecoxib (1250 mg/kg
chow) for 45 days. As described previously, spontaneous rates of
apoptosis in the mouse intestine were found to be low (23). Treatment
with celecoxib for 45 days did not cause any significant change in
apoptotic or mitotic rates in either the small or large intestine (Fig.
4A). Evaluation of intestinal epithelium 4 h after administration of a
single dose of celecoxib did not reveal increased rates of apoptosis.5
Furthermore, no significant differences in gut morphology could be
discerned. In the small intestine, villus height was 303 ⫾ 95 versus
289 ⫾ 86 m in control and celecoxib-treated animals, and crypt
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Fig. 2. Celecoxib induces programmed cell death. Dual parameter flow cytometric analysis measuring both FITC-labeled fragmented DNA (ordinate) and cellular DNA content
(abscissa) in LLC (6 h), HCA-7 (12 h), or HCT-15 (12 h) cells after treatment with celecoxib. Negative, TUNEL enzyme was not added to labeling reaction, vehicle (DMSO), or 25
or 50 M of celecoxib.

depth was 100.4 ⫾ 17 m in control animals and 100 ⫾ 38 m
treated mice. Similarly, the colon crypt length was unaffected by
treatment with celecoxib 150 ⫾ 25 m in control colon versus
167 ⫾ 31 m in treated colon.
To relate the in vivo observations to the cell culture studies above,
the serum concentration of celecoxib in six mice was measured and
found to range from 1.5–3.5 M (2.3 ⫾ 0.7 M, Fig. 4B). Thus the
peak serum concentration of celecoxib achieved in mice using this
dosing regime was 10-fold less than that which led to cytotoxicity in
vitro.
In Vivo Tumor Growth Is Attenuated by Celecoxib Treatment.
We have reported previously that celecoxib attenuates the growth of
LLC tumors in vivo (17). Given the recent interest in the use of
COX-2 inhibitors for chemoprevention of colorectal cancer, we
wished to confirm and extend these observations in a colorectal
carcinoma cell line. HCA-7 cells were implanted s.c. into athymic
mice. Celecoxib was mixed with mouse chow at a concentration of
1250 mg/kg. (The xenograft and normal intestinal studies reported
above were performed in the same mice). Whereas data from our in
vitro studies may predict that such a low dose of celecoxib (2.3 M)
would be ineffective at inhibiting tumor growth, we found that the

growth of HCA-7 xenograft growth was significantly reduced when
compared with animals on the control diet (Fig. 5). Delaying treatment for 10, 20, or 30 days postimplantation, by which point the
tumors were well established, still resulted in inhibition of tumor
growth, indicating that the compound was not affecting tumor implantation (Fig. 5). These data demonstrate that celecoxib prevents the
growth of colorectal carcinoma cells in vivo at concentrations that do
not cause apoptosis in cells grown in vitro.
DISCUSSION
We have shown previously that the specific COX-2 inhibitor,
SC-58125, can reduce the growth of COX-2 positive colorectal cancer
xenografts (7). We have also observed that SC-58125 primarily affected cell cycle progression via a delay in G2-M.4 Preliminary studies
on celecoxib, another specific COX-2 inhibitor, suggested that it
might be even more potent than SC-58125. We studied its effects on
the growth of LLC cells and two colon carcinoma cell lines grown in
vitro and compared those results with its effect on tumor growth in
vivo, as well as evaluating its effect on the normal intestine of treated
mice.
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Fig. 3. Celecoxib inhibits cell growth independent of COX-2 inhibition. A, MTT assay of LLC cells treated for 12 h with 50 M of SC-58125, NS-398, sulindac sulfide, SC-560,
or celecoxib. B, prostaglandin-inhibition profile. B.1, LLC PGE2 levels were determined after 3 h of celecoxib treatment at the indicated dose. B.2, LLC PGE2 levels after 12 h of
treatment with either celecoxib (black squares) or SC-58125 (black circles) at 1, 5, or 10 M. Data are represented as the fold-reduction in PGE2 compared with vehicle-treated cells.
C, MEFs derived from cox-2 (⫹/⫹), cox-2 (⫹/⫺), and cox-2 (⫺/⫺) C57/BL6 mice were treated with the indicated amount of celecoxib for 12 h. Values represent a fraction of control
(DMSO)-treated cells. Viability was determined by the MTT assay and cellular morphology. Each data point represents the mean of six replicates, error bars represent ⫹/⫺ SD.

At concentrations ⬎20 M, celecoxib induces cell death as measured by cell counts of LLC cells and the assay of LLC, HCA-7, and
HCT-15 cells (Fig. 1). Analysis of TUNEL staining by flow cytometery (Fig. 2) and the demonstration of oligonucleosomal DNA cleavage confirms that the loss of viability is attributable to the induction
of apoptosis. In addition, a G2-M block is also induced in LLC and
HCA-7 cells by treatment with 50 M celecoxib. Interestingly, in
HCT-15 cells we observed a subdiploid accumulation of fragmented
DNA suggesting that apoptosis was occurring during the G1 to early
S transition of the cell cycle. These results show that celecoxib, at
concentrations ⬎20 M, strongly induces apoptosis in cells grown in
vitro.
Three lines of evidence indicated that induction of apoptosis in
vitro by high-dose celecoxib occurs by mechanisms independent of
COX-2 inhibition: (a) the cytotoxicity of a variety of NSAIDs did not
correlate with their ability to inhibit COX-2 (Fig. 3A); (b) although
SC-58125 and celecoxib can both inhibit PGE2 production by ⬎90%
at a concentration of 10 M, SC-58125 at 50 M has no effect on cell
viability, whereas celecoxib reduces viability by 70% when given at
that concentration; and (c) MEFs derived from wild-type, cox-2 heterozygous or cox-2 null C57/BL6 mice have similar sensitivities to the
cytotoxic effects of celecoxib. These results provide compelling evidence that the cytotoxicity of these agents in vitro is independent of

COX-2 inhibition, and indicates that high-dose celecoxib is cytotoxic
not only to carcinoma cells in vitro, but also to nontransformed
mammalian cells grown in culture.
A crucial observation from these studies is that treatment with 10
M or less of celecoxib for 3 days has no detectable effect on cell
death in vitro. Despite this lack of effect in cultured cells, we found
that celecoxib strongly attenuated the growth of xenografted HCA-7
tumors in vivo, although the plasma concentration of celecoxib was
⬃2.3 M. This discrepancy highlights the fact that tumor growth in
vivo is determined by the interaction between factors intrinsic to
tumor cells, the extracellular matrix, stromal cells, and other host
factors. These factors are not always present in vitro when cells are
grown on plastic culture dishes. Cell culture models are often used to
evaluate the therapeutic potential of NSAIDs against cancer, but great
caution needs to be taken when extrapolating in-vitro results to the
whole organism, particularly with respect to the relative dose of agent
used.
These studies do not address the issue of the mechanism by which
celecoxib attenuates tumor growth in vivo or evaluate its COX-2
dependency. In vivo, interference with the implantation of carcinoma
cells does not seem to play a significant role because growth is still
affected even when treatment is started 30 days after inoculation of
the host. It has not been well established that COX-2 expression in the
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Fig. 4. Celecoxib does not induce apoptosis or mitosis in gut epithelium. A, nude mice were
treated for 45 days with celecoxib. Both small intestine and colon were harvested, fixed, and
H&E-stained. Apoptotic bodies and mitotic figures were counted per high-power field, and
indices standardized to saline-treated control epithelium were generated. B, serum celecoxib
levels. Six animals were treated with 1250 mg/kg celecoxib for 45 days. Serum was harvested
and celecoxib levels were measured by mass spectroscopy. Data are presented as the mean
(bar) and spread.

carcinoma cells in vivo contributes to tumor growth. Previous studies
using tumor models lacked the ability to distinguish between tumorderived COX-2 and extrinsic COX-2. We recently have reported that
stromally derived COX-2 is important for tumor growth (17). It is
possible that whereas low doses of celecoxib do not affect tumor cells
in vitro, stromal or host-derived processes dependent on COX-2 may
be sensitive to low-dose NSAID treatment. Angiogenesis, a necessary
component of neoplastic growth, is also promoted by COX-2 activity,
and its inhibition could play a crucial role in the antineoplastic action
of celecoxib (15, 17, 24, 25).
In striking contrast to the antitumor effects of celecoxib, no toxic
effects were observed in the normal gut by assessing induction of

apoptosis, inhibition of cell division, or reduction of crypt and villus
dimensions. The explanation for the differential effect of celecoxib on
normal and transformed intestinal epithelial tissue is not known, but it
is interesting to note that COX-2 expression and activity is very low
to undetectable in normal gut mucosa. Furthermore, gut epithelium is
not as dependent on new-vessel growth as tumor xenografts.
In summary, celecoxib can significantly attenuate the growth of
colorectal carcinoma xenografts without adverse effects on the normal
gut. Although celecoxib causes apoptosis of colorectal cancer cells
grown in vitro via a COX-2-independent mechanism, this only occurs
at concentrations ⬎10-fold higher than what can be achieved in vivo.
Great caution should be taken in interpreting the clinical significance
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Fig. 5. Celecoxib inhibits the in-vivo growth of
HCA-7 cells. 5 ⫻ 106 HCA-7 cells were injected
s.c. into the dorsal flank of athymic mice. Mice
received either control chow or chow containing
1250 mg/kg of celecoxib. Treatment was initiated
either at the time of tumor implantation (red
square), or 10 (yellow triangle), 20 (green square),
or 30 (purple square) days postimplantation. Tumor
dimensions were measured at the indicated intervals, and tumor volume was calculated according to
the equation V ⫽ [L ⫻ W2] ⫻ 0.5, where V ⫽ volume, L ⫽ length, and W ⫽ width (26).

of cell culture data, particularly with respect to drug levels that could
be safely achieved in humans. Overall, celecoxib seems to have
significant therapeutic potential against colorectal cancer, and additional clinical evaluation is warranted.

13.

14.

ACKNOWLEDGMENTS
15.

We thank Penny Ottewell for her technical assistance.
16.

REFERENCES
1. Thun, M. J., Namboodiri, M. M., and Heath, C. W. J. Aspirin use and reduced risk
of fatal colon cancer. N. Engl. J. Med., 325: 1593–1596, 1991.
2. Giovannucci, E., Rimm, E. B., Stampfer, M. J., Colditz, G. A., Ascherio, A., and
Willett, W. C. Aspirin use and the risk for colorectal cancer and adenoma in male
health professionals. Ann. Intern. Med., 121: 241–246, 1994.
3. Giardiello, F. M., Hamilton, S. R., Krush, A. J., Piantadosi, S., Hylind, L. M., Celano,
P., Booker, S. V., Robinson, C. R., and Offerhaus, G. J. Treatment of colonic and
rectal adenomas with sulindac in familial adenomatous polyposis. N. Engl. J. Med.,
328: 1313–1316, 1993.
4. Mahmoud, N. N., Boolbol, S. K., Dannenberg, A. J., Mestre, J. R., Bilinski, R. T.,
Martucci, C., Newmark, H. L., Chadburn, A., and Bertagnolli, M. M. The sulfide
metabolite of sulindac prevents tumors and restores enterocyte apoptosis in a murine
model of familial adenomatous polyposis. Carcinogenesis (Lond.), 19: 87–91, 1998.
5. Beazer-Barclay, Y., Levy, D. B., Moser, A. R., Dove, W. F., Hamilton, S. R.,
Vogelstein, B., and Kinzler, K. W. Sulindac suppresses tumorigenesis in the min
mouse. Carcinogenesis (Lond.), 17: 1757–1760, 1996.
6. Samaha, H. S., Kelloff, G. J., Steele, V., Rao, C. V., and Reddy, B. S. Modulation of
apoptosis by sulindac, curcumin, phenylethyl-3-methylcaffeate, and 6-phenylhexyl
isothiocyanate: apoptotic index as a biomarker in colon cancer chemoprevention and
promotion. Cancer Res., 57: 1301–1305, 1997.
7. Sheng, H., Shao, J., Kirkland, S. C., Isakson, P., Coffey, R., Morrow, J., Beauchamp,
R. D., and DuBois, R. N. Inhibition of human colon cancer cell growth by selective
inhibition of cyclooxygenase-2. J. Clin. Investig., 99: 2254 –2259, 1997.
8. Goldman, A. P., Williams, C. S., Sheng, H., Lamps, L. W., Williams, V. P., Pairet,
M., Morrow, J. D., and DuBois, R. N. Meloxicam inhibits the growth of colorectal
cancer cells. Carcinogenesis (Lond.), 19: 2195–2199, 1998.
9. Chinery, R., Beauchamp, R. D., Shyr, Y., Kirkland, S. C., Coffey, R. J., and Morrow,
J. D. Antioxidants reduce cyclooxygenase-2 expression, prostaglandin production,
and proliferation in colorectal cancer cells. Cancer Res., 58: 2323–2327, 1998.
10. Williams, C., Shattuck-Brandt, R. L., and DuBois, R. N. The role of COX-2 in
intestinal cancer. Ann. NY Acad. Sci., 889: 72– 83, 1999.
11. Eberhart, C. E., Coffey, R. J., Radhika, A., Giardiello, F. M., Ferrenbach, S., and
DuBois, R. N. Up-regulation of cyclooxygenase 2 gene expression in human colorectal adenomas and adenocarcinomas. Gastroenterology, 107: 1183–1188, 1994.
12. Kutchera, W., Jones, D. A., Matsunami, N., Groden, J., McIntyre, T. M., Zimmerman,
G. A., White, R. L., and Prescott, S. M. Prostaglandin H synthase-2 is expressed

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

abnormally in human colon cancer: evidence for a transcriptional effect. Proc. Natl.
Acad. Sci. USA, 93: 4816 – 4820, 1996.
Sano, H., Kawahito, Y., Wilder, R. L., Hashiramoto, A., Mukai, S., Asai, K., Kimura,
S., Kato, H., Kondo, M., and Hla, T. Expression of cyclooxygenase-1 and -2 in human
colorectal cancer. Cancer Res., 55: 3785–3789, 1995.
Kargman, S., O’Neill, G., Vickers, P., Evans, J., Mancini, J., and Jothy, S. Expression
of prostaglandin G/H synthase-1 and -2 protein in human colon cancer. Cancer Res.,
55: 2556 –2559, 1995.
Tsujii, M., Kawano, S., Tsuji, S., Sawaoka, H., Hori, M., and DuBois, R. N.
Cyclooxygenase regulates angiogenesis induced by colon cancer cells. Cell, 93:
705–716, 1998.
Tsujii, M., Kawano, S., and DuBois, R. N. Cyclooxygenase-2 expression in human
colon cancer cells increases metastatic potential. Proc. Natl. Acad. Sci. USA, 94:
3336 –3340, 1997.
Williams, C. S., Tsujii, M., Reese, J., Dey, S. K., and DuBois, R. N. Host cyclooxygenase-2 modulates carcinoma growth. J. Clin. Investig., 105: 1589 –1594, 2000.
Goldberg, Y., Nassif, I. I., Pittas, A., Tsai, L. L., Dynlacht, B. D., Rigas, B., and Shiff,
S. J. The anti-proliferative effect of sulindac and sulindac sulfide on HT-29 colon
cancer cells: alterations in tumor suppressor and cell cycle-regulatory proteins.
Oncogene, 12: 893–901, 1996.
Dinchuk, J. E., Car, B. D., Focht, R. J., Johnston, J. J., Jaffee, B. D., Covington, M. B.,
Contel, N. R., Eng, V. M., Collins, R. J., Czerniak, P. M., Gorry, S. A., and Trzaskos,
J. M. Renal abnormalities and an altered inflammatory response in mice lacking
cyclooxygenase II. Nature (Lond.), 378: 406 – 409, 1995.
DuBois, R. N., Tsujii, M., Bishop, P., Awad, J. A., Makita, K., and Lanahan, A.
Cloning and characterization of a growth factor-inducible cyclooxygenase gene from
rat intestinal epithelial cells. Am. J. Physiol., 266: G822–G827, 1994.
Merritt, A. J., Allen, T. D., Potten, C. S., and Hickman, J. A. Apoptosis in small
intestinal epithelial from p53-null mice: evidence for a delayed, p53-independent
G2/M-associated cell death after ␥-irradiation. Oncogene, 14: 2759 –2766, 1997.
Pritchard, D. M., Watson, A. J., Potten, C. S., Jackman, A. L., and Hickman, J. A.
Inhibition by uridine but not thymidine of p53-dependent intestinal apoptosis initiated
by 5-fluorouracil: evidence for the involvement of RNA perturbation. Proc. Natl.
Acad. Sci. USA, 94: 1795–1799, 1997.
Bach, S. P., Chinery, R., O’Dwyer, S. T., Potten, C. S., Coffey, R. J., and Watson,
A. J. Pyrrolidinedithiocarbamate increases the therapeutic index of 5-fluorouracil in
a mouse model. Gastroenterology, 118: 81– 89, 2000.
Uefuji, K., Ichikura, T., and Mochizuki, H. Cyclooxygenase-2 expression is related to
prostaglandin biosynthesis and angiogenesis in human gastric cancer. Clin. Cancer
Res., 6: 135–138, 2000.
Masferrer, J. L., Leahy, K. M., Koki, A. T., Zweifel, B. S., Settle, S. L., Woerner,
B. M., Edwards, D. A., Flickinger, A. G., Moore, R. J., and Seibert, K. Antiangiogenic and antitumor activities of cyclooxygenase-2 inhibitors. Cancer Res., 60:
1306 –1311, 2000.
Wang, J., Sun, L., Myeroff, L., Wang, X., Gentry, L. E., Yang, J., Liang, J.,
Zborowska, E., Markowitz, S., Willson, J. K., and Brattain, M. G. Demonstration that
mutation of the type II transforming growth factor ␤ receptor inactivates its tumor
suppressor activity in replication error-positive colon carcinoma cells. J. Biol. Chem.,
270: 22044 –22049, 1995.

6051

Downloaded from cancerres.aacrjournals.org on April 14, 2021. © 2000 American Association for Cancer
Research.

Celecoxib Prevents Tumor Growth in Vivo without Toxicity to
Normal Gut: Lack of Correlation between in Vitro and in Vivo
Models
Christopher S. Williams, Alastair J. M. Watson, Hongmiao Sheng, et al.
Cancer Res 2000;60:6045-6051.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/60/21/6045

This article cites 26 articles, 10 of which you can access for free at:
http://cancerres.aacrjournals.org/content/60/21/6045.full#ref-list-1
This article has been cited by 57 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/60/21/6045.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/60/21/6045.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on April 14, 2021. © 2000 American Association for Cancer
Research.

