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Aspirin Toxicity for Human Colonie Tumor Cells Results from Necrosis and Is
Accompanied by Cell Cycle Arrest1
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ABSTRACT

Chemoprevention of colorectal cancer using aspirin has been demon
strated in rodents and has been suggested by data from epidemiolÃ³gica!
studies. The mechanism that accounts for this prevention is unknown, but
it is thought to relate to an irreversible inhibition of cyclooxygenase and,
subsequently, prostaglandin production. The effect of aspirin on the
growth of human colonie tumor cells was determined in an effort to gain
insight into a possible mechanism of action. In the two cell lines studied,
SW 620 and HT-29, we observed a significant dose- and time-dependent
increase in aspirin toxicity in a concentration range of 1.25â€”10HIM.This

result was independent of prostaglandin production, because there was no
measurable prostaglandin K, in cell culture medium. As compared with
controls, cells in cultures that contained aspirin were not detached, which
suggests that the mechanism of cell death was not apoptosis. Flow cyto-
metric analysis revealed an increase in S phase and (Â¡,-M populations as
well as the number of subdiploid nuclei in cultures treated with high-dose

aspirin. Confirmation that cells were undergoing necrosis in response to
aspirin was evident from the presence of cells that bound annexin V and
accumulated propidium iodide in the absence of a population that bound
annexin alone. The results suggest that aspirin induces cell cycle arrest
and causes necrosis at high concentrations in vitro, but does not induce
apoptosis. Collectively, these two events, necrosis and cell cycle arrest,
may contribute to the chemopreventive effect that seems to result from
long-term administration of aspirin in vivo.

INTRODUCTION

Colorectal cancer is highly prevalent in Westernized countries and
represents the second most common cause of cancer death in the
United States. However, it is probable that alterations in diet and
greater use of diagnostics will reduce the mortality rate and eventually
make it one of the more preventable cancers (1,2). It is estimated that
adenomas take from 5-10 years to progress to a carcinoma (3).

Because the incidence of adenomas increases with age, it is likely that
any means that decreases the aberrant crypt-adenoma-carcinoma pro

gression will ultimately translate into reduced mortality from colorec
tal cancer. Among the more promising means of preventing or retard
ing the development of colorectal cancer is through the use of
NSAIDS,3 principally aspirin and sulindac as well as a number of

experimental compounds the most promising of which are COX-2-

specific inhibitors.
Evidence that aspirin is chemopreventive for colorectal cancer

comes largely from epidemiological studies. With few exceptions, the
data from both retrospective and prospective studies have shown a
protective effect for aspirin in humans (4). The mechanism by which
aspirin inhibits tumorigenesis is unknown but has been related to the
irreversible inhibition of COX. Prostaglandin synthesis is greater in
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colonie tumors than in the surrounding mucosa (5, 6). This relative
increase is attributable to the expression of COX-2, which is inducible

in response to a variety of cytokines and growth factors, in contrast to
COX-1, which is constituitively expressed in the colonie mucosa
(7-9). The induction of COX-2 transcription is notable in tumors and

rare in adenomas or normal mucosa (10). Recently, a significant
decrease in polyp number and size was demonstrated in COX-2
knockout mice relative to controls in mice with an /4/?cA7'6 knockout

background (11). Down-regulation of COX-2 expression and the
specific inhibition of COX-2 activity independently suppress polyp

formation and would, therefore, be expected to limit tumorigenesis.
The tumor stimulatory product of COX-2 catalysis, the lack of which

results in a decrease in both polyp growth and numbers, has not been
identified. Although one or more prostaglandins are obvious potential
factors influencing polyp growth and size, there is also compelling
evidence that aspirin as well as other NSAIDS has a cytostatic and/or
apoptotic effect (12-14).

As a means of determining the mechanism by which aspirin inhibits
tumorigenesis, we have examined the effect of aspirin on colonie
tumor cell proliferation and the extent to which inhibited proliferation
relates to a functional decrease in COX activity. The results suggest
that aspirin toxicity results from the perturbation of the cell cycle and
ultimately causes necrosis, but does not result from induction of
apoptosis. Furthermore, aspirin toxicity does not directly correlate
with the inhibition of prostaglandin production.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. The human colonie tumor cell lines
SW 620, HT-29, and HCT-15 (American Type Culture Collection, Manassas,

VA) were maintained in RPMI 1640 containing 10% FBS. 2 mM glutamine,
and gentamicin (all from Life Technologies, Inc.. Grand Island, NY) at 37Â°C

in a humidified atmosphere containing 5% CO2. Experiments were performed
on cells plated at a density of 5 X IO3 or 2 X 104/well in 96 well plates or at
a density of 5 X 105/well in 6 well plates. Twenty-four h after plating the cells,

aspirin (Sigma, St. Louis, MO) was added and cultures were incubated with
continuous exposure for 5-7 days or for 18, 44, or 72 h. In these latter cultures,

the medium containing aspirin was removed at the designated time and
replaced with fresh medium. Incubation was then continued for a total of 5-7

days after seeding. Aspirin was solubilized in DMSO (Sigma) before addition
to the medium. For all experiments, the effect of each aspirin concentration
was assessed in 6 replicate wells in each of two independent assays.

Proliferation and Apoptosis Assays. Cell proliferation was assessed for
cultures maintained for 5-7 days after the initial plating using MTT (15), and

the results are expressed as the % absorbance for treated wells/controls.
Apoptosis in response to aspirin was initially assessed on the basis of DNA
fragmentation with material isolated using the Puregene DNA isolation kit
(Centra Systems, Inc. Minneapolis, MN). DNA (2-5 /j.g/sample) was electro-
phoresed in a 1.2% agarose gel in 1X Tris-borate EDTA, and bands were

visualized by staining with ethidium bromide. As a positive control, DNA was
isolated from SW 620 cells that were maintained for 5 days after confluence or
were exposed to 5 ng/ml vinblastine for 24 h. Necrosis/apoptosis was also
assessed on the basis of flow cytometric analysis using two different assays:
(a) flow cytometry was performed on isolated nuclei recovered from pelleted
cells that had been resuspended in PBS containing 0.1% Triton X-100. For

these experiments, cells were exposed for 72 h to the aspirin concentrations
indicated. After centrifugation, the pellets containing nuclei were incubated for
20 min at 37Â°C in PBS containing 180 units/ml RNase A. After a final
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centrifugation, the pellet was resuspended in 50 /ig/ml PI in PBS. Data are
expressed for cells present in each of four regions corresponding to GÃŸ-Gp
S phase, G2-M, and subdiploid. Cells that were exposed to 5 ng/ml
vinblastine for 24 h or were postconfluent served as a positive control; (b)
a second assay to examine the mechanism of aspirin toxicity was performed
using annexin V and PI. Cells binding annexin V but excluding PI are
judged to be apoptotic, whereas cells binding annexin V and accumulating
PI are judged to be necrotic (16, 17). Annexin V has specificity for
phosphotidylserine, which becomes asymmetrically distributed on the cell
surface during early apoptosis. Thus, cells in apoptosis will have an
abundance of phosphotidylserine on their surface and consequently bind
relatively more annexin V but exclude PI. Assessment was made by flow
cytometric evaluation according to the manufacturer's instructions (R&D

Systems, Minneapolis, MN). Fluorescence of individual nuclei and for
intact cells was determined using a FACStar Plus (Becton Dickinson, San
Jose, CA). For all experiments, fluorescence was determined from the
combined collection of floating and attached cells.

Prostaglandin Assay. As an indicator of COX inhibition. PGE, concen
tration was assessed in culture medium. Briefly, the medium was collected
after 3 days from cultures containing cells that were seeded at 2 X IO4in a 96

well plate. Media (50 /Â¿I)was applied to an assay plate, and the PGE-,
concentration was determined using an enzyme immunoassay according to the
manufacturer's protocol (Cayman Chemical Co.. Ann Arbor, MI). The sensi
tivity of this assay based on the manufacturer's standards is 10 pg PGE,/ml.

Data Analysis. Data are expressed as mean Â±SD with the exception of
flow cytometric data, which are expressed as mean only. Data were analyzed
using a two-sided Wilcoxon matched-pairs signed ranks test; significance is
reported for data where P s 0.05.

RESULTS

In the initial experiments using conditions of continuous exposure
(5-7 days), aspirin was toxic for all three cell lines (Fig. 1). More

detailed analysis to determine the mechanism of toxicity was then
initiated using the SW 620 and HT-29 lines. In cultures treated with

aspirin, there was no increase in the number of floating cells relative
to control cultures. To determine the kinetics of aspirin toxicity, cells
were exposed to different concentrations of aspirin for varying times
(18, 44, or 72 h or 5-7 days) at which point the aspirin-containing

medium was replaced and/or the proliferation assay was performed.
This analysis reveals an increase in toxicity with increasing aspirin
concentration and time of exposure (Fig. 2a and b). Toxicity was not
evident using aspirin concentrations of less than 1.0 niM, even under
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Fig. 1. Toxicity of aspirin for human colonie tumor cell lines SW 620 (â€¢),HT-29 (O),
and HCT-15 (V). Results are from a representative experiment in which cells were

exposed to aspirin continuously for 6 days before quantitation of cell numbers using the
MTT assay. Each data point is the mean Â±SE from six replicate wells in which 5 X IO3

cells were plated.
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conditions of continuous exposure. Prostaglandin synthesis by both
SW 620 and HT-29 cells was not evident based on an absence of

PGE2 in culture medium. We confirmed that PGE-, can be detected in
culture medium and that aspirin inhibits PGE2 synthesis by approxi
mately 50% using human colonie mucosal expiants incubated in vitro
for 4 h.

There was no increase in the number of detached cells in aspirin-
treated cultures as compared with control cultures, which suggests that
aspirin toxicity is due to necrosis and not to induction of apoptosis. In
contrast to aspirin, vinblastine treatment resulted in greater than 80%
of SW 620 and 35% of HT-29 cells detaching within 24 h of adding

the drug to the cultures. DNA recovered from cultures that were
postconfluent or treated with vinblastine exhibited the banding pattern
that is typical of cells undergoing apoptosis (data not shown). DNA
recovered from cultures of the different cell lines that were treated
with aspirin was not banded further, which suggests that aspirin
toxicity is not due to apoptosis.

To further examine the mechanism that accounts for aspirin
toxicity, a flow cytometric analysis was used. For isolated nuclei
from both cell lines, there was an increase in the percentage of
nuclei that contain subdiploid DNA with increasing aspirin dose
(Fig. 3 and Table 1). At relatively low concentrations of aspirin
(<2.5 mM), the absence of perturbation of the cell cycle correlates
with the absence of toxicity. At the higher doses, toxicity is
reflected by an increasing abnormality in the cell cycle pattern and
the number of nuclei that are subdiploid. Although there was a
decrease in the number of cells that are in G,,-G,, this decrease is

not accounted for by a corresponding increase in the subdiploid
population. In fact, with increasing aspirin concentration, there
was an increase in the percentage of cells in both the S phase and
G2-M.

Flow cytometric analysis using annexin V was used to establish that
necrosis and not induction of apoptosis is the mechanism for cell
death in response to high-dose aspirin. Cells exposed to aspirin for 3
days bound annexin V and accumulated PI in a dose-related manner,

but there was no increase in the number of cells that bound annexin V
only (Fig. 4). An additional analysis using annexin V was performed
in which cells were exposed to 10 min aspirin for 4, 21, 45 or 70 h. At
none of the time points was there an increase in the number of cells
in apoptosis (annexin V staining only) for either of the two cell lines
relative to control, untreated cells. An increase in the number of
necrotic cells (annexin V- and Pi-positive) was not evident in cells

exposed to 10 mM aspirin for less than 45 h.

DISCUSSION

Aspirin has attracted considerable attention as one of many com
pounds that may be of potential benefit in the chemoprevention of
cancer. Recent interest is based primarily on results from epidemio-
logical studies that report with very few exceptions a chemopreven-

tive effect (4, 18). Although the data from these studies are compel
ling, they provide no insight into a possible mechanism by which
NSAIDS inhibit tumor formation and/or growth. An obvious potential
mechanism is the well-characterized inhibition of COX activity. Data

suggest that COX inhibition could limit tumorigenesis or tumor
growth by reducing production of mutagens that result from arachi-
donic acid metabolism (19) or reducing synthesis of immunosuppres-

sive prostaglandins (20), or both. The most convincing data that
prostaglandin production is related to inhibition of tumor cell growth
are from mice that develop numerous polyps owing to a truncation
mutation in the Ape gene, but develop significantly fewer polyps when
a COX-2 gene knockout is superimposed or when in the presence of
a COX-2 specific inhibitor (11). However, NSAIDS in general have
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Fig. 2. Temporal analysis of aspirin toxicity in SW 620 (a) and HT-29 (b) cell lines.
Cells plated at 5 X 103/well were exposed to aspirin-containing medium for 18 h (â€¢),44 h

(â€¢),72 h (A), or continuously for 5-7 days (V) before replacing the media and/or

analyzing the cell survival using the MTT assay. Each point represents the mean Â±SE
from six data points. Asterisks between data points indicate significant differences
(P < 0.05) between those two points for that aspirin concentration.

numerous targets other than COX by which they may inhibit tumor
growth. For example, inhibition of glycolysis, uncoupling of oxidative
phosphorylation, activation inhibition of the transcription factor nu
clear factor KB, disruption of a number of signaling pathways and
calcium flux as well as inhibition of a large number of other enzymes
including cyclic AMP-dependent protein kinase have been described
for NSAIDS (21-25). Each of these mechanisms alone or acting in
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Fig. 3. Representative histograms from flow cytometric analysis of SW 620 cells.
Cells exposed to (A) medium only; (B) 5 ng/ml vinblastine for 24 h, attached cells; (C)
5 ng/ml vinblastine, detached cells; (D) medium, cells 5 days postconfluent; (E) IO
mM aspirin for 72 h; (F) 5 mM aspirin for 72 h; and (G) 2.5 mM aspirin for 72 h.
Abscissa, units of fluorescence intensity. Ordinale, cell numbers. Peaks that corre
spond to an approximate fluorescence intensity of 380 units are from nuclei in G0-G,.
Additional experimental details are provided in the text, and quantitative data are
given in Table 1 for both SW 620 and HT-29 cell lines.
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Table 1 Representative analysis of the effect of aspirin on cell cycle distribution"

TreatmentCell

line SW620Media
onlyPostconfluentVbl

(attached)*Vbl
(floating)*10.0

minASA'5.0
mMASA''2.5

mMASA'Cell

lineHT-29Media

onlyPostconfluentVbl

(total)*'''1
0.0 mmASA''2.5

HIMASA'Ml1.928.71.316.114.08.52.91.547.68.117.72.6GO-G,63.638.25.621.230.152.361.276.541.155.141.869.0S

phase16.923.47.517.133.119.518.111.77.811.517.413.9G2-M17.38.180.940.122.918.516.59.72.624.322.113.3

" Values are percent number of nuclei in the area of histograms that were designated

on the basis of PI staining as subdiploid (M I ) or in the different phases of the cell cycle.
* Vinblastine (Vbl) treatment was 5 ng/ml for 24 h.
' Aspirin (ASA) treatment was for 72 h.

Cells floating and attached were combined for analysis.

concert with decreased prostaglandin synthesis might hypothetically
limit tumorigenesis or account for a decrease in tumor cell growth.

Additional results suggest, furthermore, that the chemopreventive
effect of NSAIDS cannot be explained on the basis of prostaglandin
synthesis inhibition alone. A number of NSAIDS have antiprolifera-

tive effects in cells that lack COX activity altogether. In addition,
sulindac sulfone (a metabolite of sulindac sulfoxide) lacks COX
inhibitory activity but has an antiproliferative effect in vitro and
inhibits carcinogen-induced colon carcinogenesis in vivo (26, 27). In

the present study, aspirin was toxic for two human colonie cell lines,
but there was no COX activity as evidenced by an absence of PGE2
in the medium from cultures of either cell line. To establish that PGE2
is detected in culture medium and that aspirin inhibits prostaglandin
synthesis in vitro, we measured PGE2 production in the medium from
human colonie biopsy samples incubated for 4 h at 37Â°C.Consistent

with results from an earlier study, PGE2 was present in the medium
containing these expiants, and its production was inhibited approxi
mately 50% by l [Â¿Maspirin (28). This inhibitory concentration is
10~3 the concentration that is required for aspirin toxicity in estab

lished cell lines. HT-29 cells are reported to produce PGE2 and to
synthesize both COX-1 and COX-2 transcripts when cells are incu
bated in the medium supplemented with 10% FBS, but HT-29 cells do

not synthesize PGE2 when the cells are maintained in the absence of
serum (14). We maintained SW 620 and HT-29 cells in 0.1% FBS and

determined that aspirin toxicity for both cell lines was similar to that
achieved using 10% FBS (data not shown). If prostaglandin synthesis
in HT-29 cells is dependent on serum stimulation as was concluded by

Hanif et al. (14), the difference in prostaglandin synthesis for SW 620
and HT-29 cultures in 0.1 versus 10% FBS was not reflected by a

difference in cell survival. This result is consistent with the conclusion
of others that the antiproliferative effect of aspirin is not due to
prostaglandin synthesis inhibition (14, 26, 29). Finally, we have
examined aspirin toxicity in a third human colonie tumor cell line,
HCT-15, which has been reported not to produce prostaglandins and
does not transcribe COX-1 or COX-2 (14). The toxicity profile for this
cell line using an aspirin concentration range of 2.5-20 mM under

conditions of continuous exposure was almost identical to that of
SW 620 and HT-29 for each aspirin concentration. It is apparent from

these results that if COX inhibition limits tumorigenesis, the effect is
not directly on tumor cells but is mediated by an effector cell.

A number of studies have shown that NSAIDS induce apoptosis
in vitro (12-14, 30, 31) and in vivo (32). However, the data

regarding aspirin are inconclusive. Shiff et al. (33) examined
HT-29 cells for evidence of apoptosis as a result of exposure to one
of four different NSAIDS analyzed. Of the four (piroxicam, indo-
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Fig. 4. Cytometric analysis of annexin V staining and PI accumulalion by SW 620 cells
after exposure for 72 h to, from top to bottom, 0, 2.5, 5, 10, and 20 HIM aspirin,
respectively. Percentages indicate percent of total signal within the quadrant. The signal
in the upper righi quadrant increases with increasing aspirin concentration, but there is no
increase in the number of cells binding annexin only, as evidenced by the signal in the
lower right quadrant.
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methacin, naproxen, and aspirin), aspirin was the sole NSAID that
did not induce apoptosis at a dosage that was demonstrably anti-

proliferative. Lu et al. (30) also found that aspirin does not induce
apoptosis in chicken embryo fibroblasts. In contrast, Elder et al.
(13) reported an increase in the number of detached cells from
cultured human colorectal adenoma and carcinoma cell lines in
response to salicylate and concluded that this reflects an induction
of apoptosis. We did not observe an increase in the number of
detached cells in response to toxic doses of aspirin.

The results from the fluorescence-activated cell-sorting analyses

indicate that there is a proportion of cells that develop an apparent
subdiploid DNA content in response to aspirin. The results also
indicate that at high concentrations of aspirin, there is a decrease in the
proportion of cells in G0-G, and a relative increase in the percentage
of cells in S phase and G2-M. This result is in contrast to data obtained

using NSAIDS (13, 22, 31), including aspirin (33), which indicate that
the exposure causes the arrest of cells in G0-G,. The data from the

present study suggest that aspirin directly or indirectly retards cells
from progressing through the S phase and G2-M as rapidly as is

normal, which results in a relative accumulation of cells in these two
phases. Nevertheless, the antiproliferative effect would be similar to
that achieved by placing a block on G0-G,. Coincident with this effect

is an increase in the number of cells with subdiploid DNA content that
represent dying cells. The absence of a population of cells that bind
annexin V but exclude propidium at any time for any toxic aspirin
concentration indicates that necrosis and not apoptosis is the mecha
nism that accounts for aspirin toxicity in these cells. These two
eventsâ€”induction of necrosis and disruption of the normal cell cycle
patternâ€”may be independent events but nevertheless are correlated
with toxicity. In theory, high-dose aspirin may indirectly result in

damage that induces cell cycle arrest. If unrepaired, the damage may
ultimately result in cell necrosis. Although certainly less potent, this
effect would be similar in appearance to that which occurs as a result
of radiation, which also causes a block at G->-M and eventually

necrosis. Vinblastine treatment also resulted in an accumulation of
cells in G2-M, which was particularly evident in attached cells, but
this is attributed to the well-characterized binding of Vinca alkaloids

to microtubules.
The cancer chemopreventive effect of aspirin seems to be achieved

only as a result of prolonged intake. The aspirin concentration re
quired for toxicity of tumor cells in vitro exceeds that which can be
sustained in vivo. However, the extent to which cumulative aspirin
toxicity and growth inhibition contributes to a significant decrease in
cancer incidence and mortality is yet to be determined.

REFERENCES

1. Parker, S. L., Tong, T., Bolden, S.. and Wingo, P. A. Cancer statistics, 1997. CA
Cancer J. Clin., 47: 5-27, 1997.

2. Greenwald, P., Kelloff, G. J., Boone, C. W., and McDonald, S. S. Genetic and cellular
changes in colorectal cancer: proposed targets of chemopreventive agents. Cancer
Epidemiol. Biomark. Prev., 4: 691-702, 1995.

3. Muto, T., Bussey, H. J. R., and Morson, B. C. The evolution of cancer of the colon
and rectum. Cancer (Phila.), 36: 2251-2270, 1975.

4. Dubois, R. N., Giardiello, F. M., and Smalley. W. E. Nonsteroidal antiinfiammatory
drugs, eicosanoids. and coiorectal cancer prevention. Gastroenterol. Clin. North Am.,
25: 773-791, 1996.

5. Bennett, A., Civier, A., Hensby. C. N., Melhuish, P. B., and Stamford, I. F. Meas
urement of arachidonate and its metabolites extracted from human normal and
malignant gastrointestinal tissues. Gut, 28: 315-318, 1987.

6. Maxwell, W. J., Kelleher, D., Keating, J. J., Hogan, F. P., Bloomfield, F. J.,
MacDonald, G. S., and Keeling, P. W. N. Enhanced secretion of prostaglandin E2 by
fixed macrophages in colonie carcinoma. Digestion, 47: 160-166, 1990.

7. Maier, J. A. M., Hla. T.. and Maciag, H. Cyclooxygenase is an immediate-early
response gene induced in interleukin-1 in human endothelial cells. J. Biol. Chem.,
265.- 10805-10808, 1990.

8. O'Banion, M. K., Winn, V. D., and Young D. A. cDNA cloning and functional

activity of a glucocorticoid-regulated inflammatory Cyclooxygenase. Proc. Nati.
Acad. Sci. USA, 89: 4888-4892, 1992.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dubois, R. N., Ysujii, M.. Bishop, P.. Awad, J. A., Makita, K., and Lanahan, A.
Cloning and characterization of a growth factor-inducible Cyclooxygenase from rat
intestinal epithelial cells. Am. J. Physiol., 266: G822-G827, 1994.

Eberhart, C. E., Coffey. R. J., Radhika, A., Giardiello, F. M., Ferrebach, S., and
Dubois, R. N. Up-regulation of Cyclooxygenase 2 gene expression in human
colorectal adenomas and adenocarcinomas. Gastroenterology, 707: 1183-1188,

1994.
Oshima, M., Dinchuk, J. E., Kargman, S. L., Oshima. H.. Hancock, B.. Kwong, E..
Trzaskos, J. M., Evans, J. F., and Taketo, M. M. Suppression of intestinal polyposis
in ApcA716 knockout mice by inhibition of Cyclooxygenase 2 (COX-2). Cell, 87:

803-809, 1996.

Piazza, G. A., Kulchak Rahm, A. L., Krutzsch, M., Speri, G.. Paranka, N. S., Gross,
P. H., Brendel. K., Hurt, R. W., Alberts, D. S., Pamukcu, R., and Ahnen, D. J.
Antineoplastic drugs sulindac sulfide and sulfone inhibit cell growth by inducing
apoptosis. Cancer Res., 55: 3110-3116, 1995.

Elder, D. J. E., Hague, A., Hicks, D. J., and Paraskeva, C. Differential growth
inhibition by the aspirin metabolite salicylate in human colorectal tumor cell lines:
enhanced apoptosis in carcinoma and in vj/ra-transformed adenoma relative to ade
noma cell lines. Cancer Res., 56: 2273-2276, 1996.
Hanif, R., Pittas, A., Feng, Y., Koutsos, M. I., Qiao, L., Staiano-Coico, L., Shiff, S. I.,
and Rigas, B. Effects of nonsteroidal anti-inflammatory drugs on proliferation and on
induction of apoptosis in colon cancer cells by a prostaglandin-independent pathway.
Biochem. Pharmacol., 52: 237-245, 1996.

Pauwels, R., Balzarini, J., Baba, M., Snoeck, R., and Schols, D. Rapid and automated
tetrazolium-based colorimetrie assay for the detection of anti-HIV compounds. J. Vi-
rol. Methods, 20: 309-321, 1988.

AndrÃ©e,H. A. M., Reutelingsperger, C. P. M., Hauptmann. R., Hemker, H. C.,
Hermens, W. T., and Willems, G. M. Binding of vascular anticoagulant a (VACa) to
planar phospholipid bilayers. J. Biol. Chem. 265: 4923-4928, 1990.

Fadok, V. A., Voelker, D. R., Campbell, P. A., Cohen, J. J., Bratton, D. L., and
Henson. P. M. Exposure of phosphotidylserine on the surface of apoptotic lympho
cytes triggers specific recognition and removal by macrophages. J. Immunol. 148:
2207-2216, 1992.
Lee, I-M., Hennekens, C. H., and Buring, J. E. Use of aspirin and other nonsteroidal

antiinfiammatory drugs and the risk of cancer development. In: V. T. DeVita, S.
Hellman, and S. A. Rosenberg (eds.). Cancer: Principles and Practice of Oncology,
pp. 599-607. Philadelphia: Lippincott-Raven, 1997.

Marnett, L. J. Generation of mutagens during arachidonic acid metabolism. Cancer
Metastasis Rev., 13: 303-308, 1994.

Young, M. R. I. Eicosanoids and the immunology of cancer. Cancer Metastasis Rev.,
13: 337-348, 1994.

Kantor, H., and Hampton, M. Indomethacin in submicromolar concentrations inhibits
cyclic AMP-dependent protein kinase. Nature (Lond.). 276: 841-842, 1978.

Bayer, B. M., Kruth, H. S.. Vaughan, M.. and Beaven, M. A. Arrest of cultured cells
in the G, phase of the cell cycle by indomethacin. J. Pharmacol. Exp. Then, 2/0:
106-111, 1979.

Abramson, S., Korchak, H., Ludewig, R., Edelson, H.. Haines, K., Levin, R. L.,
Herman, R.. Rider, L.. Kimmel, S., and Weissman G. Modes of action of aspirin-like
drugs. Proc. Nati. Acad. Sci. USA, 82: 7227-7231, 1985.
Abramson, S. B., Leszczynska-Piziak, J.. Haines, K., and Reibman, J. Non-steroidal
anti-inflammatory drugs: effects on a GTP binding protein within the neutrophil
plasma membrane. Biochem. Pharmacol., 41: 1567-1573, 1991.
Kopp, E., and Ghosh, S. Inhibition of NF-xB by sodium salicylate and aspirin.
Science (Washington DC), 265: 956-959, 1994.

Hixson, L. J., Alberts, D. S., Krutzsch, M., Einsphar, J.. Brendel, K., Gross, P. H.,
Paranks, N. S., Baier, M., Emerson, S., Pamukcu, R., and Burt, R. W. Antiprolifera
tive effect of nonsteroidal antiinfiammatory drugs against human colon cancer cells.
Cancer Epidemiol. Biomark. Prev., 3: 433-438, 1994.

Thompson, H. J., Briggs, S., Paranka, N. S., Piazza, G. A., Brendel, K., Gross, P.,
Speri, G. ]., Pamukcu. R., and Ahnen, D. J. Inhibition of mammary carcinogenesis
in rats by sulfone metabolite of sulindac. J. Nati. Cancer Insi., 87: 1259-1260,

1995.
Frommel, T. O., Dyavanapalli, M.. Oldham, T.. Kazi, N.. Lietz, H., Liao, Y., and
Mobarhan, S. Effect of aspirin on prostaglandin E2 and leukotriene B4 production
in human colonie mucosa from cancer patients. Clin. Cancer Res., 3: 209-213,

1997.
Demello, M. C. F., Bayer, B. M., and Beaven, M. A. Evidence that prostaglandins do
not have a role in the cytostatic action of anti-inflammatory drugs. Biochem. Phar
macol., 29: 311-318, 1980.

Lu, X., Xie, W., Reed, D., Bradshaw, W. S., and Simmons, D. L. Nonsteroidal
antiinfiammatory drugs cause apoptosis and induce cyclooxygenases in chicken
embryo fibroblasts. Proc. Nati. Acad. Sci. USA, 92: 7961-7965, 1995.
Shiff, S. J., Qiao, L., Tsai, L-L., and Rigas, B. Sulindac sulfide. an aspirin-like

compound, inhibits proliferation, causes cell cycle quiescence, and induces apoptosis
in HT-29 colon adenocarcinoma cells. J. Clin. Invest., 96: 491-503, 1995.
Pasricha, P. J.. Bedi, A.. O'Connor. K., Rashid, A.. Akhtar, A. J., Zahurak, M. L.,

Piantadosi, S., Hamilton, S. R., and Giardiello, F. M. The effects of sulindac on
colorectal proliferation and apoptosis in familial adenomatous polyposis. Gastroen
terology, /09: 994-998, 1995.

Shiff, S. J., Koutsos, M. I., Qiao, L., and Rigas, B. Nonsteroidal antiinfiammatory
drugs inhibit the proliferation of colon adenocarcinoma cells: effects on cell cycle and
apoptosis. Exp. Cell Res., 222: 179-188, 1996.

2776

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/13/2772/2466853/cr0580132772.pdf by guest on 19 M

ay 2023


