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ABSTRACT Nonsteroidal antiinflammatory drugs
(NSAIDs) can inhibit colorectal tumorigenesis and are among
the few agents known to be useful for the chemoprevention of
neoplasia. Here, we show that the tumor suppressive effects of
NSAIDs are not likely to be related to a reduction in prosta-
glandins but rather are due to the elevation of the prostaglandin
precursor arachidonic acid (AA). NSAID treatment of colon
tumor cells results in a dramatic increase in AA that in turn
stimulates the conversion of sphingomyelin to ceramide, a known
mediator of apoptosis. These results have significant implica-
tions for understanding and improving colon cancer chemopre-
vention.

Because common epithelial cancers have resisted most therapeu-
tic efforts, much hope is currently placed on chemoprevention.
Chemopreventive measures are especially important in patients
who are at elevated risk for neoplasia caused by genetic or
environmental factors. Though research on such agents is now
blossoming, only a few compounds have been shown to be useful
in vivo. Among these are nonsteroidal antiinflammatory drugs
(NSAIDs), which are effective in reducing colon tumors in
genetically susceptible humans (reviewed in ref. 1) and rodents
(2-4). Epidemiological studies have demonstrated that NSAID
use in the general population is associated with a reduced risk of
colon cancer death (reviewed in ref. 5).

Further progress in this area will in part depend on under-
standing the mechanisms through which such chemopreventive
agents exert their protective effects. It is well known that NSAIDs
can inhibit cyclooxygenases (COXs) (reviewed in ref. 6), and
some studies have shown that NSAIDs can induce apoptosis (also
called programmed cell death) (7-11). Moreover, expression of
COX2 is elevated in colorectal tumors (12-14), and this elevation
can protect intestinal epithelial cells from apoptosis (15). How-
ever, the biochemical mechanisms through which NSAIDs and
diminished COX expression alter colonic tumorigenesis are
largely unknown. In this report, we describe a potential mecha-
nism by which NSAIDs induce apoptosis in human colorectal
cancer cells.

MATERIALS AND METHODS

Apoptosis Assays. Apoptosis was assessed by morphological
criteria and by phosphatidylserine exposure. Morphological as-
sessment of apoptosis was made after Hoechst 33258 staining as
described (16). Cells with fragmented nuclei were scored as
apoptotic. Phosphatidylserine exposure was assessed by mero-
cyanine staining (5 pg/ml, Sigma) as described (17).

Arachidonic Acid (AA) Assays. AA levels were determined by
release of H>-AA as described (18). For representative time
points, the identity of released material was confirmed to be AA
by thin layer chromatography as described (19). The increases in
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AA levels were further confirmed by gas chromatographic anal-
ysis of selected time points as described (20).

Ceramide Assays. Ceramide levels were measured by using the
Escherichia coli diacylglycerol kinase assay as described (21) with
the following modifications. After the initial lipid extraction,
phases were broken by adding 2 ml of chloroform and 2 ml of 1
M Nadl, and lipids were washed with 1 M NaCl before drying
under nitrogen (22, 23). After solubilization, samples were son-
icated for 15 sec. The diacylglycerol reaction was performed for
30 min at 25°C in a 100 ul reaction volume with 3.5 pg of
diacylglycerol kinase (Calbiochem) and 30 uCi [y-**P]JATP (Du-
pont/NEN, 6,000 Ci/mmol, 1 Ci = 37 GBq). After extraction of
the labeled lipids, the lower chloroform phase was washed with
1% HCI before drying under nitrogen. The solvent mixture for
thin layer chromatography was chloroform:acetone:methanol:a-
cetic acid:water (10:4:3:2:1). Samples were quantitated by using a
PhosphorImager (Molecular Dynamics).

Controls for Apoptosis-Induced Ceramide Increases. Three
observations suggest that the ceramide increases were not the
result of apoptosis. (/) Ceramide levels increased to substantial
levels in sulindac sulfide (SUS)-treated cells as early as 8 hr
posttreatment, when the cells are alive and lack any morphologic
features of apoptosis (i.e., nuclear fragmentation and membrane
blebs). (i) Cells treated with SUS and cycloheximide (CHX) do
not undergo apoptosis but still have substantial increases in
ceramide levels. HCT116 and SW480 cells were treated with 125
uM and 200 uM SUS, respectively, with and without 10 uM CHX
for 48 hr. Cells treated with SUS alone underwent apoptosis,
whereas cells treated with SUS and CHX did not. HCT116 and
SW480 cells treated with SUS alone displayed 10.0 = 0.4-fold and
9.2 = (.1-fold increases in ceramide levels relative to vehicle
controls, respectively. Likewise, HCT116 and SW480 cells treated
with SUS in the presence of CHX exhibited 5.1 * 0.5-fold and
7.9 = 1.3-fold increases in ceramide levels relative to controls,
respectively. (iif) Apoptosis induced by other means in colon cells
(p53 transferred by adenovirus infection) was not associated with
a ceramide increase. pS3 was overexpressed in cells through
infection with a recombinant adenovirus containing the p53 gene
as previously described (24, 25). The pS3-infected cells express
p53 protein by 2 hr postinfection. In these cells, death begins at
24 hr, and at 48 hr, 90-100% of the cells have undergone
apoptosis. Adenovirus containing the B-galactosidase gene in-
stead of the p53 gene was used as a control. Cells were harvested
at 16 hr postinfection (when p53-virus infected cells express p53
but before the onset of apoptosis) and at 40 hr postinfection
(when most cells are apoptotic). Relative to ceramide levels of
B-galactosidase virus-infected cells, pS3 virus-infected cells at 16
hr exhibited a ceramide level of 86.4 + 18.6%. At 40 hr postin-
fection, control virus-infected cells had a ceramide level of 81.4 +
12.3%, and p53 virus-infected cells exhibited a ceramide level of
85 = 8.3%.

Abbreviations: AA, arachidonic acid; APC, adenomatous polyposis
coli; CHX, cycloheximide; COX, cyclooxygenase; NSAID, nonsteroi-
da} antiinflammatory drug; SUS, sulindac sulfide; INDO, indometh-
acin.
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Sphingomyelin Assays. HCT116 and SW480 cells were incu-
bated with [*H]choline chloride (0.5 mCi ml~%, 80 Ci mmol ™},
NEN) for 48 hr. After labeling, cells were washed with Hanks’
balanced salt solution (GIBCO) and treated with SUS or indo-
methacin (INDO). Sphingomyelin measurements were per-
formed by using the bacterial sphingomyelinase method as de-
scribed (18).

Neutral Sphingomyelinase Assays. Neutral sphingomyelinase
activity was assayed as described (18). After cell lysis, protein
concentrations were determined by using the Bradford method
(Bio-Rad), and 200 mg of cellular protein was used in each assay.
Neutral sphingomyelinase activity was determined by measuring
the rate of hydrolysis of #C-labeled sphingomyelin (Amersham).
SW480 and HCT116 cell lines were treated with a SUS (50, 200,
and 600 uM) for 624 hr. None of these treatments enhanced
neutral sphingomyelinase activity in cell lysates. In a typical
experiment, treatment of HCT116 with 200 uM of SUS resulted
in a neutral sphingomyelinase activity of 90% after 6 hr and 92%
after 16 hr relative to untreated controls.

RESULTS

The most extensively investigated NSAID for chemoprevention is
sulindac, an agent that can reduce the size and number of
colorectal tumors in familial adenomatous polyposis patients
(reviewed in ref. 1) as well as in mouse models of familial
adenomatous polyposis (2-4). First, we attempted to determine
whether the active metabolite of sulindac, SUS, could induce the
death of commonly used colorectal cancer cell lines (HCT116 and
SW480) at physiologically relevant drug concentrations. SUS
resulted in death of both lines in a dose- and time-dependent
fashion, consistent with previous studies (7-11). At concentra-
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tions of 125 uM and 200 uM SUS in HCT116 and SW480 cells,
respectively, the majority of cells died within 48 hr (Fig. 14). This
death appeared to be apoptotic, as it was accompanied by nuclear
condensation and fragmentation and exposure of phosphatidyl-
serine groups on the cell surface (Fig. 1B), two hallmarks of
apoptosis (26-28).

Though the morphology of SUS-treated cells was consistent
with apoptotic cell death, other cell death processes can mimic
these changes. To more definitively demonstrate that SUS can
actually induce apoptosis, we employed the criteria originally
used to distinguish apoptosis from other death processes, namely,
the requirement for macromolecular synthesis (reviewed in ref.
26). We found that inhibition of protein synthesis by CHX (Fig.
1C), or of RNA synthesis by actinomycin D (data not shown),
could completely inhibit apoptosis at the concentrations of SUS
used in Fig. 14. Interestingly, CHX could not inhibit SW480 cell
death at higher concentrations of SUS (not shown). This finding
suggests that SUS can kill cells by two mechanisms: apoptosis at
relatively low concentrations and nonspecific toxic effects at
higher concentrations. Such nonspecific toxicity at high concen-
trations of pharmaceutical compounds is not unusual (29) and
may have confounded some previous studies of NSAID action.
Therefore, all subsequent analyses were performed with SUS
concentrations that resulted in bona fide apoptosis.

To investigate the mechanisms by which SUS induces apopto-
sis, we first considered the previously suggested possibility that
sulindac functions through inhibiting the production of prosta-
glandins. To test this idea, we treated cells with both SUS and
prostaglandin E, (PGE,), the major COX product produced by
colonic tumors (30), and no inhibition of apoptosis was observed
(Fig. 24). Similarly, PGA,, PGJ,, 15-deoxy-A'>14-PGJ, and A'2-
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FiG. 1. NSAIDs induce apoptosis in human colorectal cancer cells. (4) HCT116 and SW480 cells were treated with INDO (300 uM) or SUS
(125 uM for HCT116 and 200 uM for SW480 cells). Cells were collected at the indicated times and scored for morphological evidence of apoptosis
as described in Materials and Methods. (B) HCT116 and SW480 cells were treated with SUS or INDO for 60 hr, harvested, and assessed for
morphological signs of apoptosis. Cells treated with SUS or INDO show the hallmarks of apoptosis. Independent evidence of apoptosis was obtained
by examining phosphatidylserine exposure. SUS treatment of HCT116 and SW480 cells resulted in substantial phosphatidylserine exposure
indicative of membrane unpacking and apoptosis. Forty-eight hours after treatment with 125 uM SUS, 44% of HCT116 were apoptotic as judged
by phosphatidylserine exposure vs. 4% in the vehicle-treated control cells. Likewise, 74% of SW480 cells were apoptotic 50 hr after treatment with
200 uM SUS vs. 1.5% of the vehicle-treated control cells. (C) CHX inhibits SUS-induced apoptosis in HCT116 and SW480 cells. Cells were treated
with SUS as above in the presence or absence of CHX (10 uM). Apoptotic cells were evaluated as described above.
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PGJ, failed to protect against NSAID-induced apoptosis and in
some instances potentiated apoptosis (data not shown). This
result is consistent with previous studies that suggested that
prostaglandins do not affect NSAID-induced death (31, 32).
Because mouse models had demonstrated critical roles for
COX2 (33) and sPLA; (an enzyme that produces AA) (34-36)
in intestinal tumorigensis, we next considered the possibility that
NSAIDs’ tumor suppressive effects might be due to increased
levels of the prostaglandin precursor A A resulting from inhibition
of COX. To test this hypothesis, we first determined whether SUS
stimulated AA accumulation. In both SW480 and HCT 116 cells,
apoptosis-inducing doses of SUS increased AA by 2- to 3-fold at
24 hr and by ~5-fold at 48 hr (Fig. 2 B and C). The AA increase
after SUS treatment was as great as that following treatment with
mellitin, a known activator of phospholipase A, (data not shown).
Furthermore, doses of SUS slightly lower than that required to
induce apoptosis failed to induce AA release. For example,
treatment of HCT116 cells with 50 uM SUS did not induce
apoptosis and did not increase AA levels (0.90, 1.05, and 1.14
relative to control after 8, 16, and 24 hr of treatment, respective-
ly).
The elevated levels of AA is not simply the result of apoptosis.
Treatment with 200 uM SUS for 16 hr resulted in a 5.1- and
3.4-fold increase in AA in HCT116 and SW480 cells, respectively.
At this time point, the majority of cells had not yet undergone
apoptosis. In contrast, treatment with 100 uM ceramide for 16 hr
resulted in nearly complete (>90%) induction of apoptosis but
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only modest (1.5- and 1.9-fold) increases in AA in HCT116 and
SW480 cells, respectively.

If increased AA is the true mediator of SUS activity then AA
should mimic its effects. Accordingly, we found that 200 uM AA
was a potent inducer of apoptosis (Fig. 2D). In contrast, 200 uM
behenic acid, a control fatty acid that is not a substrate for COX,
had virtually no effect on apoptosis. Importantly, the effects of
suboptimal SUS and AA treatment were synergistic in their
ability to induce apoptosis (Fig. 2D). These results solidly support
the role of AA in SUS chemoprevention and provide strong
evidence against the possibility that SUS functions predominantly
by the classic prostaglandin-dependent model in which an antag-
onistic rather than a synergistic response would be expected for
AA.

How could SUS induce apoptosis though elevation of AA
levels? AA is known to stimulate neutral sphingomyelinase (18,
37), which catalyzes the conversion of sphingomyelin to ceramide,
a known inducer of apoptosis. Consistent with this possibility, we
found that SUS dramatically stimulated the production of cer-
amide (Fig. 3 A-C), with maximum induction at 24-48 hr (Fig.
3 F and G). The magnitude of the ceramide increase was
especially impressive (10-fold), as the induction of ceramide in
other apoptotic systems is often much less. Control experiments
demonstrated that these increases in ceramide were not simply
the result of apoptosis (see Materials and Methods). Also, as with
apoptosis and A A induction, there was a remarkable threshold in
the SUS doses required for ceramide increases. At a concentra-
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FiG. 2. AA mediates NSAID-induced apoptosis. (4) Prostaglandin E> does not inhibit SUS-induced apoptosis. Cells were treated with the
indicated combination of SUS (same concentrations as in Fig. 1) and prostaglandin E, (PGE, 10 uM). (B, C) Increased AA levels after NSAID
treatment. HCT116 and SW480 cells were treated with the indicated concentrations of SUS or INDO. AA levels were determined by measuring
release of 3H-AA into the media as described in the Methods. Data are indicated as the mean of three replicates. Error bars = SD. Independent
confirmation of AA increases were obtained by gas chromatographic evaluation of AA levels. Treatment of HCT116 and SW480 cells with SUS
for 16 hr as described in Fig. 1 resulted in a 2.3- and 3.1-fold increase in AA levels. (D) AA can mimic the effects of SUS treatment and act
synergistically with SUS to induce apoptosis. SW480 cells were treated with AA, SUS, or behenic acid as a control fatty acid (FA) as indicated.
After 48 hr of treatment, apoptosis was assessed and expressed as percent apoptotic cells — percent apoptotic cells in untreated cells (5.6% = 2.4).

Data are indicated as the mean of duplicates. Error bars = SD.
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FiG. 3. NSAID treatment induces ceramide generation. (4) Ceramide increases in a dose-dependent fashion in colon cancer cells treated with
SUS or INDO. HCT116 and SW480 cells were treated with the indicated concentration of SUS and INDO for 48 hr. Cells were harvested and
ceramide was quantified as described in Materials and Methods. The first lane of each panel corresponds to a ceramide standard (ceramide type
I, Sigma). (B-E) Dose response of ceramide induction. HCT116 and SW480 cells were treated with SUS or INDO as indicated. Ceramide levels
were determined as described in the Methods. Data shows mean of at least two experiments. Error bars = SD. Dimethyl sulfoxide vehicle controls
(using equivalent volumes) were performed in parallel with the drug treatments; no significant ceramide induction resulted (not shown). (F, G)
Time course of ceramide induction. HCT116 and SW480 cells were treated with SUS (125 uM for HCT116 and 200 uM for SW480) or INDO (300 uM).
Control cells were treated with dimethyl sulfoxide vehicle only. Cells were harvested at the indicated times following treatment and ceramide levels were
determined as described in Materials and Methods. The data are plotted as the mean of at least two experiments. Error bars = SD.
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tion of 125 uM, SUS induced both cell death and ceramide in
HCT116 cells (Fig. 3B and data not shown), but at 50 uM, SUS
induced neither. Similarly, SUS at 200 uM, but not at 100 uM,
induced both ceramide and cell death in SW480 cells (Fig. 3C and
data not shown). Finally, as with apoptosis, the induction of
ceramide could be achieved by directly adding AA and strong
synergism between suboptimal doses of AA and SUS was ob-
served (Fig. 44). For example, doses of AA and SUS (100 uM
each) that had little effect on ceramide levels separately resulted
in a >10-fold increase in ceramide together.

To test whether the increased ceramide was associated with
evidence of augmented sphingomyelinase activity, we measured
total sphingomyelin levels after SUS treatment. Sphingomyelin
levels decreased by 40-50% at 48 hr after SUS treatment and, as
with the other responses evaluated, suboptimal doses of SUS were
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FiG. 4. Ceramide production in NSAID-mediated apoptosis. (4)
AA can mimic the effects of SUS treatment and act synergistically with
SUS to induce ceramide. SW480 cells were treated with AA and SUS
asindicated. After 48 hr of treatment ceramide increases were assessed
and are expressed as fold increases relative to untreated cells. Data are
indicated as the mean of duplicates. Error bars = SD. (B, C) Induction
of sphingomyelin turnover in response to NSAID treatment. Sphin-
gomyelin levels at each time point are plotted as a percentage of that
in untreated control cells. For each point, the mean of at least two
independent experiments is presented. Error bars = SD.
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inadequate to decrease sphingomyelin levels (Fig. 4 B and C). We
also measured neutral sphingomyelinase activity in lysates from
the treated cells, and no differences were found (see Materials and
Methods). This was consistent with the idea that it was not an
increased concentration of enzyme, but rather an AA-mediated
stimulation of activity, that was responsible for the decrease in
sphingomyelin and the increase in ceramide. The interaction
between AA and neutral sphingomyelinase would not have been
predicted to be preserved during preparation of cellular lysates
(18).

If our model for sulindac action is valid, the biochemical events
described above would be predicted to be induced by any inhibitor
of COX, not simply SUS. To test this prediction, we treated the
cells with INDO, an NSAID structurally distinct from sulindac
but that also displays tumor suppressive activity (reviewed in ref.
38). INDO was found to induce apoptosis, increase AA and
ceramide concentrations, and activate sphingomyelin hydrolysis
to similar degrees as SUS (Figs. 1 4 and B; 2 B and C, 3 A, D-G;
4 B and C). For example, in SW480 cells, INDO induced a 3- to
4-fold increase in AA, a 6-fold increase in ceramide, and resulted
in 94% of the cells undergoing apoptosis in a CHX-sensitive
manner.

DISCUSSION

The results described above suggest a mechanism for the che-
mopreventive activity of NSAIDs (Fig. 5). NSAIDs such as
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F1G. 5. Model relating AA and ceramide to colorectal cancer che-
moprevention. Mutation of the APC gene initiates colorectal tumorigen-
esis and results in abnormally decreased apoptosis (16). Perturbation of
lipid metabolism by pharmacological, dietary, or genetic means can
partially correct the deficits. AA is generated by cytosolic and secreted
phospholipase A, which hydrolyzes plasma membrane lipids or lipids
derived from the diet. AA is normally used as a substrate by the COXs
to produce eicosanoids such as prostaglandins. NSAIDs inhibit the
activity of the COXs, which increases the cellular pool of AA. AA
stimulates neutral sphingomyelinase activity (18, 37), which catalyzes the
hydrolysis of sphingomyelin to generate ceramide. Ceramide acts as
second messenger that activates the cellular apoptotic machinery. The
Moml gene is a modifier of polyp formation in the Min mouse, a model
for APC mutation-induced colon tumors. The Moml gene encodes a
secreted phospholipase Az, an enzyme predicted to increase the level of
free AA. Inactivating mutations in Mom1 predispose Min mice to
developing intestinal polyps and would be expected to result in reduced
levels of AA (34-36). This in turn could result in decreased production
of ceramide and therefore a relative resistance to programmed cell death
and increased tumor susceptibility. The lipid compositions of diets are
known to affect colon cancer risk (41, 42). Diets rich in unsaturated fatty
acids such as AA are associated with a decreased incidence of colon
cancer (43). This effect could be due to increased levels of AA and
subsequent increased susceptibility to apoptosis as described above.

Sphingomyelin
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sulindac and INDO appear to affect tumor growth by inhibiting
COX activity, causing a build-up of the COX substrate AA (Fig.
2 B-D), and activating sphingomyelinase activity (Fig. 4 B and C)
leading to production of the powerful apoptosis-inducer cer-
amide (Fig. 3). This ability of SUS is not limited to colon cancer
cells; primary fibroblasts and immortalized keratinocytes also
increase ceramide and undergo apoptosis in response to SUS
(data not shown). This is consistent with NSAIDs’ ability to
reduce tumor formation in a variety of tissues but does not explain
the apparent greater sensitivity of tumor cells. The in vivo effect
will likely depend on the local concentration of the NSAID in the
incipient tumor microenvironment as well as the target cell’s
“lipid biostat” (39). The fact that the concentration of SUS is
higher in the intestines than in other organs, due to enterohepatic
circulation and to the metabolic activation of sulindac to SUS by
gut flora (40), may be responsible for its particular efficacy in
intestinal tumorigenesis.

The model depicted in Fig. 5 links together several apparently
disparate observations. Patients genetically predisposed to colo-
rectal tumorigenesis have a defect in a gene (adenomatous
polyposis coli, or APC) that can induce apoptosis in neoplastic
colorectal epithelium (16). The efficacy of sulindac in such
patients may be attributable to its functional substitution for APC
in such cells. It has also been shown that modification of lipid
metabolism, through inherited mutation of genes encoding a
secreted phospholipase, can dramatically alter tumor incidence in
mice with germline mutations of APC (34-36), and that certain
dietary lipids are correlated with colorectal cancer incidence in
human populations (41, 42). Finally, recent studies with COX-2
null mice strongly implicate inhibition of COX activity as a critical
effector of NSAID chemoprevention (33). All of these observa-
tions are consistent with the idea, summarized in Fig. 5, that
lipids, in particular ceramide and AA, play pivotal roles in
protecting humans and mice from colorectal tumorigenesis
through the control of apoptosis. Accordingly, manipulation of
the lipids, by dietary or pharmaceutical agents, could lead to
improved methods for the prevention or treatment of colorectal
tumors.
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