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Trends in Molecular Medicine

Cyclo-oxygenase and Colon Cancer: Clues to the

Aspirin Effect?

Christina Gustafson-Svard'?, Ingela Lilja'?,
Olof Hallb6ok? and Rune Sjédahl?

Epidemiological and experimental studies indicate an inverse relationship between the
risk of colon cancer development and intake of aspirin and other nonsteroidal anti-
inflammatory drugs (NSAIDs). All NSAIDs are known inhibitors of cyclo-oxygenase, the
enzyme responsible for converting arachidonic acid to prostaglandins. Prostaglandins
have been implicated in the pathogenesis of colon cancer and it has been suggested
that the preventive effect of NSAIDs is due to inhibition of cyclo-oxygenase activity.
Cycio-oxygenase exists in two different isoforms, cyclo-oxygenase-1 and cyclo-
oxygenase-2, and data obtained during the last few years have suggested that cyclo-
oxygenase-2 might be involved in both human and experimental colon carcinogenesis.
The purpose of this review is to provide an update on recent studies regarding cyclo-
oxygenase, in particular cyclo-oxygenase-2, in relation to colon cancer in humans and

in experimental models.
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Aspirin and Prevention of Colon Cancer

Aspirin, and other nonsteroidal anti-inflammatory drugs
(NSAIDs) {(e.g. sulindac, indomethacin and piroxicam)
are among the most commonly used medications
worldwide due to their anti-inflammatory and analgesic
effects.

Epidemioliogical studies have demonstrated an asso-
ciation between regular long-term consumption of
NSAIDs, in particular aspirin, and a reduced incidence
and mortality in colon cancer (1-8). Moreover, sulindac
(9-11), and recently indomethacin (12), have been
shown to reduce the number and size of adenomatous
colonic polyps in patients with familial adenomatous
polyposis (FAP). In line with the findings in humans,
animal studies have shown that NSAIDs may prevent
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tumour development in the colon of rodents exposed to
various carcinogens (13-19). In a recent study it was
found that piroxicam prevented development of tumours
in Min mice, used as a model for studies on FAP
because of their particular ability to spontaneously
develop intestinal adenomas (20).

Taken together, results obtained from epidemiological
and experimental studies clearly indicate an inverse
relation between colon cancer and treatment with
NSAIDs. However, the precise mechanisms by which
NSAIDs affect colon carcinogenesis have not yet been
clarified.

Cyclo-oxygenase

The NSAIDs are known to bring about most of their anti-
inflammatory activities by interfering with the enzymatic
activity of cyclo-oxygenase, thereby reducing the forma-
tion of arachidonic acid metabolites, in particular prosta-
glandins. Arachidonic acid is released from cellular
phospholipids by the enzyme phospholipase A, (21),
and cyclo-oxygenase then catalyses the formation of an
endoperoxide intermediate, prostaglandin H, (PGH,),
from arachidonic acid (22). PGHj is further metabolized
by various prostaglandin synthethases to form specific
prostaglandins (22).
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Cyclo-oxygenase exists in two genetically different
isoforms, cyclo-oxygenase-1 (COX-1) (23) and cyclo-
oxygenase-2 (COX-2) (24, 25), which are likely to repre-
sent two, at least partly independent prostaglandin
biosynthetic systems. COX-1 and COX-2 seem to be
coexpressed at low but detectable levels in most cell-
types and tissues (24, 26-29), including the human
colon (30). In general, however, COX-1 seems to be the
isoenzyme that is constitutively expressed and therefore
most important for the production of prostagiandins
during basal conditions, whereas COX-2 seems to be
responsible for the increased production in response to
various cytokines, mitogens and growth factors (24, 25,
27-29, 31, 32) in pathological conditions, such as
inflammation. Accordingly, the expression of COX-2 is
inhibited by anti-inflammatory glucocorticoids (33, 34).
In line with these assumptions, a recent study shows
that prostaglandins produced and required for normal
physiological functioning in the gastrointestinal tract are
derived from the COX-1 isoform (35). A schematic
presentation of the regulation and role of cyclo-
oxygenase in prostaglandin formation is outlined in
Figure 1.

Inhibition of Cyclo-oxygenase by
NSAIDs

All NSAIDs are well-known inhibitors of cyclo-oxygenase
activity (36, 37), although there are differences between
them regarding their relative inhibition of COX-1 and
COX-2 (34, 38). Aspirin, however, is unique in that it
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Figure 1. Regulation and role of cyclo-oxygenase in prosta-
glandin formation. 1: Arachidonic acid is released from mem-
brane phospholipids by phospholipase A; (PLAS), and 2: then
converted to endoperoxide intermediate prostaglandin H,
(PGH,) by either the constitutive cyclo-oxygenase, cyclo-oxyge-
nase-1 (COX-1), or 3: by cyclo-oxygenase-2 (COX-2). 4;: COX-2
is induced and activated by inflammatory and mitogenic agents
and 5: inhibited by glucocorticoids. 6: Specific prostaglandin
synthethases convert PGH, into different prostaglandins. 7:
nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit the
conversion of arachidonic acid to PGH, by COX-1 and/or
COX-2. 8: Aspirin, in addition, changes the catalytic activity of
COX-2; arachidonic acid is metabolized to 15R-HETE.

irreversibly modifies the active site of cyclo-oxygenase
whereas the other NSAIDs compete with arachidonic
acid for the active site of the isoenzymes (34). More-
over, whereas treatment with aspirin completely inhibits
the activity of COX-1, treatment of COX-2 changes
the catalytic site of the enzyme and 15R-hydroxy-
5,8,11,13-eicosatetraenoic acid (15R-HETE) is formed
instead of PGH, (38) (Fig. 1).

The anti-inflammatory activity of NSAIDs is thought to
arise from inhibition of COX-2, whereas the well-known
serious gastrointestinal side-effects, such as gastric
ulceration and bleeding, may be associated with the
inhibition of COX-1 (33, 39). Specific COX-2 inhibitors
have recently been developed and have potent anti-
inflammatory properties with reduced risk of gastro-
intestinal side-effects (33, 39). Specific inhibitors of
COX-2 might thus become useful alternatives to the
commonly used unselective NSAIDs.

Prostaglandins and Colon Cancer

it is generally thought that prostaglandin E, (PGE;) parti-
cipates in colon carcinogenesis (16, 40-43) because
both human (40-42) and experimental colonic tumours
(16, 43) produce increased amounts of this particular
prostaglandin. Although the role of PGE, in colon
carcinogenesis remains unclear, it has been suggested
to involve modulation of cellular and humoral immune
responses (44-46) and effects on intestinal epithelial
proliferation (47, 48).

Whatever the precise role of PGE,, results from
different studies have suggested that PGE, might be
involved early in the progress of carcinogenesis. The
concentration of PGE; is increased in noncancerous
colonic adenomas in humans (30, 49), in macro-
scopically normal colon of rodents exposed to colonic
carcinogens (16, 43, 50, 51) and in macroscopically
normal bowel in Min mice (52). Also in vitro production
of prostaglandins from arachidonic acid was found to
be increased in the normal mucosa of rats exposed to
carcinogen (53). Moreover, the apparent lack of asso-
ciation between the PGE. level and Dukes’ stage of
colon cancer further supports the hypothesis that PGE,
is involved during the early steps of colon cancer
development (41).

Cyclo-oxygenase Expression and Colon
Cancer

The increased concentration of PGE, in human and
rodent colonic cancers indicates that colon cancer
development is associated with an increased cyclo-
oxygenase activity. Of special interest is, therefore, to
investigate which particuiar isoform of cyclo-oxygenase
is responsible for the increased PGE; production during
colon carcinogenesis.
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Recent studies on human colorectal cancers indicate
that the expression of COX-2 messenger ribonucleic
acid (mRNA) and protein is increased in the tumours
compared with matched macroscopically normal
colonic mucosa in the same patients. In one study, the
expression of COX-2 protein was elevated in all colon
cancer specimens from 15 patients (54). In another
study, COX-2 protein was detected in 19 of 25 colon
cancer tumours but only in two of 25 matched non-
tumour colon specimens (55). A marked increase of
COX-2 mRNA was found in 12 of 14 human colonic
carcinomas (30). This finding was confirmed by two
other studies in which the expression of COX-2 mRNA
was increased in five of five (56) and in 14 of 15 (57)
human colon cancers from different patients (Fig. 2, left-
hand panel). Furthermore, COX-2 mRNA was increased
in 30 of 35 experimentally induced colonic tumours in
rats compared with macroscopically normal colon
distant from the tumours (57) (Fig. 2, right-hand panel).
Another study showed an increased level of COX-2
mRNA in five of six chemically induced tumours and the
level of COX-2 protein was increased in four of the
tumours (58). Moreover, it has been shown that intes-
tinal tumours in Min mice have increased levels of both
COX-2 mRNA and COX-2 protein compared with
adjacent normal intestinal mucosa (59).

The upregulation of COX-2 mRNA in human colon
carcinomas does not seem to be associated with
Dukes’ stage (30, 55, 57), suggesting an early role of
COX-2 during colon carcinogenesis. This is supported
by the finding that COX-2 mRNA was increased in
specimens from the macroscopically normal colon of
rats receiving carcinogen, compared with colonic speci-
mens from saline-treated control rats (57) (Fig. 2, right-
hand panel). Furthermore, the content of COX-2 mRNA
is increased already in the macroscopically normal
intestine of Min mice compared with littermates not
bearing the mutation responsible for the spontaneous
development of adenomas (52).
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Figure 2. Cyclo-oxygense-2 mRNA content in human colon
tumours and in chemically induced colon tumours from rats
(Tumour), in comparison with matched normal colonic speci-
mens (Normal) or colonic specimens from untreated control
rats (Control). The human tissues included 15 tumours and
paired normal mucosa from 15 people, and the rat tissues
included 35 tumours and 19 matched normal samples from 19
rats, and 17 control specimens from 17 different rats. Compar-
ative statistical analysis was made with Wilcoxon's rank sum
test for unpaired observations (rat) or with Wilcoxon’s signed
rank test for paired observations (human). **P<0.01;
***P 0.001. Adapted from (57).

Two different studies indicate that the increased
expression of COX-2 in human colon cancer originates
mainly from the neoplastic epithelial cells, whereas little
or no COX-2 is expressed by the normal colonic epithe-
lium (54, 56). Also in Min mice, the increased COX-2
expression was localized to the dysplastic or neoplastic
epithelial cells, whereas no expression was detected in
normal mucosal cells (59). Studies in experimental celt
systems indicate that COX-2 is transcribed abnormally
in human colon cancer cells leading to an increased
COX-2 expression in these cells (56). It is suggested
that this is caused by a substance yet unidentified over-
expressed by the cancer cells. It is thus possible that
the increased expression of COX-2 in human and
experimental colon carcinogenesis is due to an
abnormal transcription of the COX-2 gene of the colonic
epithelium.

In contrast to COX-2, the concentrations of COX-1
protein and mRNA seem unchanged in colonic tumours
(30, 54, 56-58) or decreased as demonstrated in one
study (55). Although a small but significant increase was
found also in the COX-1 mRNA content of experimen-
tally induced tumours, this increase was much less
pronounced than the corresponding increase in COX-2
mRNA (57).

Altogether, available data from studies on human and
experimental colon cancer indicate that COX-2 is the
isoform responsible for the increased PGE; production
during colon carcinogenesis.

Cyclo-oxygenase Inhibition by NSAIDs
in Relation to Colon Carcinogenesis

The role of COX-2 leading to increased PGE; production
in colon cancers implies that the effect of NSAIDs on
colon carcinogenesis is mediated by inhibition of
COX-2. However, only a few studies have been
published so far in which the antineoplastic effect of
NSAIDs in relation to COX-2 has been investigated.

Apoptosis is important for the maintenance of rapid
turnover of the intestinal epithelium and a decreased
apoptotic activity of the colonic epithelium may result in
prolonged survival of abnormal cells which in turn may
lead to colon carcinogenesis. Min mice exhibit a
decreased fraction of intestinal epithelial cells under-
going apoptosis but treatment with sulindac restored it
to normal levels (52). Moreover, treatment with sulindac
also decreased the bowel content of COX-2 and PGE,
to normal (52), suggesting that the effect of sulindac on
apoptosis was due to COX-2 inhibition and decreased
PGE, formation.

Aberrant crypt foci are recognized as early pre-
neoplastic lesions in experimentally induced colon
carcinogenesis and have been suggested as putative
precursor lesions from which adenomas and carci-
nomas may develop in the colon (60). Several NSAIDs,
including aspirin, have been shown to inhibit the forma-
tion of such lesions (13, 60, 61). Most interesting is that
the COX-2-specific NSAIDs seem to be as potent inhibi-
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tors as the nonselective ones suggesting that COX-2,
rather than COX-1, may be involved in the formation of
aberrant crypt foci (60, 61). The finding that sulindac
inhibits tumour formation in Min mice almost completely
and at the same time decreases the bowel content of
COX-2 and PGE, to normal, further supports that inhibi-
tion of COX-2 is important in colon carcinogenesis and
in the action of NSAIDs during colon carcinogenesis
(52). Moreover, it was recently shown that treatment
with a COX-2-specific inhibitor or disruption of the
COX-2 gene suppresses the tumour formation in
another mouse model of FAP (62). Indeed, this study
provides the first direct piece of evidence of a relation-
ship between COX-2 expression and polyp formation
(62).

Intestinal epithelial cells constructed to permanently
overexpress COX-2 protein may have features which
enhance the tumourigenic potential (63, 64), including
decreased apoptosis and decreased expression of
certain growth factor receptors and adhesion mole-
cules. Most interestingly, all these effects were reversed
by sulindac (63), strongly supporting a role for COX-2 in
colon carcinogenesis and for NSAID-mediated COX-2
inhibition in its prevention.

Taken together, these results indicate that colon
carcinogenesis is associated with changes in COX-2
activity and inhibition of COX-2 activity may be respon-
sible for the preventive effect of NSAIDs on colon
cancer development. It is known, however, that NSAIDs
may have other effects in addition to inhibition of cyclo-
oxygenase and, therefore, may have effects on cancer
development unrelated to cyclo-oxygenase activity.
Moreover, it is possible that cyclo-oxygenase has effects
on colon carcinogenesis which are unrelated to prosta-
glandin synthesis. One possibility is that cyclo-
oxygenase is involved in the metabolic activation of
potential carcinogens in the colon (65) and that the
NSAIDs inhibit this activation. It has also been
suggested that the antineoplastic effect of aspirin
involves induced formation of 15R-HETE from the
acethylated COX-2 (66) as 15R-HETE may be further
metabolized (67) to compounds which have antiprolifer-
ative effects (66). Another possibility is that NSAIDs
decrease the level of prostaglandins in the colon
without affecting the cyclo-oxygenase activity by
inhibiting the formation of lipid bodies, inducible
cytoplasmic cellular inclusions which may participate in
generating prostaglandins (68). Aspirin and other
NSAIDs may inhibit lipid body formation independent of
cyclo-oxygenase inhibition (68).

Summary and Conclusions

Evidence from studies on human colon cancer and on
experimental colon cancer in rodents suggest that an
increased COX-2 expression and PGE, formation is
associated with cancer development. Moreover, these
studies suggest that this increase precedes the
development of malignant tumours, suggesting that
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Figure 3. Schematic presentation of a hypothesized role
of cyclo-oxygenase-2 (COX-2) and NSAIDs (exemplified by
aspirin) in colon cancer. 1: Colon carcinogenesis is associated
with an increased expression of COX-2 messenger ribonucleic
acid (mRNA) and protein in the colonic epithelium, probably
due to the action of various mitogens, cytokines and growth
factors, or 2: possibly by the action of a celluiar factor
expressed by the transformed colonocyte. 3: The increased
COX-2 activity causes an increased synthesis of prostaglandin
E, which is likely to promote events involved in colon carcino-
genesis. 4: The increased COX-2 activity may also result in
activation of potentially xenobiotic carcinogens which may
promote colon carcinogenesis. 5: The increased COX-2 activity
may also promote colon carcinogenesis by some mechanisms
yet unidentified. 6: Aspirin and other NSAIDs are likely to
prevent colon carcinogenesis by inhibition of COX-2-mediated
PGE, synthesis. 7: Aspirin may also inhibit colon carcino-
genesis by inhibition of COX-2-mediated activation of carcino-
gens, 8: by inducing COX-2-mediated synthesis (note: only
aspirin) of 15-HETE, or 9: perhaps by mechanisms
independent of COX-2 activity.

COX-2 activation and formation of PGE, may be
important events in the early steps of colon carcino-
genesis. NSAIDs are inhibitors of cyclo-oxygenase
activity and also well-documented inhibitors of human
and experimental colon cancer. Thus, it seems likely
that the inhibitory action of NSAIDs on colon carcino-
genesis involves inhibition of COX-2, thereby preventing
the formation of putative tumour-promoting prosta-
glandins in the colon. Although the few studies
published so far support this hypothesis, more investi-
gations are needed to clarify the role of COX-2 inhibition
by NSAIDs in colon cancer. A schematic presentation of
a hypothesized role of COX-2 and NSAIDs in colon
cancer is outlined in Figure 3.
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