Current Cancer Drug Targets, 2004, 4, 29-42 29

NSAIDs and Chemoprevention
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Abstract: Several epidemiological, clinical and experimental studies established
nonsteroidal anti-inflammatory drugs (NSAIDs) as promising cancer chemopreventive
agents. Long-term use of aspirin and other NSAIDs has been shown to reduce the risk of
cancer of the colon and other gastrointestinal organs as well as of cancer of the breast,
prostate, lung, and skin. Understanding the action of NSAIDs provides substantial
insights into the mechanisms by which these unique agents regulate tumor cell growth
and enable better strategies for prevention and treatment. NSAIDs restore normal
apoptosis and reduce cell proliferation in human adenomatous colorectal polyps,
experimental colonic tumors, and in various cancer cell lines that have lost critical
genes required for normal function. NSAIDs, particularly selective cyclooxygenase-2 (COX-2) inhibitors such
as celecoxib, have been shown to inhibit angiogenesis in cell culture and in rodent models of angiogenesis.
Exploration of the multistep process of carcinogenesis has provided substantial insights into the mechanisms
by which NSAIDs modulate these events. However, unresolved questions with regard to safety, efficacy,
optimal treatment regimen, and mechanism of action currently limit the clinical application of NSAIDs to the
prevention of polyposis in FAP patients. Moreover, the development of safe and effective NSAIDs for
chemoprevention is complicated by the potential that rare, serious toxicity may offset the benefit of treatment
with these drugs given to healthy individuals who have a low risk of developing the disease. Growing
knowledge in this area has brought about innovative approaches using combine actions of NSAIDs with other
agents that have different modes of action. It has also led to the development of nitric oxide-releasing NSAIDs,
that induce tumor cell apoptosis and compensate for COX function, as a means of increasing efficacy and
minimizing toxicity. There is growing optimism for the view that full exploration of the role of NSAIDs in the
prevention and treatment of epithelial cancers will serve towards reducing of mortality and morbidity from

various cancers.

INTRODUCTION

In the year 2000, ~10 million incidences of malignant
tumors and ~ 6.2 millions deaths from cancer occurred and
the global burden of this disease continues to rise [1]. The
American Cancer Society estimates that in the United States,
there will be 1.34 million new cases and about 556,500
deaths due to cancer in 2003; thus, cancer is a major public
health problem [2]. Elimination of risk factors as an
approach for prevention of any given cancer, has so far had
only limited success in reducing cancer burden. For
example, it has been known for decades that tobacco
smoking, excessive alcohol drinking, unhealthy dietary
habits and life styles are major established risk factors for
several types of neoplasia [3, 4], but to date not much
progress has been made in eliminating these high risk
factors. As an alternative approach, chemoprevention holds
promise for both the prevention and treatment of cancer.
Chemoprevention refers to the administration of chemical
agents that occur naturally in foods (or have been
synthesized) to help block tumor initiating and promoting
events that are sequential stages of cancer development [4,
5]. Inhibition of these processes before the occurrence of
malignant tumors is receiving increasing attention as an
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attractive and plausible approach to cancer control. Growing
knowledge of the mechanisms by which chemopreventive
agents act defines opportunities to use specific agents at
critical points in carcinogenesis. Chemopreventive agents
that can retard, block, or reverse the process of
carcinogenesis, or reduction of the underlying risk factors
can be applied across a continuum of the general population
as preventive strategies. Such application is urgent for
persons with precancerous lesions, and those diagnosed at
early stages, and for subgroups with particular genetic
susceptibility to cancer. Numerous experimental,
epidemiologic, and clinical studies suggest that nonsteroidal
anti-inflammatory drugs (NSAIDs), particularly the highly
selective cyclooxygenase (COX)-2 inhibitors, have promise
as anticancer agents. This paper briefly summarizes our
current knowledge of the chemopreventive properties of non-
steroidal anti-inflammatory drugs (NSAIDs) against cancer
of colon and other gastrointestinal sites as well as cancer of
the lung, breast, prostate, pancreas and skin. It examines
how mechanistic data have been used to develop safer
chemopreventive strategies. Since the revelation of
antineoplastic properties of aspirin and aspirin-like
compounds has revolutionized cancer research, the scientific
community has recognized the potential contribution of
NSAIDs to the prevention and control of cancer. Progress in
the chemoprevention of colorectal cancer by NSAIDs during
the past two decades has been very impressive.

© 2004 Bentham Science Publishers Ltd.
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Fig. (1). Chemical structure of commonly used NSAIDs and COX-2 inhibitors

CANCER PREVENTION PROPERTIES OF NSAIDS
Epidemiologic Evidence: NSAIDs and Cancer Risk

NSAIDs are the most commonly used medication
because of their pain- and fever-reducing properties. Fig. (1)
shows the most frequently used NSAIDs and COX-2-
selective inhibitors. Several epidemiological studies have
reported that individuals who regularly use aspirin and other
NSAIDs have a lower incidence of adenomatous polyps and
lower incidences of or deaths from colorectal cancer
compared with nonusers [6-16]. The consistency of these
findings is striking, despite different researchers using
various study designs in diverse patient populations.
Sustained NSAIDs use is associated with a 30-50%
reduction in adenomatous polyps, incident disease, and
death from colorectal cancer in all but one of these studies
[16]. The first study that examined the relationship between
aspirin use and colorectal cancer in Melbourne, Australia,
demonstrated a highly significant protective effect in both
men and women [17]. Following this investigation, several
other case-control studies likewise reported a protective effect
of aspirin against colorectal cancer [11, 12, 17-20].

The results of the large American Cancer Society Cancer
Prevention Study of over 650,000 subjects who provided
information about aspirin use, are very consistent in
showing a strong inverse relationship between use of aspirin
and colon cancer risk [6]. The extent of protection is similar

for both sexes and appears to be dependent on both dose and
duration of exposure. The risk of death from colorectal
cancer of subjects who reported taking aspirin at least 16
times per month was about 40% lower than that of those
who reported not taking the drug. Cohort studies of
adenomatous colorectal polyps also indicate a significant
protective effect of aspirin use and colorectal adenoma
formation [9, 10]. Epidemiological studies cannot provide
randomized evidence that NSAIDs prevent the development
of adenomatous polyps or cancer, and to date analyses have
not fully defined the optimal balance of risks and benefits in
different patient populations.

Although there are fewer epidemiological studies on
other cancers than on colorectal cancer, all of them have
found that prolonged use of NSAIDs is associated with
lower incidence of or deaths from cancers. The literature
regarding these other cancers includes studies of tumors of
the esophagus [7], stomach [7], breast [7, 8, 12, 16, 21-24],
lung [7, 25], prostate [7, 26], urinary bladder [7], and
ovaries [7, 27, 28].

Clinical Evidence: NSAIDs and FAP

Randomized clinical trials have established that the
NSAIDs sulindac [29, 30] and celecoxib [31], suppress
adenomatous polyps and cause regression of existing polyps
in patients with FAP. FAP is a rare hereditary condition
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resulting from germline inactivation of one allele of the
adenomatous polyposis coli (APC) gene. Affected
individuals can develop tens of thousands of adenomatous
polyps. If these individuals do not undergo surgical
resection of the colon, virtually all develop colorectal cancer
by the third or fourth decade of life [32]. FAP accounts for
only 1% of human colorectal cancers, yet it provides a
model of APC inactivation as an early genetic event for the
approximately 85% of cancers that develop from sporadic
adenomatous polyps. Labayle et al. [6, 29] reported that, in
a randomized, placebo-controlled, double-blind crossover
study in patients with FAP, administration of sulindac at a
dose of 300 mg/day for 6-12 months caused disappearance of
all colonic polyps. In another study, the incidence and size
of adenomas were reduced in FAP patients after long-term
therapy with sulindac [30]. Although the dosage of sulindac
administered in these studies varied from 150 to 400
mg/day, most of the patients treated with this drug exhibited
full remission whereas some patients showed a partial
response. Two 400 mg doses per day of the COX-2 selective
inhibitor, celecoxib, given to FAP patents for 6 months
caused significant reduction of colonic polyps and size, as
shown in Figure “2” [31].
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150 mg BID, 9 mon.

Fig. (2). Randomized clinical trials of NSAID, sulindac and
COX-2 selective inhibitor, celecoxib in FAP patients.
Chemopreventive effect of sulindac and celecoxib on FAP
patients polyps formation based on the results of Giardiello, et
al. (ref. [30]) and Steinbach, et al. (ref. [31]), respectively.

By contrast to the above observations in some of the
studies some FAP patients had developed rectal carcinoma,
despite ongoing therapy with sulindac [33,34] and
adenomatous polyps resumed growth in FAP patients when
NSAID treatment was stopped. With regard to sporadic
adenomatous polyps NSAIDs prophylaxis produced no
statistically significant difference in polyp size (regression of
small <1 cm) among the 18 patients treated with sulindac
(300 mg) for 4 months [35].

Experimental Evidence: NSAIDs and Chemically Induced
Colon Cancer in Rodents

In the mid 1970s, Bennett and Del Tacca [36] and also
Jaffe [37] observed that human colorectal tumor tissue
contains high levels of prostaglandin E, compared to the
surrounding normal mucosa. These initial observations have
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paved the way to hypothesize that NSAIDs might inhibit the
occurrence or growth of colorectal cancer. On the basis of
this hypothesis, more than 42 experiments showed that
numerous NSAIDs protect against chemically induced
colorectal cancer or preneoplastic lesions formation in rats or
mice [38-40, 41-61]. Pioneering studies by Pollard et al.
[41] and Narisawa et al. [47] demonstrated that
indomethacin and piroxicam, administered to rodents in
drinking water, diet, or by i.p. injection inhibited colon
tumors in bioassays with various carcinogens. Since then, a
number of investigations have evaluated the
chemopreventive efficacy of several NSAIDs against colon
carcinogenesis [41-61]. In these animal model assays,
weanling rats or mice were s.c. injected with azoxymethane
or another carcinogen known to induce colon cancer and were
subsequently given known concentrations of NSAIDs in
their food or water. It is important to note that colorectal
tumors produced in the rat model share many characteristics
with human colorectal cancer, except the former have a lower
tendency to metastasize [62]. The multistep nature of the rat
colon carcinogenesis model provides many opportunities for
intervention with agents targeted at specific mechanisms
involved in the initiation, promotion, and progression of
cancer. Determining the efficacy of chemopreventive agents
during the promotion and progression stage, at which point
premalignant lesions are known to have developed, is very
important with regard to the eventual clinical use of these
agents in secondary prevention of cancer among patients
with colonic polyps. In these studies, piroxicam and
sulindac were continuously administered during the
promotion/progression stage of carcinogenesis, i.e., after the
formation of premalignant lesions in the colon. Results of
these studies provided evidence that in rats piroxicam and
sulindac administered 1, 14 or 24 weeks after carcinogen
treatment (i.e., during the promotion/progression stage) can
still significantly inhibit colon tumorigenesis [39, 40].
These reports suggest that NSAIDs act to suppress colon
tumor formation in rodents during both initiation and/or
progression stages of colon carcinogenesis. Results generated
in this preclinical model provided baseline information for
eventual clinical evaluation of the efficacy of NSAIDs in the
late stage intervention/prevention protocols of for high-risk
individuals, such as patients with sporadic colonic polyps or
FAP. In conclusion, irrespective of type of NSAIDs tested
(indomethacin, aspirin, ibuprofen, piroxicam, ketoprofen and
sulindac) and varying the timing of treatment
(initiation/postinitiation or promotion and progression
phase) these agents suppressed the incidence and multiplicity
of colon tumors (Fig. (3)). The studies in rodents proved
conclusively that aspirin, other conventional NSAIDs and
selective COX-2 inhibitors, such as celecoxib, inhibit
chemically induced carcinogenesis in rats [56] and mice [63].
In our laboratory experiments, nonselective NSAIDs
typically reduced colon tumor incidence and multiplicity by
40%—70% in a dose-dependent manner, when tested at >80%
of the tolerable dose levels of aspirin, ibuprofen, ketoprofen,
piroxicam, and sulindac [64]. Nonselective NSAIDs
suppressed but did not completely eliminate the growth of
chemically induced adenocarcinomas. Our studies with
celecoxib in the rat model [56, 61] have indicated that high
doses of this COX-2 inhibitor (1500 ppm in food) reduced
tumors by 90% and were better tolerated (~35% of tolerable
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Fig. (3). Chemopreventive efficacy of NSAIDs and COX-2 selective inhibitors on AOM induced colon adenocarcinoma formation.
Aspirin, ibuprofen, ketoprofen, piroxicam and sulindac were given at 80% tolerable dose and nimesulide and celecoxib were given at
~35 40% tolerable dose during initiation and postinitiation stages of colon carcinogenesis. (Ref: 153).

dose) than comparable (80% tolerable) doses of nonselective
NSAIDs.

Other experimental studies have shown that NSAIDs
inhibit growth of many induced and transplanted cancers in
various animal models, although the evidence is less
extensive than that for colorectal cancer. In line with
epidemiological data, cancers at other organ sites potentially
responding to NSAIDs treatment include tumors of the

esophagus*! (65- 66), stomach [67, 68], skin [69], breast
[70-73], lung [74-77], prostate [78, 79], and urinary bladder
[80-82].

Experimental Evidence: NSAIDs and Mouse Models of
FAP

Since the discovery and elucidation of the putative role
of the APC gene as a gate-keeper gene in colon
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Fig. (4). The effects of various NSAIDs and COX-2 inhibitors on APCmin intestinal polyposis. In above studies NSAIDs and COX-2
inhibitors were applied various doses NSAIDs (aspirin, 800 ppm; indomethacin, 9 ppm; piroxicam, 200 ppm; sulindac, 160ppm) and
COX-2 inhibitors (nimesulide, 400 ppm; celecoxib, 1500 ppm in diets and rofecoxib, 14.7 mg/Kg BW/daily) administered for 8-11

weeks. (Review: Ref. [154]).
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carcinogenesis several murine models that resemble human
FAP have been developed and used to determine whether
various NSAIDs and COX-2 inhibitors suppress the
development of spontancous intestinal adenomas.
Nonselective NSAIDs, such as piroxicam [83], sulindac [84-
86], and aspirin [87], and selective COX-2 inhibitors, such
as celecoxib [83], and rofecoxib [88], inhibit tumor
development in ApcMim mice and other murine models of
FAP. Figure 4 summarizes effects of aspirin, sulindac,
indomethacin, piroxicam, R-flubiprofen, nimesulide, and
celecoxib on murine intestinal polyposis. These models
mimic the rapid development of adenomatous polyps that
affect humans with germline inactivation of one APC gene
but differ from FAP in that the mouse tumors occur
predominantly (>95%) in the small intestine and rarely in
the colon.

MECHANISM OF ACTION OF NSAIDS
NSAIDs: Modulation of COX-Isoforms

The mechanisms by which NSAIDs act to reduce the risk
of colon carcinogenesis is not yet clearly understood.
Accumulating evidence points to inhibition of arachidonic
acid (AA) metabolism via COX enzymes, which, in turn,
modulate the synthesis of prostaglandins (PGs) that affect
cell proliferation, tumor growth, and immune responsiveness
[89, 90]. NSAIDs prevent the formation of PGH2, the first
committed step in the metabolism of AA into a complex
cascade of signaling lipids, such as PGD,, PGE,, PGF;q,
PG I, and thromboxane B;, the principal prostanoid
metabolite in platelets (Fig. (5)). At low micromolar range
(therapeutic concentrations) NSAIDs are not known to

| PGD,, PGF,q, PGI, &TXA,
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influence other pathways of arachidonic acid metabolism
except indirectly by increasing the intracellular concentration
of free AA, which potentially causes shunting of AA
through other metabolic pathways such as lipoxygenase [89-
91].

Two mammalian isozymes, COX-1 and COX-2, encoded
by different genes, are known to be present in colon tumors
of humans and rodents, and to catalyze the conversion of AA
to PGs [91-93]. Although COX-2 is expressed constitutively
in the human kidney and brain, its expression is primarily
induced in many tissues during inflammation, wound
healing, and neoplasia. Increased levels of COX-2 have been
found in chemically induced colon tumors in F344 rats and
intestinal adenomas from Apc™i" and ApcA716 mice [94, 95].
While both isozymes carry out essentially the same catalytic
reaction, many of the inflammatory, inducible effects of
COX appear to be mediated by COX-2, whereas the normal
physiological functions of COX are chiefly mediated by
COX-1 [95, 97]. The expression of COX-1 does not
fluctuate due to stimuli, whereas cytokines, mitogens,
growth factors and tumor promoters induce COX-2
expression. COX-1 and COX-2 initiate the formation of
biologically important prostanoids that coordinate signaling
between the cell of origin (autocrine) and neighboring cells
(paracrine) by binding to transmembrane G-protein-coupled
receptors [96]. In addition, epithelial cells overexpressing the
COX-2 gene develop adhesion properties and they resist
undergoing apoptosis [95]. Therefore, overexpression of
COX-2 may alter the proliferating capacity and tumorigenic
potential of epithelial cells. In addition, it has been shown
that prolonged administration of NSAIDs can cause
unwanted side effects, such as gastrointestinal bleeding,

Phospholipids

SOITIATases

Fig. (5). Established mechanisms for NSAIDs and COX-2 inhibitors (coxibs) action on the arachidonic acid (AA) metabolism. PG,
prostaglandin; HETE, hydroxyeicosatetraenoic acid. TX, thromboxane.
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ulceration, and renal toxicity, which are manifested mainly
by the blocking of COX-1 activity. The ability of NSAIDs
to inhibit COX-1 or COX-2 varies greatly and depends on
concentrations and type of tissues. Aspirin is a relatively
selective inhibitor of COX-1 in platelets when given at low-
doses [97, 98], but inhibits COX-2 only at plasma
concentrations higher than 0.5 mM concentrations. Most
other conventional NSAIDs, such as ibuprofen, piroxicam,
naproxen, sulindac, and indomethacin, inhibit COX-1 and
COX-2 to about the same extent, whereas the novel
NSAIDs, such as celecoxib or rofecoxib selectively inhibit
COX-2 [99, 100]. Thus, coxibs were developed to suppress
prostanoid formation by COX-2 in inflammation and in
tumorigenesis while sparing the protective effects of COX-1
and its products PG I, and PG E, on gastric epithelium.

Other studies [101, 102] argue that COX-1 activity may
also be essential for the development of colorectal neoplasia.
In support this, deletion of either the COX-1 or COX-2 gene
in Apc-deficient mice caused a 70%-80% reduction in
intestinal polyposis [101, 102]. Studies carried out in our
laboratory also suggest that AOM-induced colon
adenocarcinomas contain at least 3 times more COX-1
activity than does normal colonic mucosa. Importantly, in
these tumor tissues the contribution of COX-1 to PG
formation is equal to or more than the COX-2
contribution*2. In addition, other investigators have
hypothesized that COX-1 activity in activated platelets may
signal the increased expression of COX-2 in other cells
through the release of lipid or protein paracrine mediators
[103]. A role for COX-1 either directly or in the induction of
COX-2 might explain why, in epidemiological studies,
aspirin use is associated with reduced risk of colorectal
cancer even at doses and dosing intervals that could not
sustain COX-2 inhibition in nucleated cells [6, 104].

Despite continuing disagreements about the molecular
pathways by which NSAIDs may inhibit colorectal and other
neoplasia, there is mounting evidence that tumor inhibition
may be mediated by at least two distinct cellular processes.
These involve the ability of NSAIDs to restore apoptosis in
APC-deficient cells [95, 105] and their capacity, particularly
in the case of COX-2 inhibitors to inhibit angiogenesis.

NSAIDs: Stimulation of Apoptosis

Programmed cell death or apoptosis, is needed to
maintain homeostasis in continuously replicating tissues
such as the intestine [106]. Partial suppression of apoptosis
occurs early in tumorigenesis in approximately 85% of
human colorectal cancers due to the inactivation of both
alleles of the APC gene [107, 108]. The suppression of
apoptosis allows APC-deficient cells to accumulate in
adenomatous polyps. Further suppression of apoptosis
occurs as these cells develop additional genetic mutations
and phenotypic changes [109]. In vitro, both nonselective
NSAIDs and selective COX-2 inhibitors stimulate apoptosis
in APC-deficient cells that have not yet undergone
malignant transformation. This is also seen clinically in
FAP patients treated with sulindac [110] and in experimental
studies of APCMin mice (85, 87, 88), and rats exposed to
chemical carcinogens [111]. It is important note that
compared to nonselective NSAIDs, selective COX-2
inhibitors stimulate apoptosis and suppress cell proliferation
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at low concentrations in cultured human cancers of the
colon*3, stomach [112], esophagus [66,113], tongue [114],
brain [115], lung [75], and pancreas [116].

The precise mechanism by which NSAIDs restore
apoptosis and inhibit proliferation remains to be clarified
[117], although it clearly affects factors related to APC
deficiency or the metabolites of COX-2 or both.
Manipulation of epithelial cells to overexpress COX-2 has
led to suppression of apoptosis in these cells [95, 118].
Similarly, treatment of human HT-29 colon cancer cells with
selective [119] or nonselective [120] COX inhibitors, or by
restoring APC gene function [107], would lead to restoration
of apoptosis. Recent studies from our laboratory suggest
restoration of apoptosis through the modulation of p53
activity [121]. It is a fact that, COX-2 metabolites
particularly electrophilic PGs do at least in part contribute to
the dysfunction of p53 by impairing it in cytosol and that
COX-2 selective inhibitors protect the p53 functional
activity by inhibiting the electrophilic PGs [121].

NSAIDs: Modulation of COX-Independent Pathways

Despite the above described observations, results from
other studies challenge the conventional wisdom that COX
inhibition is the only shared function of NSAIDs [122] or
that the products rather than the substrate of COX mediate
its biologic effects. For example, in some experimental
models, the concentration of free arachidonic acid itself
regulates apoptosis in colorectal epithelial cells [123, 124].
Other experimental models suggest that NSAIDs may affect
apoptosis through a mixture of prostaglandin-dependent and
prostaglandin-independent pathways [117]. High
concentrations of NSAIDs reportedly modify signal
transduction through either the c-MYC oncogene [125],
death receptors [126], nuclear factor-kB [127], or p38, a
mitogen-activated protein kinase [128]. Very high
concentrations of sulindac sulfide inhibit transcriptional
activation by the nuclear peroxisome proliferator-activated
receptor-0 [105], a nuclear hormone receptor regulated partly
by APC gene function [105,129]. NSAIDs have also been
found to induce apoptosis through 15-lipoxygenase-1,
independent of COX-2 [130]. However, many of these
effects have been demonstrated only with high concentrations
of NSAIDs in vitro and are of uncertain clinical relevance.

NSAIDs: Modulation of Angiogenesis

Tumors, in order to expand, must stimulate the
formation of new capillary blood vessels to grow larger than
approximately 2 mm in diameter [131,132]. COX-2
expression is widely induced in the angiogenic vasculature
of colorectal adenomatous polyps and in carcinomas of the
colon, lung, breast, esophagus, and prostate [132]. Selective
COX-2 inhibitors suppress the growth of corneal capillary
blood vessels in rats exposed to basic fibroblast growth
factor, and inhibit the growth of several human tumors
transplanted into mice [132, 133]. Therapeutic (low
micromolar) concentrations of coxibs also suppress the
release of angiogenic growth factors by human or rodent
colorectal cancer cells that are cocultured with vascular
endothelial cells [134] and block migration and tube
formation by the endothelial cells. In contrast, toxic
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concentrations of indomethacin [131] or aspirin [134] are
required to block vascular endothelial tube formation. These
experiments suggest that COX-2 may be essential for tumor
vascularization and growth. However, one can argue the
relevance of the experimental models to human clinical
application.

Availability of COX-2 inhibitors has stimulated research
on the role of COX-2 in neoplasia and the potential efficacy
and safety of selective COX-2 inhibition against cancer. The
results generated thus far make a strong case for the use of
select COX-2 inhibitors as chemopreventive agents for the
secondary prevention of colon cancer in high-risk
individuals, such as patients with sporadic polyps. While
our understanding of the exact mechanism of the
chemopreventive action of COX-2 inhibitors is still
evolving, the development of preventive strategies on the
basis of experimental studies will serve as a practical
approach to the design of chemoprevention trials in humans.

STRATEGIES OF IMPROVING EFFICACY OF
NSAIDS

Several approaches have been developed to enhance the
selectivity and reduce the toxicity of NSAIDs and
specifically COX-2 inhibitors. One general approach is to
identify high-risk populations in which the benefits of
treatment would outweigh any of the unwarranted side
effects. A second approach, which is drug improvement
strategy, is to develop novel agents that spare COX-1
functions or compensate for COX-1 activities but suppress
inflammation in chronic arthritis patients while thus
avoiding the most serious gastrointestinal toxic effects (100,
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135). At present available drugs that preserve COX-1
activities are celecoxib and rofecoxib. Other highly selective
COX-2 inhibitors, such as valdecoxib, etoricoxib, and COX-
189, are now completing phase III trials of efficacy and
safety in patients with osteoarthritis and rheumatoid
arthritis. With regard to agents that compensate for COX-1
activity and/or provide protective effects against
inflammation and cancer it is a valid approach to identify
and develop novel NSAIDs, such as nitric oxide (NO)-
NSAIDs, phytochemicals with anti-inflammatory activities,
and low dose NSAIDs combined with other chemopreven-
tive/dietary measures for the prevention of cancer.

COX-1 Sparing NO-NSAIDs

NO-NSAIDs consist of a known NSAID molecule and a
nitric oxide releasing group (typically-NO5) linked to it via a
chemical spacer (Fig. (6)). One of the important rationales
for their development was based on the observation that NO
possesses several properties similar to that of PGs derived
from COX-1 activities in gastric mucosa. Like PGs, NO
increases mucosal blood flow, mucus release, and repair of
the mucosa, whereas it inhibits neutrophil activation and
adherence. Thus, NO can compensate for COX-1/PGs
inhibition by conventional NSAIDs. Coupling a NO-
releasing moiety to a NSAID might deliver NO to the site of
NSAID-induced damage and thus protect against gastric
toxicity.

With regard to cancer, NO-NSAIDs have been observed
to inhibiting tumor cell growth by stimulating apoptosis,
and blocking cell proliferation from GO0-G1 to S cell cycle
transition [136]. In vitro studies with human colon cancer
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Fig. (6). NO-releasing NSAIDs, possessing COX-1 sparing activity with tumor cell inhibitory and anticarcinogenic activities (Refs.

[139] and [140]).
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cell lines, suggest that NO-aspirin, NO-ibuprofen and NO-
sulindac are potent inducers of apoptosis. Importantly, these
NO-NSAIDs are several fold more potent than the
conventional NSAIDs [136]. However, the efficacy of NO-
NSAIDs against the various types of cancers has been not
fully established in preclinical models. Recently, we have
tested a number of NO-NSAIDs for their tolerability and
efficacy towards chemically induced preneoplastic lesions of
the colon*4. In F344 rats chronic feeding of NO-aspirins,
NO-flurobiprofen, NO-sulindac and NO-ibuprofen is well
tolerated even at very high dose levels compared to those of
their parent compounds. Importantly, these NO-NSAIDs
suppressed azoxymethane-induced colonic ACF formation in
the rat*4. At present, there are a number of studies
evaluating the chemopreventive potential of NO-NSAIDs
against various types of cancers. On the basis of the
available in vitro and in vivo data, the NCI-sponsored a
Phase II clinical trial to assess the tolerability and efficacy of
NO-aspirin against ACF formation.

Phytochemicals with NSAID-Like Activities

The observation that dietary components exhibit
biochemical and physiological properties analogous to
NSAIDs has fostered increased interest in research on the use
of such dietary substances as potential agents in reducing
risk of cancer. Agents such as curcumin, phenethyl
methylcaffeate, ursolic acid and oleanolic acid (Fig. (7)) have
been shown to possess antiinflammatory activity*> [137-
140]. Importantly, most these phytochemicals induced
antiinflammatory activities by modulating COX- activities
similar to those induced by synthetic NSAIDs. Among
naturally-occurring antiinflammatory agents curcumin was
extensively studied and proven to be an inhibitor of several
types of chemically induced neoplasia*> [137, 139, 140].
Dietary administration of curcumin reduces formation of
focal areas of dysplasia and aberrant crypt foci in the colon,
which are early preneoplastic lesions in rodents [140].
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Continuous feeding of 0.2% curcumin during the initiation
and postinitiation stages of AOM-induced colon
carcinogenesis reduced adenocarcinoma incidence and
multiplicity and the total tumor burden in F344 rats [137]
Importantly, curcumin, given as a dietary supplement during
the promotion/progression period, dramatically inhibited
colon tumorigenesis in a dose-dependent manner [139].

Phenylethyl caffeate (PEC) and its analogue, phenylethyl
methylcaffeate (PEMC) are major components of propolis in
the honey bee hive which possesses anti-inflammatory
activities and inhibits AOM-induced colonic ACF, [141]
adenocarcinoma [138], DMBA-initiated/TPA-promoted skin
cancer [142] and also intestinal polyp formation in APC™1
mice [143]. Recently, we have shown that triterpenoids such
as oleanolic acid and its analogues suppress COX-2
expression and activity in RAW 264.7 cells and inhibit
AOM-induced colonic ACF formation in a dose manner in
rats*>. Importantly, curcumin, phenethyl methylcaffeate,
ursolic acid, oleanolic acid and their analogues have no
known side effects like those seen with synthetic,
conventional NSAIDs. The inhibitory effect of curcumin and
other antiinflammatory phytochemicals is in part associated
with increased apoptosis, suggesting that increased cell death
may be one of the mechanisms by which these agents block
carcinogenesis. This information suggests that
phytochemicals that possess antiinflammatory activity may
retard growth and/or development of existing neoplastic
lesions in the colon and these agents may be effective
chemopreventive agents for individuals at high risk for colon
cancer development, such as patients with polyps.

With regard to theirs mode of action, curcumin, and
phenethyl caffeate exhibit an array of metabolic, cellular, and
molecular activities, including inhibition of AA formation
and its further metabolism to eicosanoids. In our assays,
dietary administration of these agents significantly inhibited
PLA, and PI-PLC in the colonic mucosa and tumor tissues
leading to the release of AA from phospholipids, and they

Oleanolic Acid (OA)

anti-inflammatory properties with potential tumor inhibitory
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altered COX activity, and modified PGE, levels [137-146].
In contrast to NSAIDs, dietary curcumin or phenethyl
methylcaffeate inhibit lipoxygenase (LOX) activity, and
block the production of the LOX metabolites, 5(S)-, 8(S)-,
12(S)- and 15(S)-hydroxyeicosatetraenoic acids (HETEs), in
the colonic mucosa and in tumors [137, 138, 140].
Importantly, 12(S)-HETE is known to promote tumor cell
adhesion, to stimulate the spreading of tumor cells, thus
augmenting metastatic potential [144]. It is important to
note that phenethyl methylcaffeate preferentially suppresses
the 12(S)-HETE formation in AOM-induced colonic tumors
[138]. Other studies indicate that curcumin and phenethyl
methylcaffeate also inhibit several mediators and enzymes
involved in the cell’s mitogenic signal transduction
pathways, and in AP-1 and NFKB activation [145, 146].
Overall, naturally-occurring antiinflammatory agents,
predominantly block the expression of COX-2 activity by
acting on upstream signaling pathways at the level of mRNA
suggesting that the mode of action of these agents is
somewhat different from that of the NSAIDs which
modulate the COX-2 protein. This difference in mode of
action between these antiinflammatory phytochemicals and
NSAIDS may, in part, explain the lack of toxicity of these
agents by comparison to NSAIDs.

Combinations of Low Doses of NSAIDs with other
Chemopreventive Agents

Another important strategy to improve the balance of
benefits and risks associated with NSAIDs use is to identify
combinations of agents with different modes of action that
are effective at very low doses [147, 148]. This approach is
extremely important when a promising chemopreventive
agent demonstrates significant efficacy but may produce
toxic effects at higher doses. An example of combinations of
agents producing positive results in laboratory animal
models has been a study in which piroxicam and
difluoromethylornithine (DFMO), a specific, irreversibly
enzyme-activated or suicide inhibitor of ornithine
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decarboxylase (ODC), were evaluated for their
chemopreventive efficacy. ODC-catalyzed polyamine
biosynthesis plays a pivotal role in normal and neoplastic
cell proliferation [39]. We have used combined
administration of low doses of piroxicam (100 and 200
ppm) and low and high doses of DFMO (1000 and 2000
ppm, respectively) in AOM-induced colon carcinogenesis in
F344 rats (Fig. (8)). Both incidence and multiplicity of
AOM-induced colon adenocarcinomas in F344 rats were
significantly inhibited in F344 rats given 200 or 400 ppm
piroxicam and 2000 or 4000 ppm DFMO in the diet [39].
Significantly, administration of lower doses, 100 ppm
piroxicam plus 1000 ppm DFMO inhibited colon
tumorigenesis even more dramatically (Fig. (8)). An
important finding of the study was that the low dose levels
of piroxicam (100 ppm) and DFMO (1000 ppm),
administered together, were more effective in inhibiting the
incidence and multiplicity of colon adenocarcinomas than
administration of the individual compounds even at higher
levels (Fig. (8)).

In other studies we have shown that much lower doses of
sulindac and the cholesterol-lowering drug lovastatin are
required to suppress chemically induced cancer in rodents
and to stimulate apoptosis in human tumor cells when the
drugs are given simultaneously than when either drug is
given alone [149, 150]. Besides 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitors (lovastatin or lipitor),
several other drugs that have been used in combination with
either sulindac [147], aspirin [151], or piroxicam [38, 39].
These include ODC inhibitors [38, 39, 151], curcumin [40]
and EKI-785, an irreversible inhibitor of the epidermal
growth factor receptor kinase [147]. These data strongly
support the view that combinations of chemopreventive
agents that have diverse mechanisms of action can have
beneficial applications in human cancer chemoprevention
trials. This should be one of the approaches to future
research and human intervention trials.
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Fig. (8). Chemopreventive effect of piroxicam (NSAID) and DFMO (a ODC inhibitor) individually and in combination on AOM-

induced colon adenocarcinoma formation in F344rats.
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Fig. (9). Effect of types and amount of dietary fat on experimental colon adenocarcinoma formation in rat. LFCO, 5% corn oil
containing diet, (routinely used for efficacy testing of NSAIDs and other chemopreventive agents); HFML, 20% mixed lipid diet, a
typical Western-Style diet; and HFFO, 20% fish oil diet. (Ref: 157). Atypical US/Western-style diet is 4-to 5-fold more risk for colon

adenocarcinoma formation.

Role of Diet in NSAIDs - Cancer Prevention

Based on the efficacy of NSAIDs and COX-2 inhibitors
in preclinical (90%) vs clinical (~30%) applications, we
believe that intervention with chemopreventive agents alone
may not be sufficient for secondary prevention of cancer in
high-risk patients. It has been well established that Western-
style diets with high animal fat content constitute a
significant risk factor for many cancers, including cancer of
the colon [152]. For example, in preclinical models, we have
shown that Western style diets containing 20% mixed lipids
pose a 4- to 5- fold greater risk for colon cancer compared to
a diet (5% corn oil) traditionally used in chemoprevention
studies, or diet rich in omega-3 fatty acids (20%) (Fig. (8),
[152]). These studies suggest that the high efficacy achieved
in preclinical studies by administration of NSAIDs and
COX-2 inhibitors with low-risk dietary strategies were not
yet fully explored in clinical trials, in part resulting in lower
efficacy of NSAIDs in such trials. Future trials involving
administration of NSAIDs at low doses along with low-risk
diets would provide an ideal strategy for the prevention of
(colorectal) cancer. This approach is extremely important
when a promising inhibitor such as celecoxib is evaluated,
as it allows further improvement of its efficacy without
unwanted side effects in preclinical and clinical studies.

At present, several preclinical experiments are in progress
to identify novel NSAIDs and optimal combination of
agents to improve efficacy and minimize the side-effects
associated with gastric toxicity. In addition, more than 30
randomized clinical trials are currently testing whether
nonselective NSAIDs or coxibs or combinations of low dose
NSAIDs with agents that have other modes of action, can
effectively treat precancerous lesions of the colon, mouth,
esophagus, and skin. Moreover, such approaches are used as
adjuvant therapy for solid tumors that express COX-2.

CONCLUSIONS

Numerous experimental, clinical, and epidemiological
studies provide evidence that NSAIDs, particularly the
highly selective COX-2 inhibitors, show promise as
anticancer agents. One of the mechanisms by which NSAIDs

inhibit cancer is through the modulation of COX-1 and
COX-2, isozymes that leads to a reduction of eicosanoid
production, which, in turn affects cell proliferation, and
apoptosis and tumor growth. Conventional NSAIDs,
however, can cause unwanted side effects including
gastrointestinal ulceration, bleeding, and renal toxicity,
through the inhibition of constitutive COX-1 activity. Also,
clinical application of NSAIDs is still limited by the lack of
randomized evidence of their efficacy in populations other
than those patients with FAP and adenomatous colorectal
polyps. In addition, unresolved questions about the
mechanism(s) by which these drugs act, the optimal drug,
dose, treatment regimen, and the balance of risks and
benefits in specific populations must be fully explored.
Rapidly evolving progress in chemoprevention research in
general has also brought about innovative approaches toward
the prevention of cancer. Understanding the mechanisms at
the molecular level by which NSAIDs other
chemopreventive agents act offers opportunities to use
combinations of specific agents. Thus, developing agents
such as COX-2-selective inhibitors, NO-NSAIDs,
phytochemicals with antiinflammatory activity, low-dose
combinations of NSAIDs with other efficient agents, and
finally combinations of low-dose NSAIDs with low-risk
dietary strategies will be a practical approach for cancer
prevention.
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