In recent years, colorectal cancer has increasingly become a major cause of can-
cer mortality in advanced countries, including Japan. Therefore, elucidation of the
mechanisms of colorectal carcinogenesis and the search for chemopreventive agents
are important and urgent tasks. Since chronic inflammatory status and associated
changes, such as elevation of producuon of cytokines and growth factors, appear to
predispose to cancer development in any site of the body, the metabolic pathways that
are switched on under such conditions might be good targets for chemopreventive
agents.

In human colorectal cancer tissue, overexpression of enzymes associated with
inflammation, such as inducible cyclooxygenase (COX)-2 and inducible nitric oxide
synthase (iNOS) have been reported (1,2). Thus, it is suggested that their reac-
tion products, prostaglandin E, (PGE,) and nitric oxide (NO), might contribute to
the development of colorectal cancer. To date, several mechanisms involved in col-
orectal neoplasia have been clarified. K-7as mutations contribute to the induction
of hyperplastic changes (3). Mutated K-ras activates the mitogen-activated protein
kinase (MAPK) and phosphoinositide-3 kinase (PI3K)/Akt pathways and results
in cychn D1 and COX-2 overexpression, which in turn may induce iNOS expres-
sion in the,prcsence of inflammatory stimuli (4,5). Overexpressed COX-2 produces
excess prostaglandins (PGs) and causes cell proliferation and inhibition of apoptosis,
to some extent mediated by PGE, receptor subtypes EP1, EP2, and EP4 (6).

Adenomatous polyposis coli (APC) or B-catenin mutations appear to be
involved in the generation of dysplastic lesions (3), stabilizing p-catenin protein
in the cytoplasm and activating P-catenin/Tcf signaling to up-regulate target
genes, such as cyclin D1 (7). B-Catenin alteration is suggested to be involved in
increased expression of iINOS (4). NO produced by iNOS causes DNA damage
. and neovascularization, which promotes carcinogenesis. Moreover, NO itself could
induce COX-2 expression (8).
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With elucidation of the mechanisms of colorectal carcinogenesis, a great deal
of interest has been concentrated on anti-inflamumatory agents, including nonsteroidal
anti-inflammatory drugs (NSAIDs), which act by inhibiting COX enzymes. Screening
of anti-inflammatory agents as potential colorectal cancer chemopreventive agents has
been carried out using several in vivo animal models. The majority feature application
of azoxymethane (AOM), a very potent carcinogen that induces colorectal cancers
at high incidence in rats and mice. Short-term treatment with AOM results in the
development of putative preneoplastic aberrant crypt foci (ACF). Such biomarker
lesions are thought to be useful surrogates for tumors in assessing the effects of
agents capable of preventing carcinogenesis in the colon (9,10). Furthermore, the Apc
gene—deficient mouse, an animal model of human familial adenomatous polyposis
(FAP) characterized by large numbers of intestinal polyps because of a truncation
mutation in the Apc, is also a useful model to evaluate cancer chemopreventive agents.
Indeed, many FAP model mice, such as Apc13%° (CS7BL/6JAP/ApcDI309) (mutation
at codon 1309; develop ca.35 polyps/mouse), ApcMi” (Min) (mutation at codon 850;
develop ca.100 polyps/mouse), ApcP7/¢ (mutation at codon 716; develop ca.300
polyps/mouse), and Apc’6¥ (mutation at codon 1638; develop ca.10 polyps/mouse)
strains are now used world wide (11-15).

- In this chapter we aim to provide a summary of this field of research with atten-
tion to possible mechanisms of action and potential application of anti-inflammatory

agents for practical cancer prevention.

ANTI-INFLAMMATORY AGENTS TARGETING
CYCLOOXYGENASE

A large number of epidemiological studies have indicated that NSAIDs can reduce the
risk of colorectal cancer. For example, people who take aspirin regularly demonstrate
at most a 40% reduction in the relative risk of colorectal cancer and associated mor-
tality (16). Furthermore, celecoxib, a COX-2-selective inhibitor, and indomethacin
and sulindac, conventional NSAIDs (Figure 20.1) that inhibit both COX-1 and COX-
2, can actually cause regression of existing colorectal polyps in patients with FAP
(17-19). Although there are several molecular mechanisms assumed to be involved
in the reduction of colorectal cancer by NSAIDs, such as inactivation of AKkt, activa-
tion of AMP-activated protein kinase (AMPK), and inhibition of transcription factor
nuclear factor-kB (NF-kB), the most likely possibility is linked directly to their

inhibition of COX (20-22).
Prostanoid synthesis starts with release of arachidonic acid (AA) from cell

membrane phospholipids, mediated primarily via the action of phospholipase A;
(6). COX then catalyzes the conversion of AA to PGG, and under the influence of ‘

peroxidase activity of the enzyme, this is rapidly converted to PGH,. There are two
isoforms of COX: the constitutive enzyme, COX-1, present in many cells and tissues,
and the inducible enzyme, COX-2, produced in response to growth factors, mitogens,
and pro-inflammatory cytokines. PGH, is additionally isomerized to PGE, PGD,,
PGF,, PGI,, and thromboxane A, by their respective PG synthases (6). Nonenzymatic
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288 CHAPTER20 CHEMOPREVENTION OF COLORECTAL CANCER BY ANTI-INFLAMMATORY AGENTS

dehydration of PGD, results in generation of PGJ,, 12-PGJ,, and 15-deoxy-A!>14.
PGJ, (15-A-PGJ,).

As PGE, synthesis is elevated in colon cancer, it is likely that PGE, would
enhance carcinogenesis more than other prostanoids. In fact, in an AOM-induced
colorectal carcinogenesis model in F344 rats, administration of PGE, enhanced
colon carcinogenesis through induction of cell proliferation and reduction of apop-
tosis (23). It is conceivable that both COX isoforms may play important roles in
colorectal carcinogenesis. Dietary administration of 1200 ppm mofezolac, [3,4-di(4-
methoxyphenyl)-5-isoxazolyl acetic acid], a COX-1-selective inhibitor (Figure 20.1),
was found to reduce the number of ACF per rat treated with AOM. Treatment with
the same dose of mofezolac reduced the number of intestinal polyps in APC!3%
mice to 59% of that in the untreated control mice (24). Dietary administration of
400 ppm nimesulide, a COX-2-selective inhibitor (Figure 20.1), was found to reduce
the number of intestinal polyps in Min mice (25). Furthermore, homologous genetic
disruption of either COX-1 or COX-2 markedly reduced polyp formation in Min
mice (26).

There are four PGE, receptor subtypes, EP1 to 4, and assessment of mRNA
expression has demonstrated up-regulation of EP1 and EP2 and down-regulation
of EP3 in AOM-induced rat and mouse colon cancers. EP4 mRNA is consistently
expressed in normal mucosa and tumors (27). Using PGE receptor subtype knockout
mice, the roles of these receptors in colon carcinogenesis have been investigated
(27-29). EP1 receptor selective antagonists, ONO-8711, {6-[(25,3S5)-3-(4-chloro-2-
methylphenylsulfonylaminomethyl)-bicyclo[2.2.2]octan-2-y1]-5Z-hexenoic  acid},
and the EP4 receptor-selective antagonist, ONO-AE2-227, 2-[2-{2-(1-
naphthyl)propanoylamino }phenyl]methylbenzoic  acid, inhibited development
of AOM-induced ACF in male C57BL/6J mice (Figure 20.1). Moreover, when Min
mice were given 500 ppm ONO-8711 in the diet, the number of intestinal polyps was
reduced significantly, to 57% of that in the untreated control mice (27). Deficiencies
of EP1 and EP4 also caused a decrease in ACF formation in the colons of mice
treated with AOM (28,29). Sonoshita et al. reported that double knockout of Apc and
EP2 genes decreased intestinal polyp development (30).

In contrast, deficiency of EP3 was found to enhance colon tumor formation
after exposure to AOM (27). The available observations suggest that EP1, EP2,
and EP4 are promotive in colon carcinogenesis, while EP3 could play suppressive
roles, particularly in late stages. Of note, deficiencies of other specific membrane
receptors—DP for PGD,, FP for PGF,, IP for PGI,, and TP for thromboxane A,—
did not decrease ACF formation after AOM treatment (29).

ANTI-INFLAMMATORY AGENTS TARGETING iNOS

NO is an essential mediator of physiological processes in the digestive tract, main-
taining the mucosa and regulating blood flow and peristalsis (31). However, over-
production of NO contributes to tissue damage, colon cancer cell growth, and DNA
deamination (32,33). L-Arginine is converted to L-citrulline and NO by NOS, neuronal
(nNOS), inducible (iNOS), and endothelial (eNOS) NOS isoforms. Thus, L-arginine
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analogs, N(w)-nitro-L-arginine methyl ester (L-NAME), have attracted attention as
possible inhibitors (Figure 20.2). iNOS expression is barely detectable in normal
colon epithelial or stromal cells. However, it is found in lesions in which f-catenin
alterations are observed, [i.e., human colon adenomas and adenocarcinomas (32,33)],
and in AOM-induced rat colon dysplastic ACF and tumors (4).

Administration of a specific iNOS inhibitor, ONO-1714, {(1S,5,6R,7R)-7-
chloro-3-imino-S-methyl-2-azabicyclo[4.1.0]heptane hydrochloride }(Figure 20.2),
at doses of 10, 20, 50, and 100 ppm, reduced the number of AOM-induced ACFs in
the F344 rats up to 53% of the untreated control value. Moreover, long-term treatment
(32 weeks) revealed that 100 ppm ONO-1714 decreased the number of large colon
tumors (>3 mm in diameter) (34). These results suggest that iINOS plays roles in both
early and late stages of colon carcinogenesis.

In contrast to the normal mucosa, iNOS is also overexpressed in inflamed
colonic mucosa, to almost the same extent as in colonic adenocarcinomas, in mice
receiving AOM and/or dextran sodium sulfate (DSS) (35,36). An explanation of
this expression by inflammatory stimuli could be obtained using IEC-6 rat intestinal
epithelial cells transfected with K-ras mutant cDNA. In transfected IEC cells, induc-
tion of iNOS expression mediated by interleukin-1p (IL-18) or lipopolysaccharide




290 CHAPTER20 CHEMOPREVENTION OF COLORECTAL CANCER BY ANTI-INFLAMMATORY AGENTS

was elevated markedly compared to the case with transfection of control vector or
wild-type K-ras cDNA (5). These results suggest that activating mutations of K-ras
caused by the carcinogen AOM are associated with up-regulation of iNOS expression
in the presence of inflammatory stimuli. It has been reported that ONO-1714 effec-
tively inhibited DSS-induced large bowel carcinogenesis in Min mice. Of interest
in this context, the suppressive effects of ONO-1714 on the development of large
bowel adenocarcinomas were closely correlated with the inhibition of serum triglyc-
eride levels and the inhibition of pro-inflammatory cytokines, tumor necrosis factor-o
(TNF-o) and IL-1$, and COX-2 mRNA levels (36).

ANTI-INFLAMMATORY AGENTS TARGETING PPAR-y

Peroxisome proliferator—activated receptor y (PPAR-y) is a member of the ligand-
activated nuclear receptor superfamily, which plays key roles in fat metabolism.
Moreover, PPAR-y has been implicated in the pathophysiology of inflammation,
obesity, and diabetes (37). Recently, it was shown that activation of PPAR-y by
15-A-PGl, or antidiabetic thiazolidinediones exerts antiproliferation, apoptosis, dif-
ferentiation, and anti-inflammation effects in cancer cells (37). It has been reported
that 15-A-PGJ, inhibits NF-xB-dependent gene expression either by functional inac-
tivation of IKK, thereby preventing IxB degradation and nuclear entry of NF-xB, or
via direct interference with binding of NF-kB to target DNA sequences.

Administration of pioglitazone, {(x£)-5-[4-[2-(5-ethyl-2-pyridyl)ethoxy]
benzyljthiazolidine-2,4-dione monohydrochloride}, a potent PPAR-y ligand
(Figure 20.3), at doses of 100 and 200 ppm in Apc'*>® mice reduced the total numbers
of polyps up to 67% of the value in the untreated control group (38). In Min mice,
treatment with 100 to 1600 ppm for 14 weeks also showed a decrease of intestinal
polyps upto 9% of the control number (39). Of note, there exists a PPRE in the pro-
moter region of the LPL gene, and pioglitazone treatment induced LPL. expression in
the liver and intestinal epithelial cells in Apc-deficient mice.

NO-1886, 4-[(4-bromo-2-cyanophenyl)carbamoyl]benzylphosphonate (40), is
an agent that can induce LPL agonist activity, but unlike bezafibrate and pioglitazone,
does not possess PPAR agonistic activity (41) (Figure 20.3). Its administration atdoses
of 400 and 800 ppm also significantly decreased the total number of intestinal polyps
to 48% and 42% of the untreated control value, respectively, in Min mice, along with
a marked increase in LPL mRNA levels in the liver and small intestine (42).

It is interesting that LPL is considered to possess both lipid-modifying and
anti-inflammatory functions. It has been reported that LPL suppresses TNF-o-
and interferon-y-evoked inflammation-related gene expression in endothelial cells
through inactivation of NF-xB (43). Experiments conducted to clarify the mecha-
nism of NO-1886 influence on colorectal carcinogenesis revealed that the expression
levels of TGF-a-induced COX-2 mRNA in human colon cancer cells DLD-1 were
reduced. On the other hand, there was no obvious change in the mRNA levels for
COX-1 and iNOS. The results were also confirmed by f-gal reporter gene assay
in DLD-1 cells (42). Consistent with the in vitro data, administration of 400 and
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800 ppm NO-1886 reduced COX-2 mRNA levels in nonpolyp parts of the small
intestine of Min mice (42).

OTHER CANDIDATES AS CANCER CHEMOPREVENTIVE
AGENTS WITH ANTI-INFLAMMATORY POTENTIAL -

Other agents from natural compounds that can suppress COX-2 and iNOS are
flavonoids and phenolic antioxidants. Putative chemopreventive agents such as
catechin, epicatechin, quercetin, kaempferol, genistein, resveratrol, and resorcinol,
all having a common resorcin moiety, have been found to suppress COX-2 promoter
activity effectively with and without TGF-a stimulation in DLD-1 cells (44.45)
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(Figure 20.4). Moreover, ferulic acid derivatives can suppress COX-2 promoter
activity, and butyrate reduces iNOS promoter activity (46,47). A new flavone
derivative, chafuroside, (2R,385,45,4a$,11b5)-3,4,11-trihydroxy-2-(hydroxymethyl)-
8-(4-hydroxyphenyl)-3,4,4a,11b-tetrahydro-2H,10H-pyrano[2’,3":4,5]furo[3,2-g]
chromen-10-one, has been isolated as a strong anti-inflammatory compound from
oolong tea leaves and found to exert strong suppressive effects on intestinal
tumorigenesis (48) (Figure 20.4). Administration of 10 ppm chafuroside reduced
AOM-induced ACF formation and total numbers of polyps in the Min mice to 56%
of the untreated control value.

A major component of fish oil, docosahexaenoic acid (DHA) lowered the
numbers of moderately differentiated adenocarcinomas developing in the middle
and distal colon after AOM treatment in F344 rats compared to untreated controls,
with significant reductions in levels of PGE, and AA in the blood plasma (49)
(Figure 20.3). DHA also exerts inhibitory effects on intestinal polyp development in
Apct716 mice (50).
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Synthetic agents that can suppress COX-2 and iNOS include statins, 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, which are com-
monly used for the treatment of hypercholesterolemia. Pravastatin and atorvastatin
have been reported to suppress 1,2-dimethylhydrazine (DMH) or AOM-induced colon
cancer development in mice and rats, respectively (51,52). In addition, atorvastatin
at a dose of 100 ppm reduced the incidence of small intestinal polyps in Min mice to
70% of the value in untreated control mice (53). Furthermore, 10 ppm pitavastatin,
(+)-monocalcium bis{(3R,5S,6E)-7-[2-cyclopropyl-4-(4-fluorophenyl)-3-quinolyl]-
3,5-dihydroxy-6-heptenoate}, a novel lipophilic statin, decreased the incidence of
colon adenomas or adenocarcinomas induced by AOM/DSS treatment in ICR mice
to about 78% of that in the untreated control group (54) (Figure 20.5). In addition
to the main function of statins, which is inhibition of the synthesis of mevalonate,
they also suppress inflammation. Treatment of Min mice with pitavastatin at dose
of 40 ppm decreased the total number of polyps to 65.8% of the untreated con-
trol value (55). Serum levels of total cholesterol and triglycerides were slightly
reduced, and those of IL-6, leptin, and monocyte chemoattractant protein-1 (MCP-1)
were decreased. mRNA expression levels of COX-2, IL-6, iNOS, MCP-1, and
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plasminogen activator inhibitor-1 (Pai-1) were reduced significantly in intestinal
nonpolyp parts by pitavastatin treatment (55).

An epidemiological study demonstrated that chronic use of statins for more
than five years significantly reduced the risk of colorectal cancer by 47% (56).
On the other hand, other epidemiological studies using first-generation statins did
not provide fully consistent results (57,58). Discrepancies could be explained by
suboptimal administration of the drugs and their characteristics. Atorvastatin and
pitavastatin, third-generation statins, possess strong serum lipid-lowering and anti-
inflammatory potential. Further epidemiological data using third-generation statins
are desired to evaluate chemopreventive effects against colorectal cancer,

FUTURE PROSPECTS

Combination Effects

In the future, use of anti-inflammatory drugs with other chemopreventive agents
might find clinical application. Methods targeting several molecules could allow
reduction of the dosage of the individual agents, resulting in lowered side effects.
Moreover, targeting several molecules could provide synergistic effects, The
combinations aspirin + o-difluoromethylornithine, the selective iNOS inhibitor
L-N(6)-(1~-iminoethyDlysine tetrazole amide (SC-51) + the selective COX-2 inhibitor
celecoxib, atorvastatin + sulindac, and atorvastatin + naproxen (59-61) have already
been shown to reduce AOM-induced colon ACF/cancer formation (Figures 20.1 and
20.5). Moreover, the combinations ONO-8711 + ONO-AE2-227 and mofezolac +
nimesulide were found to reduce intestinal polyp formation in Apc-deficient mice

(62,63) (Figure 20.1).

Targeting Obesity

Recently, there is increasing consensus that obesity should be thought of as a pre-
inflammatory condition. Because hypertrophy of fatty tissue results in an increase and
changed profiles of adipocytokines, low-grade inflammation is evoked. It has become
clear that factors such as insulin resistance, dyslipidemia, and subsequent adipocy-
tokine imbalance could be involved in the promotion of colorectal carcinogenesis.
Animal experiments have shown that some adipocytokines may play important roles
not only in progression to malignancy, but also in very early stages of colorectal
cancer development.

Obese mice such as the KK-A” strain were revealed to be highly susceptible
to induction of colon ACF and development of colorectal carcinomas by treatment
with AOM (64). In addition to severe hyperinsulinemia and hypertriglyceridemia,
the KK-AY mouse exhibits abdominal obesity and resulting elevation of serum
adipocytokines/cytokines, such as IL-6, leptin, and Pai-1, compared with values
for lean CS7BL/6J mice. In the visceral fat tissue, significant overexpression of pro-
inflammatory cytokine mRNAs, such as for IL-6, leptin, MCP-1, Pai-1, and TNF-a
was confirmed; in contrast, that for adiponectin was decreased. Thus, consequent
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adipocytokine imbalance is suggested to contribute to the promotion of colon car-
cinogenesis.

As correction of this balance must be considered as a mean of cancer prevention,
it might be important to develop selective adipocytokine-regulated drugs and search
for agents from drugs with few side effects. Administration of a Pai-1 inhibitor, SK-
216, at 25- to 100-ppm doses in Min mice, characterized by high levels of serum Pai-1,
was found to reduce serum Pai-1 and hepatic Pai-1 mRNA levels, and decreased total
numbers of intestinal polyps significantly, up to 56% of the untreated group value
(65). Thus, adipocytokines such as adiponectin and Pai-1 are considered to be key
molecular targets for cancer chemopreventive approaches.

Clinical Trials

Among candidate substances, sulindac has been studied frequently in the clinical
setting (66-68), being reported to reduce the number and size of colorectal ade-
nomas in a double-blind randomized trial (66). However, it has been also reported
that sulindac may cause serious side-effects at a dose of more than 100 mg/day, at
least in Japanese FAP patients (67). COX-2 selective inhibitors, including celecoxib
and rofecoxib, were hoped to be ideal cancer chemopreventive agents, because they
cause little damage to the gastric mucosa (19, 69), but recent studies have revealed
that they may cause cardiotoxicity (70,71). Another trial using natural fish oil,
omega-3 polyunsaturated fatty acid eicosapentaenoic acid (EPA) (Figure 20.3),
showed promising reduction in rectal polyp number and size in FAP patients (72).

Meanwhile, aspirin, one of the conventional NSAIDs, is again attracting atten-
tion as a chemopreventive agent. Widespread and long-term use of aspirin for cardio-
vascular disease prevention allowed the accumulation of abundant evidence regarding
its safety profile, and the dual benefit for patients with significant risk factors for both
cardiovascular disease and colorectal cancer is an obvious advantage.

The CAPP2 randomized trial in 1000 Lynch syndrome gene carriers found
almost a 60% reduction in new cancer development at about five years after random-
ization (73). In this experiment aspirin (600 mg/day) was used for 2 minimum of two
years (73). This finding suggests that follow-up for several years after randomized
trials is necessary to evaluate the effects of aspirin, and potentially also for other colon
cancer chemopreventive agents. It is clearly desirable that more data be accumulated,
specifically for Asian populations, to better assess chemoprevention of colon cancer

by aspirin in the future.
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