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Fig. 3. Gene mutations and altered expression of proteins in rat colon carcinogenesis induced by AOM.

staining for iNOS was clearly observed in the carcinoma epi-
thelial cells,*” predominantly at the luminal surfaces of carci-
noma cells forming glandular patterns, but not in moderately
differentiated adenocarcinoma cells not forming clear glandular
patterns, implying the involvement of factors other than alter-
ation of B-catenin alone. Since some colon cancer cell lines are
known to express iINOS on cytokine treatment,?® cytokine re-
ceptors and/or subcellular components present in well-differen-
tiated cells might be contributing to the iNOS expression. The
results therefore suggest that increased expression of iNOS
could be related to the altered localization of P-catenin in the
presence of other factors.

Furthermore, we examined the relation between K-ras and
increased expression of iNOS in a cell culture system (Fig. 2).
When IEC-6 rat intestinal epithelial cells were transfected with
K-ras mutant cDNA, iNOS expression mediated by interleukin-
1B (IL-1B) or lipopolysaccharide (LPS) was markedly elevated,
whereas transfection of the control vector or wild-type K-ras
¢DNA did not result in enhanced iNOS expression.® These re-
sults suggest that K-ras with an activating mutation can elevate
iNOS expression in the presence of inflammatory stimuli, and
thereby presumably promote tumorigenesis,

2.2 COX-2 and prostanoid receptors

As summarized in Table 2, COX-2 expression in stromal
cells is a feature of normal colon mucosa and ACF, but is
clearly increased in the stromal elements of adenomas and ade-
nocarcinomas. On the other hand, COX-2 expression in epithe-
lial cells is negative in normal mucosa and ACF, slight in
adenomas, but frequent in adenocarcinomas, being located in
the cytoplasm and nuclear membranes of carcinoma cells
forming glandular patterns. COX-2 expression in both stromal
and epithelial cells is particularly high in large carcinomas, sug-
gesting that this protein enhances tumor growth.?® COX-2
overexpression has been demonstrated to render tumor cells re-
sistant to apoptosis and to stimulate neovascularization, thus
conferring a survival advantage.#0-42

Some evidence of an invelvement of the Wnt/Apc/p-
catenin/Tef pathway in COX-2 expression has been
presented. -9 However, our results indicate that -catenin al-
teration is not in itself sufficient for induction of COX-2. It has
also been reported that K-ras mutations and/or activation in-
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creased expression of COX-2, but f-catenin mutations did not,
in AOM-induced rat colon tumors.* In our studies, a clear re-
lationship between K-ras mutations and COX-2 expression was
not evident, but both were frequent in relatively large adenocar-
cinomas. Like iNOS, preferential expression of COX-2 could
be demonstrated in well-differentiated carcinoma cells forming
glandular patterns,® and it has been reported that NO enhances
activity and expression of COX-2 in several cell lines.¥-39 A
causal relationship between the two is therefore conceivable.

In colon cancers, PGE, synthesis is generally elevated,s!.s2
and it is very likely that this would enhance carcinogenesis. In-
deed, administration of PGE, enhanced colon carcinogenesis in
rats treated with AOM through induction of cell proliferation
and reduction of apoptosis.’® Prostanoids exert their biological
actions through binding to their specific membrane receptors
and there are four PGE, receptor subtypes, EP,_,. Using pros-
taglandin E receptor subtype-knockout mice, the roles of these
teceptors in colon carcinogenesis have been investigated in our
laboratory.-3¢ Deficiencies of PGE, receptors EP, and EP,
caused a decrease in ACF formation in the colons of mice
treated with AOM.5439 Deficiencies of EP, and EP, did not af-
fect AOM-induced ACF formation,® but Sonoshita ez al. re-
ported that double knockout of Apc and EP, genes decreased
intestinal polyp development.*”? On the other hand, deficiency
of EP, enhanced colon tumor formation induced by AOM.5®
These observations suggest that EP, and EP, are promotive in
early steps of colon carcinogenesis, and EP, and EP; play pro-
motive and suppressive roles, respectively, in later steps. RT-
PCR analysis of mRNA expression of PGE, receptors demon-
strated up-regulation of EP, and EP, and down-regulation of
EP; in AOM-induced rat and mouse colon cancers. EP, mRNA
was constantly expressed in normal mucosa and tumors,>

2.3 Others

Bissonnette et al. reported that mutations in either K-ras or
B-catenin increase expression of cyclin D1 in AOM-induced rat
colon tumors.*® It is well known that cyclin DI is a target gene
of P-catenin/Tcf signaling and its increased expression has
been observed in luman colon cancers.®* Another target of
B-catenin/Tef signaling is c-myc mRNA expression, which has
also been reported to be increased in the early stage of colon
carcinogenesis in rats treated with AOM.5.60
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Conclusion
From the above observations, we have constructed a tentative
schema for AOM-induced colon carcinogenesis, as shown in
Fig. 3. AOM induces G-to-A transitions in the K-ras and/for -
catenin gene. K-ras mutations at codon 12 may contribute to
. induce hyperplastic changes, while B-catenin mutations seem to
be involved in generation of dysplastic lesions. Mutated K-ras
activates the MAPK and PI3K pathways, and then up-regulates
cyclin D1 and COX-2, also enhancing iNOS expression in the
resence of inflammatory stimuli. S-Catenin mutations stabilize
E-catenin protein in the cytoplasm and activate transcription of
the targets of B-catenin/Tcf signaling, such as cyclin D1 and c-
myc. B-Catenin alteration may also be involved in increased ex-
pression of iNOS. NO produced by iNOS causes DNA damage
and neovascularization, while activating COX-2. Overexpres-
sion of COX-2 produces excess prostaglandins, and causes an
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The data obtained in these studies point to particular mecha-
nisms of colon carcinogenesis and indicate that further investi-
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and the K-ras/MAPK pathway in colon carcinogenesis are war-
ranted.
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Abstract

Mutagenic 9-(4'-aminophenyl)-9H-pyrido[3.4-blindole (aminophenylnorharman, APNH), formed from norharman and
aniline in the presence of $9 mix, is thought to be accountable for the co-mutagenic action of norharman. Our previous studies
suggest that cytochrome P-450s (CYPs) are involved in the generation of APNH. In order to identify the responsible CYP
species in the present study, norharman (8 mg) and aniline (4 mg) were incubated with individuat recombinant human CYPs
(2 nmol) at 37°C for 20 min. Formation of APNH was observed with CYPIAL, CYP1A2, CYPIBI, CYP2B6, CYP2DS6,
CYP2EI and CYP3A4, but not with CYP2A6, CYP2C9 and CYP2CI9. The amounts of APNH from norharman and aniline
were 33 ng for CYPIA1, 15ng for CYP3A4, 7 ng for CYP2D6, 6 ng for CYP1A2 and 5 ng for CYP2B6. APNH formation
in the presence of CYPIBI and CYP2EI was very low at around one fiftieth of that with CYP3A4. When CYP selective
chemical inhibitors, such as furafylline for CYP1A2 and ketoconazole for CYP3A4, were added to the reaction mixture of
norharman, aniline and human microsomes, formation of APNH was decreased to 14 and 16% of the control level, respectively.
Moreover, human lung microsomes also showed the activity of APNH formation from norharman and aniline, albeit at only
one hundredth of that with liver microsomes. In general, content in human liver microsomes is rather high for CYP3A4 and
CYP1A2 but relatively low for CYP2D6 and CYP2B6, at about 30, 10, 1.5% and less than 1% of the total CYP, respectively.
Although CYPIA1 showed the highest APNH formation activity, its expression in human liver is reported to be below the
level of detection. Based on these observations, it is suggested that the practical major contributors to the formation of APNH
from norharman and aniline are CYP3A4 and CYP1A2, the responsible reactions mainly occurring in the liver.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Norharman; Aniline; Aminophenytnorharman (APNH); Cytochrome P-450

1. Intreduction
Abbreviations: APNH, aminophenylnorharman [9-(4'-amino- .

phenyl -9 H-pyrido[3,4-blindole]; CYP, cytochrome P-450; HCAs. Norharman (9H-pyrido{3,4-blindole), B-carboline
heterocyclic amines; MelQx, 2-amino-3,8-dimethylimidazo(4,5- compound, is not mutagenic to Salmonella typhimu-
j]q_uinoxaline; P.HA. phenylhydroxylamine; thiotepa, triethylene- rium strains, either with or without S9 mix. How-
thiophosphoramide it be tacenic to S hi ,
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Fig. I. Formation of mutagenic aminophenylorharman by a reaction of norharman with aniline in the presence of 39 mix,

and o-toluidine {1-3]. We have studied the mecha-
nism of the co-mutagenic action of norharman with
aniline, and the appearance of mutagenicity de-
rived from a mixture of these two in the presence
of 89 mix was found to be due to the formation
of a mutagenic compound, 9-(4’-aminophenyl)-9H-
pyrido[3,4-blindole (aminophenylncrharman, APNH),
as shown in Fig. 1 [4,5]. APNH is thought o be
metabolically converted to hydroxyamino derivative
and further activated to form esters by acetyltrans-
ferase, then covalently binding to DNA bases, The
major APNH-DNA adduct has been concluded to
be N¥-(2'-deoxyguanosin-8-y!)-9-(4'-aminophenyl)-
9H-pyrido[3,4-blindole (dG-C3-APNH) [6]. Muta-
genic activity of APNH in S. typhimurium strains
was found to be comparable to those of 2-amino-3,8-
dimethylimidazo[4,5-flquinoxaline (Mel(Qx) 3-amino-
1-methyl-3H-pyrido[4,3-b]indole, two carcinogenic
heterocyclic amines (HCAs) formed in cocked foods
[4,7).

Norharman is produced in the pyrolysis of tryp-
tophan [8] and is reported to be present in cigarette
smoke condensate at levels of 900-8990 ng/cigarette
and in various kinds of cooked foods at levels of
2.4-795 ng/g foods [9]). These levels are much higher
than those of mutagenic/carcinogenic HCAs, includ-
ing 2-amino-1{-methyl-6-phenylimidazo{4,5-b]pyridine
and MelQx. Similarly, aniline has also been reported
to be present in cigarette smoke condensate and some
kinds of vegetables [10,11]. Moreover, both norhar-
man and aniline have been detected in human urine
and breast milk samples [12-15]. Thus, it is assumed
that humans are simultaneously exposed to norhar-
man and aniline in everyday life. We have already
reported that when norharman and aniline were ad-

ministrated to rats by gavage, APNH was detected
in the urine. In addition, a microsomal fraction from
human liver was demonstrated to have the capacity to
produce APNH from norharman and aniline [16].

From these observations, formation of APNH in the
human body might be expected. Our previous report
indicated that cytochrome P-450s (CYPs) could be in-
volved in the APNH formation from norharman and
aniline in the presence of a liver microsome fraction,
because reduction of APNH formation activity was
clear on addition of the CYP inhibitor, SKF-525A.
However, it has hitherto not been elucidated what types
of CYP isoenzyme(s) might be involved in the re-
action. CYPs consist of a large superfamily of pro-
teins including four families, CYPH, CYP2, CYP3
and CYP4, that appear to be primarily involved in
metabolism of xenobiotics.

To clarity the reaction mechanisms of norharman
and aniline, it is very important to determine what
CYPs are involved in the formation of APNH. In the
present study, notharman and aniline were incubated
in the presence of various recombinant human CYPs
and the formation of APNH was analyzed by HPLC.,
Based on the data obtained, possible formation of
APNH in the human body is also discussed.

2, Materials and methods
_\.
2.1 Marerials

Norharman hydrochloride and aniline were pur-
chased from Katsura Chemical (Tokyo, Japan) and
Wako Pure Chemical Industries (Osaka, Japan),
respectively. Ketoconazole and furafylline were
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obtained from Ultrafine Chemicals (Manchester,
UK). Triethylenethiophosphoramide (thiotepa) was
obtained from Acros Organics (New Jersey, USA).
Rat 89 (20mg protein/ml), prepared from the liv-
ers of male Sprague-Dawley rats treated with both
phenobarbital and B-naphthoflavone, was purchased
from Kikkoman Co. Ltd. {Noda, Japan). Micro-
somal fractions from human liver and lung were
obtained from Gentest (Woburn, MA, USA) and
XenoTech LLC (Kansas, USA), respectively. Mi-
crosomes from baculovirus-infected insect cells
expressing human CYPIAL, CYPIA2, CYPIBI,
CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2D6,
CYP2El and CYP3A4 were purchased from Gen-
test. All recombinant CYPs were coexpressed with
NADPH-P450 oxidoreductase. Additionally, recom-
binant CYP2EI was expressed with cytochrome bs.
Microsomal fractions obtained from insect cells, ex-
pressing only the vector, were used as a control. All
other chemicals employed were analytical grade.

2.2. Analysis of APNH formation

Norharman (8mg) and aniline (4 mg) dissolved
in 8ml of water were incubated with 20mt of en-
zyme solution containing individual recombinant hu-
man CYPs (CYPtAL, CYPIA2, CYPIBI, CYP2A6,
CYP2B6, CYP2C9, CYP2CI19, CYP2D6, CYPZEI
and CYP3A4) for 20 min at 37 °C, as described pre-
viously [4,17,18]). The reaction mixture consisted
of 8 pM MgCls, 33 uM KCl, 4 uM NADPH, 5 pM
p-glucose 6-phosphate, 100uM sodium phosphate
buffer (pH 7.4) and 2 nmol of each recombinant hu-
man CYPs. In some experiments, human liver or
lung microsomes (40 or 20 mg protein, respectively)
were used instead of recombinant human CYPs. For
inhibition studies, the mixtures of norharman and
aniline with human liver microsome described above
were combined with 10 uM furafylline [19], 75 pM
thiotepa [20] or | pM ketoconazole {21], known to
selectively inhibit the activities of CYP1A2, CYP2B6
and CYP3A4, respectively. The concentrations of the
CYP selective chemical inhibitors employed in the
present study were similar to those reported previ-
ously [19-21].

APNH, produced by the reaction of norharman with
aniline in the presence of each enzyme, was analyzed
by HPLC with the procedure detailed previously [4].

Briefly, after removing proteins from the reaction mix-
tureé, the supernatant was evaporated. Then, the residue
dissolved in t ml of 50% methanol was separated by
HPLC as follows. The test material was applied to an
analytical grade TSK gel ODS-80Ts columa (5 pM
particle size, 4.6 mm x 250 mm; Tosoh, Tokyo, Japan)
and eluted at a flow rate of | m¥/min with follow-
ing gradient system: 0~30min, 15% acetonitrile in
25 mM phosphate buffer (pH 2.0); 30-60min, a lin-
ear gradient of 15-50% acetonitrile in 25 mM phos-
phate buffer (pH 2.0). The fractions with retention
times of 32-38 min, comresponding to those of au-
thentic APNH, were collected. These were combined,
evaporated and the residue was dissolved in 1 ml of
50% methanol. An aliquot of the solution was injected
into the same column and a mobile phase of 18%
acetonitrile in 25 mM phosphate buffer (pH 2.0) was
pumped in isocratically. The samples with retention
times corresponding to authentic APNH, 18-22 min,
were collected and further purified using the same col-
umn with a mobile phase of 45% acetonitrile in water
with 0.1% of dicthylamine adjusted to pH 6.0 with
acetic acid. Finally, a single UV absorption peak was
obtained with the same elution position of authentic
APNH at retention times of 14-15 min. The compound
in the peak fraction showed mutagenic activity to S.
typhimurium YG1024 in the presence of $9 mix and
its UV spectrum was consistent with authentic APNH.
Therefore, we concluded this mutagen to be APNH.

All the above HPLC procedures were performed at
the ambient temperature at a flow rate of 1 ml/min.
Monitoring of UV absorbance of the eluate was con-
ducted at 254 nm and UV absorbance spectra were
measured with an SPD-M10Avp photodiode array de-
tector (Shimadzu, Kyoto, Japan). Amounts of APNH
were calculated as average values with data from two
assays.

3. Results and discussion

Norharman and aniline were incubated with indi-
vidual recombinant human CYPs at 37 °C for 20 min,
and the amounts of APNH were analyzed by HPLC
on an analytical ODS column according to the proce-
dure described in Section 2. To confirm the structure
of the mutagen isolated from the reaction mixture of
norharman, aniline and recombinant human CYPs,
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(B)
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Fig. 2. HPLC pattern and UV absorption spectrum of aushentic APNH and a reaction mixture with norharman and aniline in the presence
of CYP3A4. (A) The test material was separated on an analytical ODS-80Ts column with a mobile phase of 45% acetonitrile in water
with 0.[% diethylamine adjusted to pH 6.0 with acetic acid. The UV absorbance of the elute was monitored at 254 nm and mutagenicity
of the fraction was examined in S. typhimurim YG1024 with $9 mix, The UV absorption peak showing mutagenicity is indicated by an
arrow. (B) UV absorption spectra measured with a photodiode array detector. The upper spectrum is for authentic APNH and the lower

one for the compound formed with CYP3A4,

mutagenic activities and UV absorbance spectrum
were analyzed. When norharman and aniline were
incubated with CYP3A4, a single UV absorption
peak showing mutagenicity was observed at the same
elution position as for authentic APNH (Fig. 2A).
Since the UV absorption pattern was identical with
that for authentic APNH, the mutagen produced by
the reaction of norharman and aniline in the presence
of CYP3A4 was confirmed to be APNH (Fig. 2B).
Mutagenicities and amounts of APNH in the reaction
mixture of norharman and aniline with each recom-
binant human CYP are summarized in Table . With
CYPIAI, CYPIA2, CYPIBI, CYP2B6, CYP2D6,
CYP2El and CYP3A4 as the enzymes, mutagenic
activity was observed for the fraction corresponding
to the authentic APNH elution position. Among the
isoforms, CYPIA| generated the highest mutagenic-
ity, followed by CYP3A4, CYP2DG, CYPIA2 and

CYP2B6. Only weak mutagenic activity was noted
with CYPIB1 and CYP2E]. As shown in Table 1, a
good correlation was observed between mutagenicity
and the amount of APNH. When norharman (8 mg)
and aniline (4 mg) were incubated with 2 nmol of each
CYPIAIL, CYPIA2, CYP2B6, CYP2D6 or CYP3A4,
APNH was produced at levels of 5-33 ng. Although
weak mutagenicity was observed with CYPIBI and
CYP2E!, APNH was under the detection limit, and the
amounts would be less than 1 ng, if present. CYP2AG,
CYP2CY and CYP2C!9 did not generate any mu-
tagenic activity and presumably did not catalyze
formation of APNH from norharman and aniline.
The contents of the four positive CYP species in hu-
man fiver have been reported to be 110-360 pmot for
CYP3A4, 27-56 pmol for CYPLA2 and 0.4-9 pmol
for CYP2B6 and CYP2D6 per mg protein, respectively
[22-25]. On the other hand, CYPLAT1 is considered
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Table |
Amounts of APNH and mutagenicity of reaction mixtures of
norharman and aniline in the presence of CYPs

CYP species Mutagenicity per Amount of APNH per
reaction mixture reaction mixture (ng)

1AL 120000 33

1A2 21000 6

1:]] 1000 “ND

2A6 0 ND

2B6 19000 5

2C9 0 ND

2C19 0 ND

2D6 26000 7

2EI 900 ND

3Aad4 54000 15

Control* 0 ND

ND: not detected {<| ng per reaction mixture). A reaction mix-
ture containing 8 mg norharman, 4 mg aniline and 2nmol of each
CYPs was incubated ar 37°C for 20 min, and then the amount of
APNH was analyzed by HPLC. The mutagenicity of the fraction
containing APNH was examined in S. ryphinuwrium YG1024 with
59 mix.

# Microsomal fraction obtained from insects cells expressing
only the vector.

to be an extrahepatic enzyme, because its mRNA and
protein have been detected in the lung, lymphocyte
and placenta, but not in most human liver [26-28].
Only a few reports have described expression levels
of CYPIAI in human liver [25,29,30]. In general,
CYPIAI1 can be inducible with various substances,
including benzo[alpyrene, polychlorinated biphenyl
and indole-3-carbinol via the aryl hydrocarbon recep-
tor signaling pathway, whereas the expression levels
of hurnan liver microsomes are as low as negligible.
From the APNH formation activity of each CYPs and
their expression levels of human liver, it is suggested
that CYP3A4 and CYP1A2 might mainty contribute to
the reaction of norharman and aniline. Therefore, we
examined the effect of selective chemical inhibitors,
furafylline (CYP1A2) and ketoconazole (CYP3A4),
on the formation of APNH in the presence of human
liver microsome to clarify their involvement. Two or
three concentrations of each selective inhibitor were
examined in the preseat study, and the most effective
doses for prevention of APNH formation are presented
in Table 2, Furafylline and ketoconazole exhibited in-
hibition in the presence of human liver microsomes to
14 and 16% of the control level, respectively. In con-
trast, CYP2B6 selective inhibitor, thiotepa (75 pM),

Table 2
Inhibition of APNH formation by selective CYP inhibitors
- Amount of Inhibition
APNH (n2) rate (%)
Human liver microsome 881
Human liver microsome 122 86
+ furafytline (10 pM)
Human liver microsome 143 84

+ ketoconazole (1 wM)

A reaction mixture containing 8 mg norharman, 4 mg aniline and
each selective CYP inhibitor in the presence of human liver micro-
some was incubated at 37 °C for 20 min, and the amount of APNH
was analyzed by HPLC. Furafylline and ketoconazole selectively
inhibit the activities of CYPLA2 and CYP3A4, respectively. The
experiments were performed in duplicate, and the data expressed
are mean values.

demonstrated weak inhibition of APNH formation
(around 75% of the control level). Moreover, CYP2D6
showed similar level of APNH formation activity
and content in human liver as those of CYP2B6.
Thus, CYP2B6 and CYP2D6 may not be involved
in the reaction of norharman and aniline as a major
contributor.

As mentioned above, CYP3A4 is the most abun-
dant CYP isoenzyme in the human liver, and APNH
formation was well inhibited by its specific in-
hibitor, ketoconazole. Therefore it is suggested that
CYP3A4 may be one major contributor to produc-
tion of APNH in human liver microsome. Similarly,
the CYPIAZ2 inhibitor, furafylline, exerted strong
suppressive effect. Although the APNH formation
was on half that with CYP3A4, the CYP1A2 level
presented in human liver is sufficient for a role in
vivo.

CYPI1ALl may be found in extrahepatic tissues, for
example, in the lungs of smokers and in the placenta
[26-28] and CYP2B6 and CYP3A4 proteins can also
be expressed in human lung. Moreover, norharman and
aniline are both present in cigarette smoke. Therefore,
we examined the ability of human lung microsomes to
generate APNH when incubated with the two precur-
sors. Mutagenicity was seen at the same elution po-
sition as for authentic APNH on HPLC, but the level
was only one hundredth.of that with human liver mi-
Crosomes. .

The mechanisms of the APNH formation from
northarman and aniline have yet to be clarified in de-
tail, but Guengerich has suggested the possibility that
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the two amines are brought together in a P450 com-
plex so an ipso attack on the aniline can occur [31).
On the other hand, it has been reported that a mixture
of norharman and phenylhydroxytamine (PHA) which
is an N-hydroxy derivative of aniline, in the presence
of 89 mix, yield three times higher mutagenicity than
the mixture of norharman and aniline [3]. Moreover,
we confirmed that APNH was formed in the reaction
mixture of norharman and PHA with 89 mix. Thus, an-
other possible mechanism of formation of APNH can
be postulated: first, aniline is oxidized to form PHA
by CYPs, which might then be converted to a phenyl
nitrenium ion by further enzymatic reactions. In fact,
it is known that CYPIA!, CYPIA2 and CYP3A4
are mostly involved in metabolic activation of HCAs
through N-oxidation [32,33]. As reactive intermedi-
ates, carbocations derived from aryl nitrenium jons at
the C-4 position might be produced, and could cou-
ple at the N-9 position of norharman to form APNH.
It has been documented that 7-hydroxynorharman
become detectable in the urine of rats administrated
norharman [34], suggests that the compound might
be also oxidized by oxidative enzymes such as CYPs.
At present, data to unequivocally identify the reaction
mechanisms of oxidative norharman and aniline are
lacking, but if the N-9 position of norharman is to be
oxidized to form N9-hydroxynorharman, this might
be lead to generation of a nitrenium ion by further
enzymatic reactions and this could couple at the C-4
position of aniline to form APNH. Further studies are
warranted for clarification.

As mentioned above, norharman and aniline are
widely distributed in our environment, for example in
cooked foods, some vegetables and cigarette smoke
condensate, and it is likely that APNH may be pro-
duced in our bodtes [9,10]. To determine whether this
is actually the case, we are now looking for APNH in
24 h human urine samples.
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As with cyclooxygenase (COX)-2, genetic disruption of
COX-1 gene or pharmacelogic inhibition of its activity bas
been shown to decrease the number of intestinal polyps in
Apc gene-deficient mice, The present study was designed to
investigate the combined effects of COX-! and COX-2 selec-
tive inhibitors on spontaneous polyp formation in APCI309
female mice, The animals were treated with 300 or §00 ppm
mofezolac (a COX-| selective inhibitor) alone, 200 or 400
ppm nimesulide (a COX-2 selective inhibitor) alone, 300 ppm
mofezolac plus 200 ppm nimesulide, 600 ppm mofezolac plus
400 ppm nimesulide, or 10 ppm indomethacin (a dual-COX
inhibitor) in the diet from 7 weeks of age for 4 weeks. Per-
centage inhibition of polyp area in the intestine was 17% with
600 ppm mofezolac alone and 25% with 400 ppm nimesulide
alone, their sum of 41% being almost equal to the 37% ob-
served for the combination treatment. Administration of 300
ppm mofezolac plus 200 ppm nimesulide also significantly
decreased polyp area in the intestine by 30%. Moreover, the
numbers of polyps more than 2.5 mm in diameter were
markedly decreased by combined treatment of both COX
inhibitors. With 10 ppm indomethacin, the dual inhibitor,
polyp area was also clearly reduced by 46%. Our results
indicate that COX-1 and COX-2 may to soime extent con-
tribute to polyp formation independently and inhibitor com-
bination treatment thus has particular potential for chemo-
prevention of colon carcinogenesis.
© 2004 Wiley-Liss, Inc.

Key words: Apc knockout mice; COX-1 selective inhibitor; COX-2
selective inhibitor: intestinal tumorigenesis; combined effect

Long-term use of aspirin, a nonsteroidal antiinfammatory drug
(NSAID), has been found in the epidemiologic studies to result in
reduction in mortality rate from colorectal cancer.!? Furthermore,
treatment with NSAIDs suppresses the development of chemical
carcinogen-induced colon cancers in experimental animals.®# Sim-
ilarly, decrease has been achieved with such agents regarding
intestinal polyps in patients with familial adenomatous polyposis
(FAP)*-7 and in an animal model of the disease, mutant mice with
a truncated adenomatous polyposis coli (Apc) gene.® NSAIDs
block arachidonic acid metabolism by inhibiting cyclooxygenase
(COX) activity and thus reducing levels of prostaglandins, which
affect cell proliferation, tumor growth, apoptosis and immune
responsiveness. Two enzyme isoforms of COX are known, re-
ferred to as COX-1 and COX-2. COX-1 is constitutively expressed
in most tissues and plays a role in various physiologic functions,
while COX-2 is transiently inducible by stimuli such as cytokines,
growth factors and hormones and contributes to inflammation.® By
using COX-2 selective inhibitors or mutant mice featuring disrup-
tion of the gene encoding this enzyme, relevance to carcinogenesis
in various organs, including the colon, has been shown.'0-13

Possible involvement of COX-1 in colon carcinogenesis has
also been reported. Genetic disruption of the COX-! gene de-
creased the number of intestinal polyps in Min mice by around
80%.'4 In these animals, COX-| protein is detectable in the lamina
propria and inner muscular layer of the normal small intestine and
intestinal polyps, while COX-2 is found only in the lamina propria

P-144

of polyps.'* Moreover, we recently demonstrated that mofezolac,
a COX-1 selective inhibitor, suppressed the development of
azoxymethane (AOM)-induced colonic aberrant crypt foci (ACFs),
putative preneoplastic lesions in F344 rats and intestinal polyp
development in mice with a truncated Apc gene at codon 1309
(APC1309 mice).'s It should be noted that prostaglandin E,
(PGE,) levels were increased in intestinal polyps in Min mice
compared with surrounding normal tissue, and genetic disruption
of the COX-1I gene, as well as the COX-2 gene, indicated that both
isoforms contributed to PGE, production.'¥ PGE, exerts its bio-
logic actions through binding to the 4 specific membrane receptor
subtypes EP,, EP,, EP, and EP,.'5'7 With genetic and/or phar-
macologic approaches, it has been revealed that PGE, is involved
in intestinal carcinogenesis through its binding to the PGE, recep-
tor subtypes EP,, EP, and EP,.'8-20 Thus, the available evidence
points to significant roles for PGE,, produced by COX-1 and
COX-2, in colon carcinogenesis.

In FAP patients, conventional NSAIDs, indomethacin? or sulin-
dac,® which inhibit both COX-1 and COX-2, have been found to
reduce the number of intestinal polyps more effectively than the
COX-2 selective inhibitors, celecoxib?! and nimesulide,?? suggest-
ing possible contributions of both COX-1 and COX-2 to human
intestinal tumorigenesis. Thus, we here postulate that 2 combina-
tion of COX-1 and COX-2 inhibitors should decrease the number
of intestinal polyps more effectively than either agent alone, as-
suming independent contributions to polyp formation in Apc gene-
deficient mice. To test this possibility, combined effects of mof-
ezolac, a COX-1 selective inhibitor, and nimesulide, a COX-2
selective inhibitor, on spontanecous polyp formation in APCI309
mice were examined.

Abbreviations: ACFs, aberrant crypt foci; AOM, azoxymethane; Apc,
adenomatous polyposis cofi; COX, cyclooxygenase; FAP, familial adeno-
matous polyposis; mofezolac, [3,4-di(4-methoxyphenyl)-3-isoxazolyl]ac-
etic acid; nimesulide, 4-nitro-2-phenoxymethanesulfonanilide; NSAID,
nonsteroidal antiinflammatory drug; PGE,, prostaglandin E,.
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MATERIAL AND METHODS
Amimals and chemicals

Progeny of APCI309 mice, produced by a gene knockout
method and bred by artificial insemination, were genotyped by the
allele-specific polymerase chain reaction using tail tips.'*2 Mice
at 7 weeks of age were randomized into experimental and control
groups. The animals were housed 2 or 3 to a plastic cage in a
holding room controlled at 24 * 2°C and at 55% relative humidity
with a 12/12-hr light-dark cycle. Water and basal diet (CE-2, Clea
Japan, Tokyo, Japan) with or without test chemicals were provided
ad libitum during the experiments. The animals were weighed
weekly throughout the experiment. Mofezolac, [3,4-di(4-methoxy-
phenyl}-5-isoxazolyljacetic acid (Mitsubishi Pharma, Chikujo-
gun, Fukuoka, Japan), a COX-| selective inhibitor,* has been
clinically used to control acute pain and inflammation from oper-
ation, injury, or odontectomy. Nimesulide, 4-nitro-2-phe-
noxymethanesulfonanilide, a COX-2 selective inhibitor, was
kindly provided by Helsinn Healtheare (Pazzallo-Lugano, Swit-
zerland). Their structures are shown in Figure 1. Experimental
diets were prepared weekly by thoroughly mixing each compound
into the basal diet. The chemicals were confirmed to be stable
under the experimental conditions used in the present study. The
experimental protocol was in accordance with the guideline for
animal experiments of the National Cancer Center.

Experimental protocol

Just prior to starting treatment, 7 APC1309 heterozygous female
mice (group 1) at 7 weeks of age were sacrificed to obtain pre-
dosing data for intestinal polyps. Other APCI309 female mice
starting at 7 weeks of age were fed a control diet (group 2) or
experimental diets containing 300 ppm or 600 ppm mofezolac
(groups 3 and 4, respectively), 200 ppm or 400 ppm nimesulide
(groups 5 and 6, respectively), 300 ppm mofezolac ptus 200 ppm
nimesulide (group 7), 600 ppm mofezolac plus 400 ppm nimesu-
lide (group 8), or 10 ppm indomethacin (group 9} throughout the
experiment, For comparison, wild-type animals received the con-
trol diet (group 10), 600 ppm mofezolac (group 1), 400 ppm
nimesulide {group 12), 600 ppm mofezolac plus 400 ppm nime-
sulide (group 13), or 10 ppm indomethacin (group 14). Six hun-
dred ppm mofezolac and 400 ppm nimesulide were selected be-
cause they were previously reported to suppress polyp
development in the mice.!'s We also set half-dose levels to avoid
possible additive side effects in the combination treatment groups.
Ten ppm indomethacin was selected as the maximum tolerated

Mofezolac
CH;0 Q OCH3;
/
'S
O CH,COOH

Nimesulide

NHSO,CH,

NO,

Ficure I — Chemical structures of motezolac and nimesulide.
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dose level based on preliminary study in our laboratory (data not
shown). The numbers of animals per group were 7 (group 1) and
8 (groups 2-9) for the knockout animals and 5 for wild-type
animals (groups 10-14). After 4 weeks of treatment, complete
necropsies were performed on all animals, and the liver, kidneys
and spleen were weighed on sacrifice | hr after being injected i.p.
with 50 mg per kg body weight bromodeoxyuridine (BrdU; Sigma
Chemical, St. Louis, MO). The entire intestinal tract was resected,
filled with (0% neutral buffered formalin and divided into the
small intestine, cecum and colon. The small intestine was divided
into the duodenum (4 ¢m in length; proximal) and the proximal
(middle) and distal halves of the remainder (distal). These seg-
ments were opened Ingitudinally and fixed flat between sheets of
filter paper in 10% neutral buffered formalin. The numbers and
sizes of polyps as well as their distribution in the intestine were
determined under X5 magnification with a stereoscopic micro-
scope, detectable polyps being more than 0.2 mm in dizmeter.'*
Measurement of polyp size was made using an eyepiece micro-
meter. After counting polyps, the small intestines were embedded
in paraffin and sections were submitted to immunohistochemistry
using an anti-BrdU antibody and a Vectastain ABC kit (Vector
Laboratories, Burlingame, CA). For determination of BrdU label-
ing indexes of the crypt epithelium, 21 well-criented crypts, in
which the base, lumen and top could be clearly seen, were counted
for each of 5 animals per group, 7 crypts each for the proximal,
middle and distal small intestine. The percentage of labeled cells
(labeling index) was determined for the whole crypt by calculating
the labeled cells per total number of cells X 100. In the case of
BrdU labeling indexes of the polyps, 3 polyps were counted for
each of 5 animals per group, 1 polyp each for the proximal, middle
and distal small intestine. The percentage of labeled cells (labeling
index) was determined for approximately 460 cells per polyp on
average by calculating the labeled cells per total number of cells X
100. Paraffin sections of intestina! polyps excised from mice of
groups 2~9 and the stomachs and small intestines excised from
mice of groups 2-14 were also examined microscopically follow-
ing routine processing and H&E staining.

Statistical analysis

Statistical analysis was performed using Welch's r-test. Each of
the experimental diet groups (groups 3-9 and 11-14) was com-
pared with the respective basal diet groups (groups 2 and 10) and
the predose sacrifice group (group 1) was compared with the basal
diet group (group 2). In addition, each of single COX-1 or COX-2
inhibitor treatment groups was compared with the respective com-
bined inhibitor treatment groups (groups 3 and 5 compared with
group 7, groups 4 and 6 compared with group 8). Results were
considered statistically significant when p < 0.03.

RESULTS

Body weights and food intake were not influenced by treatment
with COX-1 and/or COX-2 selective inhibitors, independent of the
genotype. No adverse effects were observed regarding necropsy
findings and organ weights. Intestinal polyps were detected in all
APC1309 mice but not in any of the wild-type animals. His-
topathologic analysis revealed no differences in the morphology of
polyps, identified as adenomas, between the APCI309 mouse
groups fed the basal diet and those given test chemicals. Moreover,
there were no treatment-related lesions observed in the glandular
stomachs or small intestines.

In order to analyze the effects of combination treatments of
COX-t and COX-2 inhibitors on polyp growth, the area of each
polyp was calculated using the formula: area = (long diameter X
short diameter X ). Table I shows values for the mean polyp
areas for the different intestinal segments in each group. The mean
polyp areas for the whole intestine in the 300 ppm mofezolac alone
{group 3), 200 ppm nimesulide alone (group 3) and the combina-
tion treatment (group 7) groups were 106%, 85% and 70% of the
control {group 2) value (mean, 7.9 mm?), respectively. Although
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TABLE - MEAN AREAS OF INTESTINAL POLYPS AFTER 4 WEEKS OF TREATMENT WITH MOFEZOLAC AND/OR NIMESULIDE OR INDOMETHACIN [N

APCLIN® MICE
Mean area of intestinad polyps per mouse tmm’)*
Group number Treatment' Suall intestine i Ly
. - Calon Whale intestiog”
Proximal Middle Distal

| Predose sacrifice 4629 4212 31 x07 06+06 34*05°
2 Basal diet 156 =73 87£33 47=x18 13230 7.9=21(100%)
3 Mofezolac 300 ppm 130252 102+29 41x16 17=21 85=*26%(106%)
4 Mofezolac 600 ppm 147275% 8227 2507 0710 66*22(3%)
5 Nimesulide 200 ppm 10.8 + 3.7 75228 40x06 0403 67=20(85%)
6 Nimesulide 400 ppm 104£24% 6920 3614 0910 59=14%(75%)
7 Mofezolac 300 ppm + nimesulide 200 ppm  10.8 = 4.5 572165 35x L1 1413 56z 1.6°(70%)
8 Mofezolac 600 ppm + nimesulide 400 ppm 69 =31 63x 1.8 28x09° (622 50 1.4*(63%)
9 Indomethacin 10 ppm 77+33  52x20° 2307 04204 43+ 1.5%(54%)

Parentheses: group means expressed as percentage compared with the control group.—'Mice were fed the basal diet or diets containing
compounds starting at 7 weeks of age for 4 weeks. Animals in group | were sacrificed at the commencement. The numbers of anima!sfcr group

were 7 for group | and 8 for groups 2 to 9.—"Data are mean + SD values.~*Whole intestine means both small intestine and colon.—

p < 0.01

vs. the basal diet group (group 2).~’p < 0.05 vs. basal diet group (group 2).-%p < 0.05 vs. each combination group (group 7 or 8).—"p < 0.01

vs. each combination group {(group 7 or 8).

300 ppm mofezolac alone showed no inhibition and 200 ppm
nimesulide alone showed 15% inhibition, the combination caused
30% inhibition. The mean polyp areas for the whole intestine in the
600 ppm mofezolac alone (group 4), 400 ppm nimesulide alone
(group 6) and the combination treatment (group 8) groups were
83%, 75% and 63% of the control value, respectively. The sum
(42%) for the 2 agents given alone (17% + 25%) was almost equal
10 that with their combination treatment (37%). Suppressive effects
with the combination of these agents, as well as indomethacin,
were generally consistent throughout the small intestinal segments,
but not in the colon. In the proximal small intestine, where the
mean polyp area in the controls was largest, the value for the
combination group {600 ppm mofezolac plus 400 ppm nimesulide)
was significantly smaller than with the single treatment groups at
the same dose levels. After treatment with 10 ppm indomethacin,
the mean polyp area was 54% of the control value, Figure 2
summarizes data for percentage inhibition of polyp areas in the
intestine for groups 3-9.

Data for the numbers of polyps classified by diameter are shown
in Table II. When compared with predose mice {(group 1), the
numbers of polyps measuring 1.5 mm or more in diameter were
" significantly increased in the control mice (group 2 fed basal diet
for 4 weeks. Single treatment with indomethacin and combination
treatment with mofezolac (300 and 600 ppm) and nimesulide (200
and 400 ppm) for 4 weeks decreased the numbers of polyps
measuring 2.5 mm or more in diameter, with increase in those
measuring less than 1.5 mm, compared with value of control mice
(group 2). Statistical significance was observed except for the
number of polyps measuring 3.5 mm or more in the combination
group of 300 ppm mofezolac and 200 ppm nimesulide. The 10
ppm indomethacin clearly retarded the growth of intestinal polyps,
and similar suppressing effects were obtained with the combina-
tion of mofezolac and nimesulide.

There were no clear effects of any treatment on the numbers of
intestinal polyps; the values were 39.0 = 7.4 (mean * $D) per
mouse for the predose group, 57.8 = 21.3 for the controls, 57.8 %
14.6 for 300 ppm mofezolac alone, 41.8 + 1.3 for 600 ppm
mofezolac alone, 55.3 * 13.6 for 200 ppm nimesulide alone,
69.6 = 27.6 for 400 ppm nimesulide alone, 65.6 * 20.5 for the
combination of 300 ppm mofezolac and 200 ppm nimesulide,
55.0 = 11.7 for the combination of 600 ppm mofezolac and 400
ppm nimesulide and 50.8 *+ 3.5 for 10 ppm indomethacin alone.
Moreover, there were no significant effects of any treatment on
total polyp area.

BrdU labeling indexes of the crypt epithelium and the polyps are
shown in Table Ill. Among APCI309 mice, all labeling indexes of
the crypt epithelium and the polyps of treated groups {groups 3-9)
were lower than that of the basal diet group (group 2) and statis-
tical significances were observed in all groups except for the

60%

A

50%

46%

46%

40% - 7%

30% 4

17%

10% 4

0%

A0% 4 6%

FiGURE 2 - Combined effects of mofezolac and nimesulide on mean
areas of intestinal polyps. Mice were fed the basal diet or diets
containing compounds starting at 7 weeks of age for 4 weeks. Treat-
ment effects are expressed as percentage inhibition compared with the
control value (group 2). (a) Bars showing 300 ppm mofezolac alone
{open bar), 200 ppm nimesulide alone (hatched bar), 300 ppm mof-
ezolac plus 200 ppm nimesulide (dotted bar) and 10 ppm indomethacin
(closed bar). (b) Bars showing 600 ppm mofezolac alone (open bar),
400 ppm nimesulide alone (hatched bar), 600 ppm mofezolac plus 400
ppm nimesulide (dotted bar) and 10 ppm indomethacin (closed bar).

labeling index of the crypt epithelium in the group treated with 300
ppm mofezolac, On the other hand, among wild-type mice, no
treatment-related changes were detected and the labeling indexes
of the crypt epithelium of ali groups were significantly lower than
that of the basal diet group of knockout mice (group 2).

DISCUSSION

The present study was conducted to assess how polyp develop-
ment is modified by a combination of COX-1 and COX-2 inhib-
itors compared with effects of COX selective inhibitors alone.
Analyses of polyp diameter distribution and mean polyp area
revealed that combination treatment with COX-1 and COX-2
selective inhibitors more effectively suppressed polyp growth than
either of the single treatments alone, While combination effects
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TABLE Il - SIZE DISTRIBUTIONS OF INTESTINAL POLYPS AFTER 4 WEEKS OF TREATMENT WITH MOFEZOLAC AND/OR NIMESULIDE OR
INDOMETHACIN IN APCL3¥ MICE

Langer diameter of polyps (mm)?

Group number Treatment!

=02ud < 0.5 z05amd < 15 = 15amd <25 =15ad <35 =15
1 Predose sacrifice 44+ 2.1 269 * 5.1 6.1 > 2.6 06=05 00
2 Basal diet 74x32 21880 19.1 = ID.O 7649 20x19
3 Mofezolac 300 ppm 4022 255 % 6.1 178 £ 52 7568 2.1x27
4 Mofezolac 600 ppm 4.4 %13} 211 £ 58 114 £35 38x24 11:18
5 Nimesulide 200 ppm 5433 258%68 18.3 +6.2 50x46 09510
6 Nimesulide 400 ppm 74 %29 359 £ 189 223 = 10.6 36x21 05x08
7 Mofezolac 300 ppm + nimesulide 200 ppm 6847 373158 I85%45 26 1.1° 05=%05
8 Mofezolac 600 ppm + nimesulide 400 ppm 6.1 2.9 29.8 = 2.8° 170£9.7 20+ 1.6° 0.1 =04"
9 Indomethacin 10 ppm 49> 25 3N4*=91*" 12468 20+28% 0.1 =04}

'Mice were fed the basal diet or diets containing compounds starting at 7 weeks of age for 4 weeks. Animals in group 1 were sqcnﬁced at
the commencement.—>Data are mean * + SD values. The numbers of animals per group were 7 for group | and 8 for groups 2 to 9.- 3 <001
vs. the basal diet group (group 2).—'p < 0.05 vs. the basal diet group {group 2).

TABLE 111 - PROLIFERATION RATES OF POLYPS AND CRYPT EPITHELIUM IN THE SMALL INTESTINE AFTER 4 WEEKS OF TREATMENT WITH
MOFEZOLAC AND/OR NIMESULIDE OR INDOMETHACIN IN APCI309 MICE AND WILD-TYPE MICE

BrdU lubeling index (%)°

Group number Treaument' Genotype Polyps Cryet epithelium
2 Basal diet Apc heterozygous 31.7x35 436 * 6.4
3 Mofezolac 300 ppm Apc heterozygous 262 = .3} 360 =37
4 Mofezolac 600 ppm Ape heterozygous 257 %45 327 26
5 Nimesulide 200 ppm Apec heterozygous 26.0 + 2.0° 305 2.5
6 Nimesulide 400 ppm Ape heterozygous 250 +3.3% 311 £ 3.0¢
7 Mofezolac 300 ppm + nimesulide 200 ppm Apc heterozygous 240 2124 306 = 2.3
8 Mofezolac 600 ppm + nimesulide 400 ppm Apc heterozygous 215 =208 260 +3.7¢
9 Indomethacin 10 ppm Apc heterozygous 21923 28.5 £ 3.9%

10 Basal diet Wild-type ' 320 147
11 Mofezolac 600 ppm Wild-type 3.7 +£223
12 Nimesulide 400 ppm Wild-type 301+ 2

13 Mofezolac 600 ppm + nimesulide 400 ppm Wild-type 29.2 £33
14 Indomethacin 10 ppm Wild-type 32023

No statistical differences between the basal diet group (group 10) and any of the treated groups (groups 11 to 14} of wild-type mice.~'Mice
were fed the basal diet or diets containing compounds starting at 7 weeks of age for 4 weeks. Ammals in group 1 were sacrificed at the
commencement. —*Data are mean * SD values. The number of animals examined | per group was 5.—"p < 0.05 vs. the basal diet group (group

2).—*p < 0.0l vs. the basal diet group (group 2).

might simply be due to the increased total dosage of inhibitors, this
appears unlikely because 200 ppm nimesulide plus 300 ppm mof-
ezolac was significantly effective at reducing mean polyp area
even though 600 ppm mofezolac alone exerted only a nonsignif-
icant suppressive effect. Our observations thus indicated that both
COX-1 and COX-2 contribute to intestinal carcinogenesis.

A human colon carcinoma cell line transfected with cDNAs for
either COX-1 or COX-2 expresses either isoform with increased
growth rates in both cases, the stimulation being suppressed by
indomethacin treatment.z5 An involvement of COX-1, comparable
with that of the COX-2 isoform, in intestinal tumorigenesis in Min
mice was also demonstrated on the basis of a genetic approach by
Chulada er al."* We confirmed this using a pharmacelogic ap-
proach with mofezolac against AOM-induced colonic ACFs in rats
and intestinal polyps in APCI/309 mice.'s PGE, levels in polyps
are increased compared with those of the normal tissue and sup-
pressed by COX-1 or COX-2 deficiency.!* As with the Min mice,
COX-1 is found in both normal tissue and polyps, while COX-2 is
limited to polyps in APCI309 mice (data not shown). In the
present study, the crypt epitheliat cells of APC/309 mice treated
with COX inhibitors and wild-type mice showed lower BrdU
labeling indexes compared with those cells of APCI309 mice fed
with basal diet. From these findings, it is suggested that deficiency
of the Apc gene stimulates cell proliferation of crypt epithelium in
mice and that COX inhibitors suppress the increase in cell prolif-
eration rate, This would be expected to reduce polyp growth and
the reduction was suggested by a decrease in cell proliferation rate
of the polyps in the present study. Recently, COX-1 and COX-2
inhibitors were reported to suppress tumor growth and metastasis

in mice with established metastatic mammary tumors,?® and ge-
netic deficiency for either form reduced skin tumorigenesis in a
mouse skin model.2” Thus, both COXs may contribute to tumor-
igenesis in various organs.

The COX isoforms possibly compensate for lack of expression of
the other.2® Dual-COX inhibition would be expected to overcome
such compensation in intestinal tumorigenesis and this may be one of
the reasons for the combination effect. Recently, NSAID-induced
gastric injury was found to require suppression of both COX-! and
COX-2 in rodents.?® Actually, administration of the COX-1 selective
inhibitor, mofezolac, did not induce any gastrointestinal side effects in
the rats or mice.'s In the present study, no lesions of the glandular
stomach or small intestines were observed in any of the groups,
including those receiving combined COX-! and COX-2 inhibitors at
doses sufficient to suppress intestinal polyp development. Obviously,
it is of great interest to know whether the safety margin with combi-
nations of COX-1 and COX-2 selective inhibitors might be wider than
with dual-COX inhibitors. In addition, it remains unclear whether
COX-1 and COX-2 isoforms exert their effects at different stages of
intestinal carcinogenesis through different mechanisms. It is possible
that the COX isoforms are involved in production of prostaglandins
and contribute to carcinogenesis through different receptor-mediated
pathways, for cxamplc by impacting on EP,, EP, and EP, recep-
tors.!8-20

To establish more effective and safer chemopreventive mea-
sures for colon carcinogenesis, further investigation of the effects
of combinations of COX-1 and COX-2 selective inhibitors on
colon cancer development is clearly warranted.
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Abstract

Norharman, widely distributed in our environment such as cigarette smoke and cooked foods, is not mutagenic to Salmonella strains,
but becomes mutagenic 10 Salmonella typhimurium TA98 and YG1024 with 89 mix in the presence of aromatic amines, including ani-
line and o-toluidine. Therefore, we have designated norharman as a “co-mutagen”. Since, humans are simultaneously exposed to norhar-
man and aromatic amines in daily life, it is important to clarify the mechanisms of its co-mutagenic action to further understanding of
the potential genotoxic effects in humans. Regarding the mechanisms of this action of norharman with aniline, a mutagenic compound,
9-(4'-aminophenyl)-94-pyrido[3,4-blindcle{aminophenylnorharman (APNH)] is produced by their interaction, and converted to the hydroxy-
amino derivative which eventually forms the DNA adduct, dG-C8-APNH through possible ultimate reactive forms with esterification, and this
tnduces mutations. Also other aminophenyl-B-carboline compounds, such as 9-(4'-amino-3'-methylphenyl)-9H-pyrido{3,4-blindolefamino-3'-
methylphenylnorharman (3'-AMPNH)], 9-(4"-amino-2'-methylphenyl}-9H-pyrido[3,4-blindole [amino-2'-methylphenylnorharman (2'-
AMPNH)], 9(4’-aminophenyl)-1-methyl-9H-pyrido{3,4-£]indolefaminophenylharman (APH)] and 9-(4’-amino-3'-methylphenyl)-1-methyl-
9H-pyrido[3,4-blindole[amino-3'-methylphenylharman (AMPH)], have been found on reaction of norharman or harman with aniline or
toluidine isomers. These compounds showed mutagenic and clastogenic actions in bacterial and mammalian cells. Among them, APNH
demonstrated the most potent activity, and it was most extensively studied. When APNH was administered as a single dose to F344 rats,
severe testicular toxicity was observed after 6 days. Moreover, liver preneoplastic lesions (GST-P-positive foci) in the liver clearly developed
in animals fed 10-50 ppm of APNH in the diet for 4 weeks. Since, APNH was detected in 24 h urine of rats upon simultaneous administration
with norharman and aniline by gavage, it is likely to be also produced from norharman and aniline in the human body. From these findings, it
is suggested that aminophenyl-p-carboline derivatives may be classified as one of the novel types of endogenous mutagens and carcinogens.
© 2003 Published by Elsevier B.V.
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1. Introduction

More than 20 years ago, Nagao co-workers reported that
the B-carboline compound, norharman (9H-pyride[3,4-b]-
indole), itself not mutagenic to Salmonella strains with
or without $9 mix, becomes mutagenic to Salmonella ry-
phimurium TA98 and YG1024 with §9 mix, when mixed
with aromatic amines, such as aniline and toluidine isomers
[1-3]). On the bases of these observations, we designated
norharman is a “co-mutagen”. Harman (1l-methyl-94-
pyrido[3.4-blindole), another B-carboline compound, has
similarly co-mutagenic activity with aniline or o-toluidine
3.

Norharman and harman are produced by pyrolysis of
L-tryptophan and have been reported to be present at much
higher levels than mutagenic and carcinogenic HAs in
cigarette smoke condensate and cooked foodstuffs [4]. The
compounds were also detected in human urine samples
[5,6]. Since, these B-carboline compounds were detected
in both of urine samples collected from healthy volunteers
eating normal diet and patients receiving parenteral ali-
mentation, it is suggested that norharman and harman are
probably produced endogenously in human body. Aniline
and toluidine isomers are also present in cigarette smoke
condensate and certain vegetables. These aromatic amines
are ubiquitously utilized in various ways as industrial raw
materials [7-9] and aniline is detectable in human urine
and breast milk samples [10-12]). Therefore, it is likely
that humans are simultanecusly exposed to B-carbolines
and aromatic amines in daily life and the clarification of
the mechanisms of its co-mutagenic action is important in
order to understand potential genotoxic effects in humans.

2. Structures of mutagens produced by norharman
with aromatic amines

Since norharman showed mutagenic activity when mixed
with aromatic amines and 89 mix, efforts were made to
identify the mutagenic compound formed by reaction be-
tween norharman and aniline in the presence of $9 mix. Af-
ter incubation, the reaction mixture was separated by HPLC
on a semi-preparative ODS column with a gradient solvent
system. Examination of mutagenicity in S. typhimurium
YG1024 with 89 mix, revealed activity mainly in the frac-
tions with retention times of 48-60 min (compound I). The
mutagenic compound I was further isolated and purified
by HPLC, and various spectral determinations performed
including UV, mass and 'H-NMR spectra. The UV ab-
sorption spectrum of the mutagenic compound I showed
absorption maxima at 238, 287 and 356nm, and its mass
spectrum exhibited a molecular ion peak at m/z 259. With
'H-NMR spectral data measured in acetone-ds indicated 7
of the 11 aromatic protons could be assigned to the norhar-
man moiety and 4 protons to the aniline moiety. Based on
spectral data, the mutagenic compound I was deduced to

be a coupled compound of norharman and aniline, namely
9-(4’-aminophneyl)-9H-pyrido[3.4-b]indole [aminophenyl-
notharman (APNH)]. This assumption was confirmed by
its chemical synthesis. The yield of APNH from norhar-
man in the enzymatic reaction was around 0.01%. On the
other hand, when the mutation assay of the each fractions
collected from HPLC separation was carried out in absence
of 89 mix, mutagenicity was detected in fractions with re-
tention times of 60-68 min (compound II). Aromatic amine
compounds need to be converted to an N-hydroxyamino
derivative to cause mutagenicity {13] and compound II was
tentatively considered to be hydroxyaminophenyinorhar-
man (N-OH-APNH). To confirm its structure, N-OH-APNH
was synthesized, and finally the structure of compound II,
showing mutagenic activity without 89 mix, was concluded
to be N-OH-APNH [14,15].

As mentioned above, the other aromatic amines, such
as o- and m- but not p-toluidine, have also been shown
to react with norharman to elicit mutagenicity in S. #y-
phimurium TA98 and YG1024 in presence of S9 mix,
Mutagenic compounds produced from norharman with
o- or m-toluidine were isolated and their structures were
determined. The mutagenic compounds produced from
norharman with o-toluidine and m-toluidine were 9-(4'-
amino-3’-methylphneyl)-9H-pyrido[3,4-blindole [amino-3’-
methylphenylnorharman (3’-AMPNH)] and 9-(4'-amino-2'-
methylpheny)-9H-pyrido[3,4-blindole  [amino-2"-methyl-
phenylnorharman (2'-AMPNH)], respectively [16]. The
yields of these compounds in the incubation mix were
around 0.06 and 0.02%, respectively.

It already demonstrated that also harman, another (-
carboline compound, causes co-mutagenicity in S. ry-
phimurium TA98 in presence of 89 mix and aniline [3].
Therefore, it is likely that coupled mutagenic compounds of
harman with aniline or o-toluidine are preduced in the reac-
tion mixtures. Two mutagenic compounds were tdentified so
far, namely 9-(4’-aminophenyl)-1-methyl-9H-pyrido[3,4-b]-
indole [aminophenylharman (APH)] formed in the reaction
of harman with aniline, and 9-(4'-amino-3'-methylphenyl)-1-
methyl-9H-pyrido[3.4-b]indole [amino-3'-methylphenylhar-
man (AMPH)] from the reaction with o-toluidine. The
yields of these compounds were around 0.0025% for
APH and 0.005% for AMPH. The chemical structures
of the five aminophenyl-B-carboline derivatives, APNH,
¥-AMPNH, 2'-AMPNH, APH and AMPH are given in
Fig. 1.

3. Genotoxic activities of aminophenyl-[-carboline
derivatives

Chemically synthesized APNH, 3-AMPNH, 2"-AMPNH,
APH and AMPH caused higher mutagenicity in 8. y-
phimurium TA98 and YG1024 (which detect frameshift
mutations) than in the strains TA100 and YG1029 (which
are sensitive to base pair mutations) in presence of S9 mix.
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Fig. 1. Chemical structures of aminophenyl-B-carboline derivatives.

Moreover, YG1024, a TA98 derivative with high acetyltrans-
ferase activity proved more sensitive than the parent strain.
This observation suggest that acetyltransferase is required
for the mutagenicity of these aminophenyl-B-carboline
derivatives. The mutagenic activity of APNH, 2'-AMPNH,
3-AMPNH and three HAs are shown in Table 1 [14-17].
Among the aminophenyl-B-carboline derivatives studied,
APNH showed the strongest mutagenicity with a value
comparable to those for 2-amino-3,8-dimethytimidazo[4,5-
flquinoxaline (MelQx), 3-amino-1-methyl-5H-pyrido [4,
3-bjindole (Trp-P-2) and about 500 times higher than that
of benzo{a]pyrene [17]. The mutagenic activities of other
derivatives including APH and AMPH, were 100-200
times lower than those of APNH. In absence of 89 mix,

Table 1
Mutagenicities of aminophenyl-B-carboline derivatives and HAs in
Salmonella strains in presence of 59 mix [14-17]

Mutagenicity (revertants/jLg)

TA8 TA100 YG1024
APNH? 187000 1230 1783000
2'-AMPNH? 140 16 3000
3-AMPNH? 41000 2 698000
MelQx 145000 14000 3500000
Tep-P-2 104200 1800 77000
Glu-P-1 49000 3200 2500000

% S9 concentration was used for 5 1 per plate.

aminophenyl-B-carboline derivatives were not mutagenic in
either strain. '

In subsequent experiments the DNA adduct formation by
norharman in presence of aniline or toluidine isomers (o-,
m- and p-toluidines) was analyzed. After incubation of S.
typhimuriura TA98 with norharman plus aniline, or each of
the three kinds of toluidine isomers in the presence of 59
mix, DNA adducts were analyzed by the 32P-postlabeling
method under modified adduct intensification conditions.
Formation of DNA adducts was clearly observed with mix-
tures of norharman plus aniline or o- or m-toluidine but
not in the case of p-toluidire, Three adduct spots (two
major and one minor) were found in the reaction mixture
of norharman plus aniline, furthermore two major and one
minor spots for norharman plus o-toluidine, and a single
spot for norharman plus m-toluidine were detected [18]. In
contrast, no adduct spots were produced by incubation of
any of the aromatic amines or by norharman alone. The
mutagenicities of norharman (100pg per plate) in pres-
ence of aromatic amines (200 pg per plate), such as aniline
or toluidine isomers, towards 5. typhimurium TA98 with
S9 mix, as well as the DNA adduct levels are shown in
Table 2. Mixtures of ‘norharman with aniline and o- or
m-toluidine, caused mutagenicity, whereas no mutagenic
activity was observed with the combination of norharman
and p-toluidine, or with any of the compounds alone. Thus,
the DNA adduct formation by norharman with aromatic
amines correlated well with the co-mutagenic action in
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Table 2

Relationship between the co-mutagenic action and DNA adduct formation
in S. typhimurium TA98 seen after incubation of norharman with aromatic
amines and S9 mix [18)

Mutagenicities® Adduct levelst

(revertants per {adducts/10%

plate) nucleotides)
Norharman + aniline 6610 & 1210 10.8 £ 2.27
Norharman + o-toluidine 6590 + 1043 314 £ 171
Norharman + m-toluidine 62+ 6 0.04 £+ 0.01
Norharman + p-toluidine o N.D*
Norharman 0 N.D*
Aniline 0 N.D*
o-Toluidine 0 N.D*
m-Toluidine 0 N.DS
p-Tolvidine 0 N.D*

Numbers of revertants and RALS in S. syphimurium TA9S are mean£S.D.
values.

* Mutagenicity of norharman in combination with aromatic amines
examined in §. typhimurium TA93 with 89 mix. The doses of norharman
and aromatic amines were 200 and 100 pg per plate, respectively.

® DNA adduct levels were analyzed by Y2P-postlabeling method under
modified adduct intensification conditions.

¢ N.D.: not detectable levels (< 1/10'° nucleotides) of aminophenyl-p-
carboline~DNA adducts.

S. typhimurium TA98 [18]. Moreover, the chemical struc-
ture of the major APNH-DNA adduct was concluded to be
N -deoxyguanosin-8-y1)-9-(4'-aminophenyl)-9H-pyrido-
[3.4-blindole (dG-C8-APNH) using the 32P-postlabeling
method and various spectrometry techniques [19]. APNH-
DNA adduct formation was observed in various organs of
F344 rats fed 40ppm of APNH for 4 weeks, the highest
levels were detected in the liver and colon (1.31 4 0.26 and
1.32 £ 0.11 adducts/107 nucleotides, respectively) [19].
Recently, Ohe et al. reported that APNH, 3’-AMPNH and
APH induced sister chromatid exchange (SCE) in Chinese
hamster Jung (CHL) cells [20]. The cells were incubated
with the individual compounds in presence of 89 mix, and
SCEs were induced in a dose-dependent manner at concen-
trations between 0.00125 and 0.01 pg/ml for APNH, and
between 0.3125 and 5 pg/ml for 3'-AMPNH and APH. The
approximate doses leading to three-fold increase over the
control level were 0.05 for APNH, 0.51 for 3’-AMPNH and
1.7 pg/ml for APH. In addition, APNH induced chromo-
- some aberrations in CHL cells at concentrations between
0.00125 and 0.04 pg/ml, the potency of SCE induction and
clastogenic activity was much stronger than that seen with
potent model clastogens, such as actinomycin D, mitomycin
C or 1,8-dinitropyrene [20].

4. The mechanisms of APNH formation

In a number of experiments, the enzymes in rat liver
involved in the in vitro formation of APNH from norhar-
man and aniline were investigated. The microsomal frac-
tion was clearly active, whereas no APNH formation was

observed with cytosol fraction. Addition of a P450 in-
hibitor (SKF-525A) to the reaction mixture of norharman,
aniline and the microsomal fraction resulted in a decrease
to approximately 40% of the APNH level in the reaction
mixture without the inhibitor. These findings indicated that
P450s mediated the formation of APNH from norharman
and aniline [21]. In addition, APNH was also detected in
presence of the microsomal fraction derived from human
liver. The mechanisms of the reaction are not fully known
yet, but, Guengetich suggested the possibility that the two
amines are brought together in a P450 complex so an ipso
attack on the aniline can occur [22]). On the other hand, it
has been reported that a mixture of norharman and phenyl-
hydroxylamine (PHA) which is a N-hydroxy-derivative of
aniline, in the presence of $9 mix, causes three times higher
mutagenicity than the mixture of norharman and aniline
[3]. Moreover, we confirmed that APNH was formed in the
reaction mixture of norharman and PHA with $9 mix. Thus,
an other possible mechanism of formation of APNH can be
postulated: first, aniline is oxidized to form PHA by P450(s),
which might be converted to a pheny! nitrenium cation by
further enzymatic reactions. A nitrenium carbo-cation at the
C-4 position derived from nitreniumion, might be produced,
and could bind to norharman to form APNH (unpublished
data). It remains to be clarified which P450 enzyme(s) is
(are) involved in the formation of APNH. On the other
hand, it is also possible that other types of enzymes are
involved in the reaction of norharman and aniline.

The in vivo formation of APNH was studied by detection
of APNH in the urine samples using gas chromatography
with nitrogen-phosphorous selective detector, a selective and
sensitive method for the detection of HAs. A mixture of
norharman and aniline was administered by gavage to F344
rats pretreated with phenobarbital and B-naphthoflavone,
then the amount of APNH in 24 h urine was analyzed. In
urine samples from rats administered 45 mg/fkg or 90 mg/kg
each of norharman and aniline, 11.5 £ 8.6 ng was detected
in the 24 h urine and 19.6 £ 16.9 ng in the 24 h urine [21].
In contrast, APNH was not detected in urine samples from
rats exposed to norharman or aniline, alone. Moreover, the
amount of APNH was about 2-3-fold increased in urine sam-
ples treated with 1N hydrochloric acid at 60°C for 5h for
hydrolysis of APNH conjugates. As mentioned above, both,
norharman and aniline are present in our environment, there-
fore, it is likely that APNH is similarly produced in humans.

5. Metabolism of APNH

Since APNH shows higher mutagenic activity in S. ty-
phimurium YG1024-with high acetyltransferase than in
TA98 in the presence of §9 mix, the compound may be me-
tabolized by cytochrome P-450 enzymes with conversion of
an exocyclic amino group to a hydroxyamino group, then
further activated to form the N-acetoxy derivative by the
action of acetyltransferase, as is the case for HAs [13,17].
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Fig. 2. Schematic illustration of the reaction of norharman with aniline in the presence of 59 mix leading to appearance of mutagenicity.

For most HAs, except for Trp-P-1, the principal cytochrome
P-450 isozyme responsible for N-hydroxylation is known
to be CYP1A2 [23]. Using genetically engincered S. ry-
phimurium OY 1002 which contains one of the various
forms of human cytochrome P-450 and NADPH-P-450
reductase, APNH was found to be mainly N-hydroxylated
by CYP1AZ2, also CYP2C9 elicited weak activity, but other
isozymes, including CYP1Al, 1B1, 2D6, 2El and 3A4,
showed no ability to N-hydroxylate APNH [24]. In addition,
APNH yielded identical DNA adducts in S. ryphimurium
YG1024 as those observed with N-OH-APNH and also the
mixture of norharman and aniline [14]. Moreover, it was re-
ported that 3’-AMPNH produces the same DNA adducts in
S. typhimurium Y(G1024 as those observed with the mixture
of norharman and o-toluidine [16). From these observa-
tions, possible mechanisms of the co-mutagenic action of
norharman with aniline are suggested, as follows (Fig. 2):
(i) the coupled mutagenic compound, APNH, is formed
by an enzymatic reaction, presumably with P450(s); (ii)
subsequently, the exocyclic amino group is metabolically
activated by CYP1A2 and the N-hydroxyamino derivative
further metabolized to the N-acetoxy form by the action of

acetyltransferase. The ultimate metabolite produces DNA
adducts which induce mutations in Salmonella strains.
This might also be the case for compounds generated by
norharman or harman with other aromatic amines.

6. In vivo toxicity of APNH in F344 rats

Since humans may be continuously exposed to both
norharman and aniline in their daily life, the possible toxic
and carcinogenic effects of APNH in mammals should be
studied. To assess this question, a short-term experiment
was conducted in F344 rats. Ten-weck-old males were
treated with a single intragastric injection of APNH at doses
of 45 mg/kg or 90 mg/kg body weight and sacrificed 1, 3 or
6 days thereafter. With the highest dose, the food intake was
suppressed and body and testis weights were decreased by
day 6. Histopathological examinations clearly demonstrated
that APNH induced severe testicular damage, such as vac-
uolation of Sertoli cells, appearance of multinucleated giant
cells and loss of round spermatids and spermatogonia in the
seminiferous tubules (Fig. 3) [25). However, Leydig cells

Fig. 3. Histopathotogical appearance of seminiferous tubules in rats 6 days after administration of water (A) or 90 mg/kg of APNH (B) (H&E, original

magnification 20x).
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