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ABSTRACT

The combined effects of low doses of promoters or carcinogens on two-
stage forestomach carcinogenesis were examined in rats pretreated with
.V-motlnl- V-iiiiro-.Y-iiiirosoi'iiaiiidiiu-. Groups of 15 rats were given a
single 150 mg/kg body weight intragastric dose of Af-methyl-iY'-nitroWV-

nitrosoguanidine. Starting 1 week later they were fed a diet containing
low doses of known forestomach promoters/carcinogens (0.5% caffeic
acid, 0.2% catechol, 0.5% butylated hydroxyanisole, or 0.25% 1-tert-
butyl-4-methylphenol), alone or in combination, or basal diet without
antioxidant supplement for 35 weeks.

Histopathological examination revealed the incidences of forestomach
squamous cell carcinomas in animals treated with .Vim-ih> l-.V'-nitro-.V-

nitrosoguanidine followed by caffeic acid, catechol, butylated hydroxy
anisole, 2-fert-butyl-4-methylphenol, and basal diet to be 27, 20, 13, 13,
and 7%, respectively, whereas the incidence increased to 80% by the
combined treatment with these four chemicals. The present results thus
show that although the low doses of individual promoters/carcinogens
did not have significant promoting activity, their combination exerted a
strong enhancing influence on rat forestomach carcinogenesis. The find
ings indicate the importance of summation and synergism at a low dose
for agents present in the human environment.

INTRODUCTION

Recently, particular interest has been paid to synthetic and
naturally occurring antioxidants because of their documented
variety of actions in chemical carcinogenesis (1, 2). For exam
ple, continuous p.o. administration of BHA3 to rats at a dose

of 2% in the diet for 104 weeks resulted in forestomach carci
noma development at an incidence of about 30% (3-5). In
addition, BHA promoted forestomach carcinogenesis in rats
initiated with MNNG (6-8), /V-methylnitrosourea (9, 10), or
yV-dibutylnitrosamine (11), at a much lower dose than that
required for carcinogenicity; namely, 0.6% (7) or 0.5% (6) were
sufficient for effective promotion. TBMP is a structurally sim
ilar phenolic compound to BHA. Although treatment of rats
with TBMP at the 1.0% level for 51 weeks did not induce a
significant incidence of tumors in the forestomach epithelium,
it strongly promoted induction of forestomach carcinomas after
initiation with MNNG (12). Recently 2% caffeic acid in the
diet was demonstrated to induce pronounced hyperplasia in rat
forestomach epithelium in a short period (13) and, in the long
term, squamous cell carcinomas (14). It also promoted fore-
stomach carcinogenesis at a dietary dose of 1% in rats pre-

Receivcd 6/5/90; accepted 11/20/90.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1Supported in part by a Grant-in-Aid for Cancer Research from the Ministry
of Education, Science and Culture; a grant from the Ministry of Health and
Welfare of Japan; and a grant from the Society for Promotion of Pathology of
Nagoya, Japan.

2To whom requests for reprints should be addressed, at the First Department
of Pathology, Nagoya City University Medical School, 1 Kawasumi. Mizuho-
cho, Mizuho-ku, Nagoya 467, Japan.

'The abbreviations used are: BHA, butylated hydroxyanisole; MNNG, N-
methyl-/V"-nitro-jV-nitrosoguanidine; TBMP, 2-ferr-butyl-4-methylphenol.

treated with 7,12-dimethylbenz(a)anthracene (15) or MNNG.4

Catechol, another dihydroxybenzene derivative like caffeic acid,
we also found to strongly enhance MNNG-initiated rat fore-
stomach and glandular stomach carcinogenesis when given at a
dose of 0.8% in the diet (12). In addition, continuous treatment
with catechol alone for 104 weeks induced hyperplasia in the
forestomach and adenocarcinomas in the glandular stomach
(14). Catechol is of particular importance since it is an industrial
environmental contaminant, and it is contained in various
vegetables, fruits, and coffee as well as cigarette smoke (16, 17).
Caffeic acid is similarly found in vegetables, fruits, cereals, and
coffee beans (7). Therefore humans can ingest catechol, caffeic
acid, and other synthetic food additive antioxidants p.o. as low
dose mixtures.

The carcinogenic doses of individual antioxidants are very
high compared to possible human intake levels and therefore it
is not likely that a single antioxidant could play a major role in
humans. However, effective doses for promotion are much less,
and it is conceivable that mixtures of promoters, even at nonef-
fective individual doses, can exert promoting activity in com
bination. In such case, human hazard risk requires rÃ©Ã©valuation.
The present experiment was conducted to ascertain whether a
mixture of low doses of forestomach promoters/carcinogens
can demonstrate a significant enhancing influence on rat fore-
stomach carcinogenesis after MNNG pretreatment.

MATERIALS AND METHODS

Animals. A total of 150 male F344 rats, age 5 weeks, were obtained
from Charles River Japan, Inc., Atsugi, Japan. The animals were
randomly divided into 12 groups of 10-15 animals each and housed 5
to a plastic cage with wood chips for bedding in an air-conditioned
room at a temperature of 24 Â±2Â°C(SD) with a 12-h light- 12-h dark

cycle. They were maintained on Oriental MF basal diet (Oriental Yeast
Co., Tokyo, Japan) and tap water ad libitum.

Chemicals. MNNG (CAS 70-25-7) was purchased from Sigma
Chemical Co., St. Louis, MO. Caffeic acid (CAS 331-39-5, purity,
>98%) was obtained from Tokyo Kasei Kogyo Co., Tokyo, Japan,
butylated hydroxyanisole (CAS 121-00-6, purity, >98%) and catechol
(CAS 120-80-9, purity, >98%) were from Wako Pure Chemical In
dustries, Osaka, Japan, and TBMP (CAS 2409-55-4, purity, >99%)
was from Aldrich Chemical Co., Milwaukee, WI.

Experimental Protocol. At 6 weeks of age 90 animals were given 150
mg/kg body weight of MNNG in dimethyl sulfoxide by stomach tube.
Starting 1 week later, groups of 15 rats were given oriental MF
powdered diet containing 0.5% caffeic acid plus 0.2% catechol plus
0.5% BHA plus 0.25% TBMP (group 1), 0.5% caffeic acid (group 2),
0.2% catechol (group 3), 0.5% BHA (group 4), 0.25% TBMP (group
5), or basal diet alone (group 6) for 35 weeks. Other groups of 10
animals each were treated with 0.5% caffeic acid plus 0.2% catechol
plus 0.5% BHA plus 0.25% TBMP (group 7), 0.5% caffeic acid (group
8), 0.2% catechol (group 9), 0.5% BHA (group 10), 0.25% TBMP
(group 11) or basal diet alone (group 12) for 35 weeks without the
MNNG pretreatment. Diets were newly prepared once a month and
stored in the dark at room temperature. Degradation of the chemicals

* Unpublished observations.
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during storage was negligible. This basal diet contains 6.3 mg vitamin
E and 5.4 mg vitamin C per 100 g diet but does not contain other
antioxidants. Dose levels of individual antioxidants were one-fourth of
the known carcinogenic or potential promoting dose. Body weights and
food consumption levels were measured every 2-4 weeks. All surviving
animals were killed under ether anesthesia at the end of week 36. The
stomach, esophagus, intestines, liver, and kidney tissues were removed,
the livers and kidneys were weighed and fixed in 10% buffered formalin
solution. Esophagus, stomach, and intestines were injected with for
malin solution and later opened via an incision along the greater
curvature. After fixation, six and four sections each were cut from the
anterior and posterior walls of the forestomach and glandular stomach,
respectively. Tissues were processed routinely for histopathological
examination. Animals which survived until the end of the experiment
were included in the effective numbers. Student's t test and Fisher's

exact probably test were used for the statistical evaluation of the data.

RESULTS

The average final body weights of animals given antioxidants
with or without the MNNG pretreatment were significantly
lower than those of rats given basal diet alone, with values for
the mixture group being the lowest. In contrast, the relative
liver weights of animals treated with TBMP or mixture diet
were significantly higher than basal diet values (Table 1). By
histopathological experimentation, lesions developing in the
forestomach were classified into hyperplasia, papilloma, carci
noma in situ, and squamous cell carcinoma. Hyperplasia was
further divided into mild, moderate, severe, and marked grades
depending on the thickness of the mucosa as reported previously
(12, 18). Incidences of tumors are summarized in Table 2. The
incidence of papillomas in group 1 was significantly higher than
in groups 3-5. Although the incidence of carcinoma in situ was
significantly higher in group 3 than in groups 1, 2, 4, and 5 (P
< 0.05), the incidence of squamous cell carcinomas was clearly
higher in group 1 than in groups 2, 3 (P < 0.01), and 4-6 (P <
0.001). Hyperplasia was found in all rats treated with MNNG
and in some rats without pretreatment with MNNG. Among
the latter degree of development was highest in rats treated
with the mixture followed by the caffeic acid, catechol, and
BHA groups (Table 3). Lesions occurring in the glandular
stomach were classified into submucosal hyperplasia, adeno
mas, and adenocarcinomas (Table 4). Submucosal hyperplasia

and adenoma were previously referred to as submucosal growth
and adenomatous hyperplasia, respectively (12). The incidences
of submucosal hyperplasia and adenoma were higher in groups
1 and 7 than in the respective controls but the values were not
significantly different from those for groups 3 and 9, respec
tively. Only one adenocarcinoma was found, in a group 5 rat.
No toxic changes were observed in the liver and kidneys of rats
treated with phenolic antioxidants either individually or in
combination.

DISCUSSION

The present experiment clearly showed that a mixture of 4
antioxidants at low doses, insufficient individually for obvious
effects, significantly enhanced the development of forestomach
squamous cell carcinomas after MNNG initiation. Since, as
shown in Fig. 1, the cumulative incidence of malignant tumors
as well in excess of the value gained by simple addition of the
increments over control for each chemical treated group (actual
value of 80% as opposed to 52%), a degree of synergism was
apparent between the various antioxidants. The low incidence
of carcinoma in situ in the mixture group could be interpreted
as indicating their accelerated development into squamous cell
carcinomas. It is of interest that the increased incidence of
squamous cell carcinomas in rats treated with antioxidants in
combination after MNNG exposure was well correlated with
increased incidence of hyperplasias in rats treated with antiox
idants in combination without pretreatment with MNNG.
Therefore, it seems that strong cell proliferation in the combi
nation group is a major factor for the apparent synergistic
effect. In support of this, treatment with BHA dose dependently
increased the incidence of forestomach hyperplasia (4) and
promoted rat forestomach carcinogenesis dose dependently (7).

Although DNA synthesis in the target organs of rats treated
with these antioxidants increased, levels of DNA adducts, 8-
hydroxydeoxyguanosine, and lipid peroxidation which indi
cated genotoxicity or participance of active oxygen species did
not increase in their targets (19). Thus, by what mechanism(s)
these antioxidants induced cell proliferation is not clear.

No equivalent synergism was observed regarding glandular
stomach lesions in rats given the antioxidant mixture, presum
ably because caffeic acid, BHA, and TBMP do not target the

Table 1 Final body and relative organ weights

TreatmentGroup

MNNG Testchemical1

+Mixture2
+ Caffeicacid3
+Catechol4
+BHA5
+TBMP6
+ Basaldietâ€”

Mixture8
Caffeicacid9

-Catechol10
-BHA11

TBMP12
- Basal dietNo.

of
rats15ISIS161615101010101010Final

body319

Â±20Â°-*373

Â±21363
Â±17'351
Â±IS*336
Â±15'391

Â±30332
Â±17Â«376
Â±16*380
Â±15*364
Â±20*355
Â±10*405
+ 10Relative

organLiver3.2

Â±0.2'2.3

Â±0.22.4
Â±0.22.2

Â±0.12.7
Â±0.9d2.4

Â±0.23.3
Â±0.1Â«2.1
Â±0.1*2.4

+0.12.2
Â±0.112.7Â±0.1;2.5

Â±0.2wt

(%)Kidneys0.68

+0.04'0.58
+0.02''0.55
+0.04/0.57
Â±0.03*0.62
Â±0.03Â¿0.52

Â±0.020.67
Â±0.03'0.55
+0.020.55
Â±0.030.58
Â±0.040.60
Â±0.02*0.55

Â±0.03
* Mean Â±SD.
* P < 0.001 versus groups 2-4, P < 0.05 versus group 5.
' P < 0.001 versus groups 2-6.
d P < 0.001 versus group 6.
'P< 0.01 versus group 6.
fP < 0.05 versus group 6.
*/>< 0.001 versus groups 8-12.
* P < 0.001 versus group 12.
'P < 0.01 versus group 12.
JP< 0.05 versus group 12.
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Table 2 Tumors of the foreslomach epithelium in rats given phenolic
antioxidants with or without MNNG pretreatment

(*)
100

Group123456789101112TreatmentTestMNNGChemical+

Mixture+
Caffeicacid+

Catechol+
BHA+
TBMP+

Basaldietâ€”
Mixtureâ€”

Caffeicacid-
CatecholBHATBMP-

Basal dietNo.

ofrats151515161615101010101010No.

of rats with(%)Papilloma14

(93)Â°11(73)8(53)8(50)4(25)10(67)2(20)00000Carcinoma
insitu2(13)2(13)9

(60)'3(19)2(13)4(27)000000Squamous

cell
carcinoma12(80)*4(27)3(20)2(13)2(13)1(7)000000

" P < 0.05 versus groups 3 and 4, P < 0.001 versus group 5.
* P < 0.01 versus groups 2 and 3. P < 0.001 versus groups 4-6.
' P < 0.05 versus groups 1.2,4, and 5.

Table 3 Hyperplasia of the forestomach epithelium in rats given phenolic
antioxidants without MNNG pretreatment

No. of
No. of rats with hyperplasia (%)

Group7

8
9

10
11
12chemicalsMixture

Caffeic acid
Catechol
BHA
TBMP
Basal dietrats10

10
10
10
10
10Mild10(100)Â°

10(10))
10(100)
9(90)
4(40)
7(70)Moderate10(100)*''

9 (90)'

4(40)
3(30)
0
0SeverelOUOU)"

0
0
0
0
0Marked1(10)

0
0
0
0
0

" P < 0.01 versus group 11.
* P < 0.01 versus groups 9 and 10.
' P < 0.001 versus groups 11 and 12.
d P < 0.001 versus groups 8-12.
'P< 0.001 versus group 12.

Table 4 Lesions of the glandular stomach epithelium in rats given phenolic
antioxidants with or without MNNG pretreatment

Group1234567899101112TreatmentTestMNNGchemical+

Mixture+
Caffeicacid+

CatecholBHA+

TBMPâ€¢
Basaldietâ€”

Mixtureâ€”
Caffeicacid-

CatecholCatecholBHATBMP-

Basal dietNo.ofrats15IS1516161510101010101010No.Submu-cosal

hy
perplasia5
(30)"04

(26)'0002(20)005

(50)'000of

rats with(%)Adenoma7

(47)Â»04

(26)'0007

(70)"006

(60)'000Adenocar-cinoma00001(6)00000000

" P < 0.05 versus groups 2, 4, and 5.
*P < 0.01 versus groups 2, 4, 5, and 6.
' P < 0.05 versus group 6.
dP< 0.01 versus groups 8, 10, 11 and 12.
' P < 0.05 versus group 12.

glandular stomach epithelium (12). The synergistic action of
agents during the promotion stage has been reported for several
organs (20-22). For example, combined administration of the
hepatocarcinogens 2-acetylaminofluorene, 3'-methyl-4-dimeth-

ylaminoazobenzene, and carbazole at low doses induced 17.4
mm2/cm2 of glutathione S-transferase P-form positive foci;
however, individual treatment induced only 1.1-3.8 mnr/cm2

foci in a rat medium term bioassay system for the detection of
hepatocarcinogens or promoters (20). Similarly, combined
treatment of the urinary bladder promoters sodium ascorbate,
BHA, and allopurinol in rats pretreated with yV-butyl-/V-(4-
hydroxybutyl)nitrosamine induced 97% urinary bladder carci-

0)
o
C
0)â€¢o

o
C

MixtureCaffeicCatechol
acid

Basal
diet

TestChemical
Fig. 1. Synergism in the promotion of MNNG-initialed forestomach carcino-

genesis in rats. Comparison of squamous cell carcinoma. Incidences over control
level, m, caffeic acid; D, catechol; D, BHA; Â®,TBMP; D, synergistic increment.

noma (1.3 per 10 cm basement membrane), while individual
treatment with these chemicals induced 42% (0.2), 28% (0.3),
and 12% (0.1 per 10 cm basement membrane) carcinoma,
respectively (21). In addition mixtures of carcinogens have been
shown to induce cancers at individual doses which are not or
are only weakly carcinogenic (23-26). Such interaction would
be of obvious importance in the human situation where expo
sure to various carcinogens or promoters present in our envi
ronment at low doses would be expected (27). While the present
results may not directly indicate human hazard given that
humans do not have a forestomach and the dose levels were
still higher than those to which humans are exposed, they
nevertheless have clear general significance. Recently several
phenolic antioxidants such as catechol, />-methylcatechol, and
p-terf-butylcatechol have all been shown to promote rat glan
dular stomach carcinogenesis initiated with MNNG (12, 28),
in addition to themselves inducing gastric tumors (12, 14, 28).
Treatment with 2% 3-methoxycatechol for 24 weeks similarly
caused glandular stomach tumors in 70% of animals without
MNNG initiation (29). These phenolic compounds are ubiqui
tously present in our environment as contaminants in cigarette
smoke as well as constituents of vegetables and fruits and
similarly they might be expected to exert synergism in glandular
stomach carcinogenesis. Takayama et al. (24) showed that p.o.
administration of 40 carcinogens in combination at 1/50 of the
50% tumor dose value for 2 years induced liver and thyroid
tumors. Therefore even if the dose is very low, treatment with
carcinogens or promoters in combination is of great potential
significance to human carcinogenesis. The question of how
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different classes of antioxidants interact in both initiation and
promotion stages obviously warrants further research.

Catechol did not promote the MNNG-initiated gastric lesion
development at a dose of 0.2%, despite inducing adenoma in
60% of animals when given alone. This is unexpected but
presumably this was only a reflection of the short experimental
period. In our previous experiments we applied 0.8% for pro
motion or carcinogenicity studies (12, 14, 30), but it would
appear that a 0.2% dose level is effective, at least for enhance
ment of MNNG-initiated lesion development. Although BHA
did not exert significant effects at the 0.5% dose level, this is
presumably only a question of experimental duration since
Williams et al. (7) and Shirai et al. (6) demonstrated that 0.6%
and 0.5% BHA, respectively, could promote forestomach car-
cinogenesis initiated with MNNG in experiments over 1 year.
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