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Combination Effects of Forty Carcinogens Administered at Low Doses to Male Rats
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An investigation was conducted to determine whether a mixture of low doses of forty carcinogens that
target different organs, including the liver, intestine, thyroid, urinary bladder, and skin, is effective for
tumor induction in F344/DuCrj rats. The dose of each carcinogen in the diet was 1/50 of the TD,
value, treatment being continued for 102 weeks. Significant numbers of neoplastic nodules of the liver
and fellicular cell tumors of the thyroid developed in the animals exposed to the carcinogen mixture,
although the question of whether the observed carcimogenic effects were synergistic or additive counld
not be answered. The results serve to evaluate carcinogenic risk in the search for causes of human

cancer.
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Our environment contains a great variety of carcino-
genic factors, including naturally occurring or synthetic
chemical carcinogens, radiation and viruses, and it has
been speculated that they play a role in the etiology of
human cancers. Epidemiological studies, for example,
have contributed to our understanding of the importance
of chemicals in occupational cancer, although clear cases
of association are limited. In general populations, there
have also been indications that environmental chemicals
including aflatoxin B,, N-nitroso compounds and metals
can cause tumor development in man. However, in spite
of the numerous carcinogenic agents detected in the
environment, there is an unfortunate lack of convincing
evidence for specific associations with cancer in particu-
lar organs.

Since man is simultaneously exposed to a great variety
of environmental carcinogens at only very low individual
doses for the lifetime, there is a possibility that the agents
may act in combination to induce cancers. In fact, there
is an abundance of experimental data showing that differ-
ent compounds can exert synergistic or additive activity
in a wide spectrum of target organs."™ Therefore, exam-
ination of low dose combination effects of carcinogens is
an important area for research aimed at evaluation of
human cancer risk factors.

The present two-year experimental rat study was there-
fore performed to assess whether combined administra-
tion of 40 environmental carcinogens at the doses of
corresponding to 1/50 of the TD,, values for each com-
pound exerts synergistic or additive effects. Treatment
via the diet was selected because oral ingestion is the
most probable route of general human exposure.

MATERIALS AND METHODS

Chemicals Forty chemicals, which were reported to be
carcinogenic to F344 rats in long-term oral carcinoge-
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nicity studies, were selected for the investigation.®'

Chemical names, TD;, and 1/50 TDs, values,'® calcu-
lated dietary levels and target sites are summarized in
Table 1. Included as target sites were the liver, thyroid,
urinary bladder, skin, Zymbal’s gland, small intestine,
large intestine, hematopoietic organs, etc. Twenty out of
the 40 carcinogens chosen exhibited two or more target
sites. They were purchased from the following suppliers
{carcinogens nos. 2, 3, 6, 12, 15 and 19, Aldrich Chemical
Co., USA; no. 23, CIBA Pharmaceutical Co., Switzer-
land; no. 32, Wako Pure Chemical Industries, Lid,,
Osaka; nos. 33, 34 and 37, Nard Institute, Osaka; nos. 35
and 36, Katsura Chemical Co., Tokyo; no. 38, Saber
Laboratories, Inc., USA; no. 39, Sigma Chemical Co.,
USA; and the remainder, Tokyo Kasei Co., Tokyo).
Purities of most of the chemicals were more than 999%,.
Animals and maintenance Sixty male F344/DuCrj
rats were obtained from Charles River Japan, Inc.,
Kanagawa. The animals were about 6 weeks old at the
commencement and were housed five to a wire cage. The
room temperature was maintained at 22+2°C and the
relative humidity at 60+ 109 with a 12-h light/dark
cycle.

Experimental procedure Thirty male rats were given
diet (CE-2, CLEA, Tokyo)} containing the mixture of
40 chemical carcinogens for 102 weeks, the remaining
animals serving as controls maintained on basal diet. The
1/50 TDs, dose value for each chemical used in the in-
vestigation was calculated from the results of previously
reported carcinogenicity experiments.*’> The animals
were observed daily for abnormalities; rats found dead or
becoming moribund were autopsied. Individual body
weights and food intake were recorded monthly.

Gross observation was performed at autopsy, and all
major organs or tissues of each of the rats were fixed in
10% buffered formalin. Preserved tissues to be examined
microscopically were embedded in paraffin, sectioned,
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Table I. Data for the Forty Carcinogens Used in the Experiment
Carcinogens TDs, value 1/50 of the Dietary
reported TDy, value concentration Target sites
No. Chemical name (mg/kg/day)  (mg/kg/day)  applied (ppm)
1 Acctamide 100 2.0 50 liver
2 3-Amino-9-ethylcarbazole HC1 28 0.56 14 liver, skin, Zymbal gland
3 4-Amino-2-nitrophenol 310 6.2 168 urinary bladder
4 2-Amino-5-nitrothiazole 28 0.56 14 hematopoietic organs,
multiple organs
5 2-Amincanthraguinone 100 2.0 50 liver
6 Aniline HCl1 88 1.8 44 spleen, multiple organs
7 Anisidine HCI 32 0.64 16 kidney and pelvis,
N thyroid, urinary bladder
8 Azobenzene 19 0.38 9.5 spleen, liver,
multiple organs
9 p-Benzoquinone dioxime 300 6.0 150 urinary bladder
10 4-Chloro-o-phenylenediamine 200 4.0 100 forestomach,
urinary bladder
11 p-Chloroaniline 72 1.4 36 spleen
12 Clofibrate 170 34 85 liver
13 p-Cresidine 76 1.5 38 urinary bladder, liver,
nasal cavity
14 Cupferron 53 0.11 2.7 forestomach,
hematopoietic organs,
tiver
15 Dapsone 22 0.44 11 spleen
16 24-Diaminoanisole sulfate 73 1.5 37 thyroid, Zymbal gland, pre-
putial gland, skin
17 4,4"-Diaminodiphenyl ether 16 0.32 8.0 thyroid, liver
18 2,4-Diaminoctoluene 2.5 0.05 1.3 subcutanecus tissue
19 N, N -Diethylthiourea 20 0.48 12 thyroid
20 2,4-Dinitrotoluene 9.4 0.19 4.7 liver, skin,
subcutaneous tissue
21 Hydrazobenzene 3.6 0.072 1.8 liver, Zymbal gland
22 Michler’s ketone 6.7 0.13 34 liver
23 Nafenopin 11 0.22 5.5 liver
24 Nitrilotriacetic acid trisodinm salt I 510 10 260 kidney, urinary bladder,
urether
25  5-Nitro-c-anisidine 28 0.56 14 skin, Zymbal gland
26 5-Nitroacenaphthene 6.5 0.13 33 Zymbal gland, lung
27 N-Nitrosodiphenylamine 300 6.0 150 urinary bladder
28 Reserpine 0.31 0.0062 0.16 adrenal
29 4,4'-Thiodianiline 5.5 0.11 2.8 thyroid, colon, liver
30 o-Toluidine HCI 23 0.46 12 multipie organs, spleen,
subcutaneous tissue
31 2,4,6-Trichlorophenol 410 8.2 210 hematopoietic organs
32 Tris(2,3-dibromopropylyphosphate 1.6 0.032 0.80 kidney
33 3-Amino-1,4-dimethyl-5 H-pyrido[4,3-b]- 0.11 0.0022 0.055 liver
indole
34 3-Amino-1l-methyl-5 H-pyrido[4,3-b]indole 14 0.28 7.0 liver
35 2-Amino-6-methyldipyrido[1,2-a:3",2"-d]- 1.2 0.024 0.60 liver,
imidazole small and large intestines,
Zymbal gland
36 2-Aminodipyrido[1,2-a:3',2"-d]imidazole 5.7 0.11 2.9 liver,
small and large intestines,
Zymbal gland
37 2-Amine-3-methylimidazo[4,5-f]quinocline 0.33 0.0066 0.17 Zymbal gland, colon,
small intestine, liver,
skin
38 N-[4-(5-nitro-2-furyl)-2-thiazolyl] formamide 1.7 0.034 0.85 urinary bladder
39 2-Acetylaminofluorene 0.023 0.00046 0.011 liver
40 3’-Methyl-4-dimethylaminoazobenzene 0.097 0.0019 0.049 liver
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and stained with hematoxylin and eosin. A full
histopathological examination was performed on all rats
sacrificed at the termination of the experiment, and also
on these that died or were killed on becoming moribund.
Statistical analysis Data on cumulative mortality and
tumor incidence were analyzed by the two-sided Fisher’s
exact probability test, and Student’s r-test for statistical
analysis of the differences in average survival times and
average times of detection of tumeors.

RESULTS

No remarkable clinical signs or mortality were evident
in the carcinogen-treated rats as compared to the con-
trols. Slight retardation of body weight increase was
apparent in the rats treated with the carcinogen mixture
from around 6 months until the end of the experiment.
No marked difference in food consumption was noted
beiween control and carcinogen-treated rats.

Table II. Preneoplastic and Neoplastic Lesions Developing in
Organs, Targeted by Two or More Carcinogens, of F344 Rats
Receiving the Mixture of 40 Carcinogens in the Diet

Site and type of lesion Control ‘.10 car
cinogens
Effective no. of rats : 30 29
Spleen
Histiocytoma 0 1 (3)
Hemangioendothelioma 0 1 (3)
Thyroid
Follicular cell tumor 0 5 (D*
Follicular cell adenoma 0 2.
Follicular cell carcinoma 0 3(10)
C-cell tumor 5(17) 5017
C-cell adenoma 4 (13) 5(17)
C-cell carcinoma 1 (3 0
Small intestine
Leiomyosarcoma _ 1 (3) 0
Liver
Focus of cellular alteration 11 (37) 7 (24)
Neoplastic nodule 310 17 (5N
Hepatocellular carcinoma 0 1 (3)
Kidney
Transitional cell carcinoma 0 1 (3
Urinary bladder
Transitional cell papilloma 1 (3 I (3)
Abdominal cavity
Mesothelioma 1 (3 1 (3)
Whole body
Malignant lymphoma/leukemia 2 (7) 0]

*, %% Significantly different from control values at P<0.05
and 0.01, respectively.
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Incidences of preneoplastic and neoplastic lesions
which developed in organs treated with the forty carcin-
ogens are summarized in Table II. Histopathological
examination of the liver revealed a markedly increased
incidence of neoplastic nodules'” in carcinogen-treated
rats. However, no difference in the incidences of foci of
cellular alteration was found between the control and
treated groups. One hepatocellular carcinoma was ob-
served in a rat receiving the mixture of 40 carcinogens.

Two follicular cell adenomas and three follicular cell
carcinomas of the thyroid were found in the treated
group, no such lesions being obseved in the controls; the
incidence (follicular cell adenomas plus follicular cell
carcinomas) is statistically significant. No difference in
development of C-cell tumors was apparent.

In the other target organs, treatment-related changes
in the tumor incidence were not observed. Only one
urinary bladder transitional cell tumor was found in the
treated group in spite of exposure to 8 urinary bladder
carcinogens, and a papilloma also developed spontane-
ously in the controls.

No treatment-related tumor development or modifica-
tion of the incidences of spontaneous tumors was appar-
ent. However, enhanced severity of chronic nephrop-
athy® with renal tubular calcification was apparent in
rats of the treated group. The other non-neoplastic
lesions observed were equivalent to those considered
normal in aged F344 rats.

DISCUSSION

The results of the present experiment demonstrated
that combined administration of 40 carcinogens at very
low doses for 2 years induced neoplastic nodules of the
liver and follicular cell tumors of the thyroid in male
F344 rats. Although the carcinogenic potential of each
individual liver and thyroid carcinogen alone at doses of
1/50 TDs, was not examined in the present investigation,
very little or no tumorigenic response in these target
organs would be expected. Therefore, combination
effects, either additive or synergistic, for the liver and
thyroid carcinogens employed were suggested to have
occurred.

In general, synergism of carcinogenic response has
been defined as occurring when the effect of two or more
substances acting together exceeds the sum of their
effects when acting separately.” There are many experi-
mental data****» demonstrating that various carcino-
gens can act synergistieally on their target organs, How-
ever, these studies were performed at relatively high
doses, with tumors also being induced by the single
chemicals. In liver carcinogenesis, for example, it was
demonstrated that combination treatment with N-nitroso
compounds exhibits a synergistic effect in rats.”” Re-



cently, a large-scale carcinogen mixture experiment
reported a similar enhancement of response to liver car-
cinogens in pairwise combinations.>* We also detected
combined effects of 5 heterocyclic amines, which are
known to be present in cooked food, in liver carcino-
genesis of rats.*” In addition, a simple additive infiuence,
equal to the sum of the effects of two or more carcino-
gens, has been observed.>'” The results of the present
study therefore reflect either an additive or a synergistic
influence of the hepatocarcinogens employed, although
studies on the carcinogenic potential of each of the
agents applied at 1/50 TDj, are required for firm conclu-
sions regarding this question to be drawn.

There is no report concerning organotropic combina-
tion effects of thyroid carcinogens at low doses. The fact
that several thyroid carcinogens at dose levels of 1/50
TD,;, exerted combination effects for thyroid carcino-
genesis in the present study is therefore of interest.

Combination effects of environmental carcinogens for
the urinary bladder, kidney, skin, small and large intes-
tines were not obtained in the present study. This might
indicate that the combined levels of carcinogens active in
these organs were below the threshold for tumor indue-
tion within two years, since a no-effect level is thought to
exist for carcinogens in combination.”® A study on the
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presence of the added carcinogens in the diet one year
after preparation is in progress. However, the situation is
complicated by the possibility of antagonistic interaction
between the mixture of carcinogens given in the diet.
Further large-scale studies are therefore required to elu-
cidate the mechanisms involved in combined carcino-
genicity in different target organs.

In conclusion, the problem of combination effects of
carcinogens at low doses is very complex. Nevertheless,
this research area is obviously of great importance for
evaluation of carcinogenic risk factors for man. The fact
that we cannot escape ingestion of many environmental
carcinogens at very low levels, such as in cooked foods,””
dictates that further assessment of this question be made.
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al reported “Toxicity and mutagenicity of mixture of 25 chemicals found in contaminated fround
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