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This report summarizes data on the testing of 228 chemicals for 
carcinogenic activity by the strain A mouse lung adenoma 
bioassay. The assay is  of six months duration and can disting- 
uish two-fold dose differences in carcinogenic potential of 
compounds from a variety of chemical classes. Most com- 
pounds that induced lung tumors in strain A mice have also 
evoked a neoplastic response in other experimental animal 
bioassa ys andlor demonstrated mutagenic activity in various 
short-term tests. Recommendations are made for future studies 
on the: (a) distribution and metabolism of chemicals in strain A 
mouse lung tissue and in specific lung cell types, (b) ability of 
the lung adenoma bioassay to detect promoting agents, and (c) 
use of the bioassay to investigate the interactions of more than 
one chemical. 

INTRODUCTION 

Background 

Strain A mice develop a high incidence of primary lung tumors during 
their lifetime. These tumors, commonly referred to as adenomas, are among the 
more common neoplasms of mice. The first description of the lung adenoma is  
usually attributed to Livingood (1  896). Slye et a/. (1  91 4) reported on the fre- 
quency of spontaneous lung adenomas in their colony, and found that 160 
mice of 1600 developed at least one tumor per lung during their lifetime. The 
first description of the induction of lung adenomas by carcinogenic agents was 
that of Murphy and Sturm (1925). They found an increased incidence of lung 
tumors in mice following the cutaneous painting of coal tar. 

Shimkin (1940), and Andervont and Shimkin (1941) first applied lung 
adenomas in strain A mice to quantitative bioassays of chemicals for carcino- 
genic activity. They reported that the intravenous administration of 3-methyl- 
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cholanthrene and other polycyclic hydrocarbons to strain A mice led to a 
significant increase in the frequency of lung adenomas, and the increased 
tumor response was directly related to the dose of carcinogen. Since these 
reports, several classes of carcinogens including nitrogen mustards (Shimkin et 
a/., 1966), aziridines (Shimkin et a/., 1969), carbamates (Shimkin et a/., 1969), 
silylating agents (Stoner et a/., 1975b), food additives (Stoner et a/., 19731, 
chemotherapeutic drugs (Stoner et a/., 19731, organohalides (Poirier et a/., 
1975; Theiss et a/.,1977, 1979), metals (Stoner et a/., 1976; Shimkin et a/., 
1978), aflatoxin B1 (Wieder eta/., 1968), aminofluorenes (Shimkin and Stoner, 
1975), etc., have been examined for carcinogenic activity by the strain A 
mouse-lung-tumor-induction technique. 

Of the various inbred mouse strains, strain A mice develop the highest 
incidence of “spontaneous” lung tumors during their lifetime (Staats, 1972; 
Shimkin and Stoner, 1975). Strain SWR (the inbred “Swiss”) i s  next in suscepti- 
bility, Strains BALB/c, CR and DD are of intermediatesusceptibility. Among the 
relatively resistant strains are CBA and C3H, and the most resistant strains are 
DBA and C57BL. Therefore, a wide spectrum in the occurrence of “spontane- 
ous” lung tumors extends from strain A mice, in which lung nodules begin to 
appear in a few animals as young as three to four months and rise steadily to 
almost 100% by 24 months, to C57BL mice, in which lung tumors are seen 
rarely in old animals. In the more susceptible strains, two or more nodules per 
animal are encountered in older mice, whereas only single nodules are seen in 
the more resistant strains. 

The susceptibility of the various mouse strains to the induction of lung 
adenomas with chemical carcinogens is in direct relation to the spontaneous 
occurrence of the tumors in these strains (Diwan and Meier, 1974; Matsuyama 
and Suzuki, 1968; Rudali et a/., 1962; Severi, 1965). Therefore, strain A mice 
are the most susceptible to a wide variety of carcinogens, in terms of both the 
earlier appearance and greater multiplicity of tumors. Strain C5,BL are among 
the most resistant to all chemical classes of carcinogens. 

The major determinant for the appearance of lung tumors in strain A mice 
is the age of the animal. Older animals have a higher frequency of spontaneous 
lung tumors than do young animals (Table 1). With respect to induced tumors, 
exposure of the fetal or newborn lung to carcinogenic chemicals results in an 
earlier appearance and greater multiplicity of tumors than the exposure of adult 
lung (Brown, 1964; Bulay and Wattenberg, 1971; Nomura and Okamoto, 
1972; DeBenedictis and Mariorano, 1962; Flaks, 1965; OGara et a/., 1965; 
Roe et a/., 1961 ; Stich, 1960; Walters, 1966). The development of lung tumors 
is not related to the sex of the animal although the males of strain A usually have 
a slightly higher incidence of both spontaneous tumors and induced tumors 
than females. 

Morphology of lung Tumors 

Pulmonary adenomas are of a uniform gross and microscopic appearance 
(Figs. 1, 2). In the gross, or after fixation, the tumors are pearly-white, discreet 
round nodules, often situated just below the visceral pleura. The tumors are 
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TABLE 1. Pulmonary Tumors in Untreated Strain A Mice as a Function of Age 

TumorsIMouse 
Age Mice (Number) Tumors (% of Mice) (Mean No.) 

(Months) Male Female Male Female Male Female 

2 10 10 0 0 0 0 
3 10 10 0 0 0 0 

5 20 20 0 0 0 0 
4 20 21 0 4.8 0 0.05 

6 20 2 0  0 5 0 0.05 
7 2 0  20 5 5 0.05 0.05 
8 34 41 12 7 0.12 0.07 
9 44 34 18 21 0.23 0.29 

10 39 1 2 8  44 23 0.51 0.25 

1 1  55 51 40 37 0.49 0.4 1 
12 70 76 39 36 0.50 0.61 

13 51 53 57 40 0.80 0.47 

14 76 56 43 45 0.57 0.57 

15 49 31 59 53 0.96 0.84 

16 43 67 1.1 

17 32 1 8  63 61 1 .1  0.89 
18 49 37 73 65 1.2 1.6 

19 47 18 81 67 1.6 1.1 

20 23 20 78 75 1.5 1.8 

found throughout the lungs; i.e., there is no predilection for side or lobe. With 
practice, the tumors can be correctly identified with the naked eye or under a 
dissecting microscope when they are a millimeter or less in diameter. 

Histologically, the tumor is devoid of a connective tissue capsule and 
infiltrates and compresses the surrounding pulmonary tissue (Fig. 2). The tumor 
is usually of a uniform adenomatous pattern consisting of closely packed 
columns of cuboidal or columnar cells. The cells are relatively uniform in size 
and shape with a homogenous, acidophilic, cytoplasm and round, hyper- 
chromatic, nuclei of moderate size. Mitotic figures are rarely seen and cilia are 
not encountered. The tumors contain few blood vessels and the stroma i s  
sparse. The margins of the tumor are usually devoid of inflammatory reaction, 
lymphocytic infiltration or increase in fibrous elements. More than 95% of all 
adenomas in mice have this morphological appearance. Adenomas in non- 
inbred mice have the same morphology as those in mice of various homozyg- 
ous strains. In addition, the appearance of these tumors is the same whether 
they are spontaneous or induced by carcinogenic agents. C-type virus particles 
have been observed in mouse lung adenomas (Bucciarelli and Ribacchi, 
1972), and in cultured adenoma cells (Stoner et a/., 1975a). The role, if any, 
that these viruses play in the etiology of the tumor is unknown. 
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FIGURE 1. Induced multiple lung tumors in a strain A male mouse 20weeks after intraperitoneal injection of 
1 mg of 3-methylcholanthrene. X 3.5. 
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Although lung adenomas are generally considered to be benign, the 
majority of them eventually progress to form adenocarcinomas with the inva- 
sion of surrounding lung tissue (Kimura, 1971). The progression frequently 
takes at least 12 to 18 months following the administration of a carcinogen or it 
may also occur in the instance of spontaneous tumors. The histologic features 
of the adenocarcinomas include structural and cellular anaplasia, an increased 
number of mitotic figures, and invasion of surrounding tissue. Hemorrhage, 
necrosis and fibrosis are encountered in the less differentiated tumors. Areas of 
histologic malignancy may be found in only a portion of tumor that otherwise 
would be designated as an adenoma. Admixtures of sarcomatous-appearing 
elements also are seen. 

Metastases are a feature of larger, older tumors. Wells et a/. (1941) 
reported that among 2,865 mice with spontaneous lung tumors, 104, or 3.6% 
had distant metastases. Seventeen to 19 months after receiving urethan, 
BALBfc mice had multiple lung tumors, of which 45% were classified as 
carcinomas and one-third of these had metastases (Ribacchi et a/., 1963). The 
most frequent sites of metastases include the mediastinal lymph nodes, chest 
wall, heart, kidney and liver. 

Adenoma Cells In Vitro 

Epithelial cells from urethan-induced mouse lung adenomas have been 
cultured in vitro (Stoner et a/., 1975a). On electron microscopy, these cells 
contained intracytoplasmic lamellar inclusion bodies typical in appearance to 
lamellar bodies in normal type 2 alveolar cells. In addition, they produced 
abundant C-type RNA viruses into the medium. The phospholipid composition 
of cultured adenoma cells was similar to that of in vivo adenomas; both were 
deficient in their contents of phosphatidylglycerol and disaturated phosphatid- 
ylcholine relative to normal lung (Stoner et a/., 1978). The cultured cells were 
initiated from relatively small tumors in the early stage of in vivo development. 
Interestingly, although aneuploid, these cells did not grow in agar or produce 
tumors when transplanted into mice until they were subcultured more than 50 
times in v i m .  Therefore, the stage of progression from benign to malignant in 
adenomas in vivo also occurred with cultured adenoma cells. 

MATERIALS AND METHODS 

As indicated above, the strain A mouse lung tumor bioassay has been 
applied to several classes of chemical carcinogens. Indeed, the lung tumor 
reaction was the first evidence of the carcinogenic properties of urethan, 
isonicotinic hydrazide and cinnamyl anthranilate (Stoner et a/., 1973). Based 
upon prior experience, a suggested protocol for the bioassay is as follows: 

Animals 

Male and female A strain mice, 6 to 8 weeks old and weighing an average 
of 18 to 20 grams are randomly distributed among experimental and control 
groups. It i s  important to use healthy animals previously shown by routine 
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histopathology and serology to be free of pneumonia or other diseases. The 
animals are housed in groups of five in plastic boxes. Commercial grade 
sawdust chips are used for bedding; food and water are available ad libidurn. 
Hygienic conditions are maintained by twice-weekly changes of the animal 
cages, and water bottles and cages are sterilized routinely. All chemicals are 
stored and prepared for injection in a separate room at a distance from the 
animal quarters. 

Chemicals 

All chemicals are stored at either 4°C or -20°C (depending upon their 
stability) in the dark. The chemicals are tested for solubility in deionized 
doubly-distilled water or in tricaprylin (glycerol trioctanoate). Since some 
commercial lots of tricaprylin contain aldehydes it is recommended that the 
tricaprylin be redistilled. Compounds insoluble in water are injected in 
tricaprylin. The positive carcinogen, urethan, is stored at -20°C in the dark. 

All chemicals are weighed out in a chemical fume hood under yellow 
fluorescent lights. Amber colored bottles stopped with silicon stoppers are 
used to protect the chemicals from fluorescent light during the injections. 

Preliminary Toxicology 

For each chemical under test, a maximum tolerated dose (MTD) is de- 
termined. Serial 2-fold dilutions of the chemical are injected intraperitoneally 
(ip) into groups of five mice. The MTD for each chemical is  the maximum single 
dose that all five mice tolerate (survive) for a period of two weeks after receiving 
six ip injections over a 2-week period. For evidence of delayed toxicity, 
animals receiving six doses of the MTD are held for 1-2 months before 
ex per i mental groups are initiated . 

Bioassays 

Using the preliminary toxicology as a guide, experimental groups are 
started for each chemical. Three dose levels are used; the MTD; and 1 :2 and 
1 :5 dilutions of the MTD. There are 30 mice per dose level; 15 males and 15 
females. The animals are weighed every two weeks during the injections and at 
monthly intervals thereafter. 

Each chemical i s  injected ip 3 times weekly for a total of 24 injections. 
Fewer injections of the more toxic compounds are administered when in the 
course of the injection period it becomes apparent that the animals will not 
tolerate the full 24 injection regimen. With known carcinogens such as 3- 
methylcholanthrene, a single injection of 1-2 mg is  sufficient to elicit a signific- 
ant increase in lung adenomas. 

Two series of baseline controls are maintained during the experimental 
period. One consists of untreated mice killed along with the treated animals to 
determine the incidence of spontaneous pulmonary tumors. The other controls 
receive injections of either water or tricaprylin (vehicle controls). 

Positive control groups consist of animals treated with 2 dose levels of 
urethan (1 0 or 20 mg per mouse) to determine whether the tumor response is 
comparable to that observed in previous studies with strain A mice. 
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The experiments are terminated 16 weeks after the last injection (24-week 
bioassay). Treated and control animals are killed by cervical dislocation and 
their lungs removed and fixed in Tellyesniczky’s fluid; the tumors appear as 
pearly white nodules that can easily be observed on the lung surface. Twenty- 
four hours after fixation, the tumors on the lung surface are counted and a few 
taken for histopathological examination to confirm the histological appear- 
ance of adenoma. The lungs are also examined grossly and microscopically for 
the presence of other abnormalities such as inflammatory reactions and 
adenom atos i s. 

Other organs examined at autopsy for the presence of abnormalities are 
the kidney, liver, spleen, thymus, salivary and endocrine glands, and the 
intestine. Grossly abnormal tissues are excised and examined histologically for 
neoplasms or other reactions. 

Data Evaluation 

The frequency of lung tumors in the chemically-treated groups is com- 
pared with that in the vehicle controls by standard Student’s t-test. Usually the 
vehicle control data are not appreciably different for the 2 sexes; therefore, the 
control data for males and females can be combined and compared to mean 
tumor values obtained from the treated groups. 

The carcinogenic potency of chemicals tested in the lung tumor assay can 
be compared by determining the dose of each chemical required to produce a 
minimum carcinogenic response (usually a mean number of 0.8-1 adenoma 
per mouse when compared to controls). This can be done by plotting the mean 
number of lung tumors versus the log of the molar dose of the chemical. Since a 
linear dose-response is  obtained in the assay, the “carcinogenic index” for 
each chemical will be the dose at which the response line transects the 0.8-1 
tumor per mouse level (Zweifel, 1966). 

RESULTS 

Lung Tumors in Controls 

Table 2 gives representative data on the incidence of lung tumors in mice 
that either received 24 thrice-weekly injections of the 2 vehicles, water or 
tricaprylin, or a single ip injection of urethan (1 0 or 20 mg/mouse), or they were 
untreated (Stoner et a/., 1973). 

The “spontaneous” incidence of lung tumors in untreated mice (mean of 
approx. 0.2 tumors per mouse) is relatively constant from experiment to 
experiment. Data from the vehicle controls show that the Occurrence of lung 
tumors is not significantly affected by the injections. Furthermore, the tumor 
response to the positive carcinogen, urethan, is  dose related, with the produc- 
tion of approx. 1 tumor per mg. This response to urethan has been remarkably 
invariable over 40 years of experience. The lung tumor response to urethan 
was nearly identical in at least 3 substrains of strain A; i.e., A/Strong, A/Heston 
and A/Jax (Stoner and Shimkin, unpublished data). 
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TABLE 2. Pulmonary Tumors in Untreated, Vehicle-Treated and Urethan-Treated Strain A Mice' 

Duration of Mice with No. of 
Experiment No. of ip Survivors/ Lung Tumors Tumors1 

Treatment (wk) Injections Sex initial (%) Mouse 

Untreated 24 0 M 46/50 22 0.2220.03' 

F 48/50 17 0.1720.02 

Vehicle 
Water 24 24 M 30130 27 0.2720.05 

F 28/30 37 0.3720.07 

Tricaprylin 24 24 M 77/80 28 0.2420.03 

F 77/80 20 0.2020.02 

Urethan 
10 mg 24 1 M 20120 100 10.522.30 

F 20120 100 9.122.28 

20 mg 24 1 M 20120 100 21324.48 

F 19/20 100 19.6e4.20 

'A/Heston mice were either untreated or received 0.1 ml ip injections of water, tricapryline, or the positive 
carcinogen, urethan. The animals were killed after a total of 24 weeks and their lungs were removed and 
placed in Tellyesniczky's fluid. After fixation, the surface tumors were counted; the data are expressed as 
mean number of tumors per mouse. Data from Stoner et a!. (1973). 
'Mean f S.E. 

Pulmonary Tumors in Chemically Treated Mice 

Table 3 summarizes data on the majority of the chemicals that have been 
tested for tumorigenic activity by the lung tumor response in mice. Most 
bioassays have been conducted in strain A mice however, data from tests in 
other strains are included for completeness. As indicated, the compounds have 
been administered by different routes. For brevity, only the data from the dose 
that gave the highest tumor response are given; results from the other doses are 
omitted. 

Polycyclic hydrocarbons Six of the 10 polycyclic hydrocarbons (PAH) 
tested by Shimkin (1940) and Andervont and Shimkin (1941) produced a 
significant increase in the lung tumor response relative to controls. On a molar 
dose basis, 3-methylcholanthrene and dibenz(a,h)anthracene had approxi- 
mately equal activity for lung tumor production in mice. 7H-dibenzo(cg)car- 
bazole, benzo(a)pyrene, dibenz(aj)aceanthrylene and dibenz(ah)acridine 
were less active. A marginal response was produced by 8-methylbenzo(a)phe- 
nanthrene and 7-methylbenzo(a)pyrene. S-Methoxy-7-propyIbenz(a)anthra- 
cene and benz(a)anthracene were negative for lung tumor production in A 
strain mice. Walters (1 966) reported that 7,12-dimethyIbenz(a)anthracene 
(7,12-DMBA) was strongly positive in BALB/c mice; a strain with intermediate 
susceptibility to lung tumor induction. 
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TABLE 3. Chemicals Tested for Carcinogenic Activity by the Mouse Lung Adenoma Bioassay 

Mean No. 
Route of Dose Lung Tumors Tumori- 

Compound Strain Exposure (mmole/Kg) per Mouse genicily 

A. Polycyclic Hydrocarbons 
3-Methylcholanthrene 

Dibenz(ah)anthracene 
7H-Di benzo(cg)carbazole 
Benzo(a)pyrene 
Dibenz(aj)aceanthry lene 
Dibenz(a h)acridine 
&Methylbenzo(c)phenanthrene 
7-Methyl benzo(a)pyrene 
5-Methoxy-7-propylbenz(a)- 

Benz(a)anthracme 
7,12-dimethylbenz(a)- 

anthracene 

anthracene 

6. Carbamates 

C. 

Ethyl (urethane) 
N-Hydroxyethy I 
Ally1 
N-Cyanoacety lethy I 
N-Acetylethyl 

Isopropyl 
n-Propyl 
N-Methylnapthyl 
N,N-Dimethylolmethoxyethyl 
Diethyl bicarbamate 
sec- B uty I 
n-Hexyl 
N-Phenylisopropyl 

Benzyl 
Phenyl 
p-Ch loroethyl 
6-Hydroxypropy l 
n-Butyl 
Methallyl 
PHydroxyethy l 
Methyl 
Aziridines 

3,4-Dichlorophenyl-N- 
carbarnoy I 
m-Chlorophenyl-N-carbamoyl 
Pheny I-N-carbamoyl 
Cyclohexyl-N-carbamoyl 

A 

A 
A 
A 
A 
A 
A 
A 

A 
A 

BALBic 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

A 
A 
A 
A 

A 
A 
A 
A 
A 

A 
A 
A 
A 

0.015 
0.036 
0.038 
0.400 
0.033 
0.036 
0.042 
0.038 

0.033 
0.044 

0.075 

26.93 
22.83 

2.75 

15.37 
18.30 
23.27 
24.21 

1.19 
1.34 
1.36 

10.24 
18.01 
13.39 
15.87 
17.50 
19.42 
20.15 
20.48 

20.85 
22.83 
31.95 

0.10 
1.22 
1.48 
1.13 

11.0 

31.0 
5.7 
3.7 
2.7 
2.2 
0.7 

0.6 

0.1 
0.2 

3.3 

24.5 
18.6 
1.3 

4.0 
3.2 
1.5 
0.8 
0.7 
0.4 
0.3 
0.3 
0.3 
0.1 
0.2 

0.5 
0.4 
0.2 
0.3 
0.3 
0.5 
0.1 

1.3 
5.0 
2.0 
1 .o 

+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
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TABLE 3. (Continued) 

Mean No. 
Route of Dose Lung Tumors Tumori- 

Strain Exposure (mmole/Kg) per Mouse genicity Compound 

p-Toly I-N-carbamoyl 

p-Methox yphen yl-N-carbamoyl 

o-Ethoxyphenyl-N-carbamoyl 
p-F luoropheny I-N-carbarnoy I 
Bis( 1 -aziridinyl)morpholino- 

phosphine sulfide (OPSPA) 

Tris (1-aziridinyl) phosphine 

sulfide (Thio-TEPA) 

2,5-Bis(l-aziridinyl)-3,6- 
bis(2-methoxyethoxy)-p- 
benzoquinone 

D. Nitrosamines 

N-nitrosomethy lurethan 
N-N itrosodi rnethylam ine 

N-nitrosodiethy lamine 
N-Nitrosomethylurea 

N-Nitrosodibutylamine 

N-Nitrosopiperidine 

N,N-Dinitrosopiperazine 

E.  Hydrazine and Derivatives 

Hydrazine sulfate 

1,l-Dimethylhydrazine 

Benzoy l h ydrazine 

2-Methoxybenzoy l- 

4-Methoxybenzoyl- 

Benzh ydraz ide 
p-Hydrazinobenzoic acid 

1 -Carbarnoyl-2-phenyl- 

hydrazine 

Phenyl hydrazine 
lsonicotinic acid 

hydrazine 

hydrazine 

hydrazide (isoniazid) 
lsonicotinic acid 

F. Nitrogen Mustards 

Uracil mustard 

Nitrogen mustard 
Melphalan 

Chloroquine mustard 
Quinacrine ethyl mustard 

~~ 

A ‘P 1.36 0.8 

A iP 1.25 0.7 

A iP 1.17 0.5 

A iP 1.33 0.5 

A ip 0.52 2.0 + 

A iP 0.1 1 1.7 + 

A iP 0.09 2.9 + 

SWR 
SWR 
SWR 
SWR 

SWR 
SWR 
SWR 

0.08 

0.27 

1.96 

1 .oo 
1.58 

0.94 

1 .oo 

3.3 

7.8 

5.3 

0.9 

1.3 

0.7 

0.87 

BALB/c 

SWR 
BALB/c 

17.9 

6.0 

4.1 

S t  

St 

st 

225 

30 

120 

+ 
+ 
+ 

BALB/c 2.2 S t  45 + 

BALB/c 

SWR 
SWR 

S t  

S t  

S t  

90 

84 

65 

3.5 

0.3 

0.2 

+ 

SWR 
BALB/c 

dw 

st 

n.d.’ 

95 

4.6 

0.8 

+ 

BALB/c 

BALB/c 

St 

st 

95 

130 

3.8 
0.2 

+ 

0.04 

0.02 
0.06 

0.04 

0.06 

20.3 

2.8 

4.0 
1.4 

1.3 
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TABLE 3. (Continued) 

Mean No. 
Route of Dose Lung Tumors Tumori- 

Compound Strain Exposure (mmole/Kg) per Mouse genicity 

Benzimidazole mustard 
Mannitol mustard 
Chlorambucil mustard 

H ydroqu i none mustard 
Aniline mustard 

Cyclophosphamide 
Napthy lamine mustard 
Mannitol myleran 
5-Ch loroqu i ne mustard 

Quinacrine propyl mustard 
Quinacrine mustard 
5-Chloroquine mustard 

Benzalpurine mustard 
Chloroquine mustard 

pamoate 

pamoate 

C .  Organohalides 

n-Propyl iodide 
n-Butyl iodide 

sec-Butyl iodide 
i-Propyl iodide 

Methyl iodide 
Ethyl iodide 

ten-Butyl iodide 

Bromoform 

Bromodichloromethane 
4-Bromodiphenyl ether 

sec-Butyl bromide 
2-Bromoethanol 
rert-Butyf bromide 
i-Butyl bromide 
3-Bromopropionic acid 
3-Bromopropy lamine-HBr 
Ethyl bromide 
n-Butyl bromide 
Ethyl bromoacetate 
Butyryl bromide 
Bromomethyl acetate 
Methyl-2-bromopropionate 

1. Iodides 

2. Bromides 

(tri bromomethane) 

A 

A 
A 

A 

A 
A 
A 

A 

A 
A 
A 
A 
A 

A 

A 
A 

A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

0.36 
0.38 

0.49 

0.43 
0.86 
0.52 
4.48 

14.20 

0.70 
0.003 
0.02 
0.02 
0.04 

0.09 

17.6 
13.1 

32.6 
35.2 
0.3 

38.4 
2.7 

4.3 
14.6 
14.5 
43.7 

1.2 
43.7 
43.7 

3.8 
5.3 

55.0 
1.2 
0.4 
1.6 

0.4 
3.6 

3.6 

2.4 
5.1 

1.4 
5.5 
1.3 
2.0 
3.2 

0.8 
0.4 
0.5 
0.4 

0.5 

0.7 

0.70 
0.63 
0.63 
0.58 

0.55 
0.15 

0.42 

1.13 
0.85 

0.3 1 
1.15 
0.79 
0.78 
0.75 
0.53 
0.56 
0.35 
0.14 
0.17 
0.45 
0.14 
0.31 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

-c 
f 

'' 
+ - 
f 

+ 

+ 
+ 
+ 
+ 
* 
f 
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TABLE 3. (Continued) 

Mean No. 
Route of Dose Lung Tumors Tumori- 

Compound Strain Exposure (mmole/Kgf per Mouse genicity 

Methyl bromoacetate 
3-Bromo-2-butanone 

Benzoyl bromide 
Epibromohydrin 
2-Brornopropionic acid 

1-Bromo-2-propanol 
1 -Bromo-1-propanol 
2-Bromoethyl ethyl ether 
2-Bromobutyric acid 
2-Bromoethyl acetate 

Methyl-3-bromopropionate 

Chloroform 
1,2-Dichloroethane 
1,1,2,2,-Tetrachloroethylene 
Hexachloro- 1.3-butadiene 
2-Chloroethyl ether 

1 -Chlorooctane 
Dichloromethane 
1,1,2,2-TetrachIoroethane 
1,1,3,3-Tetrachloroacetone 
Hexachlorocyclohexane 

Hexachlorobenzene 
2-Chloro-N, N-dimethyl- 

sec-Butyl chloride 
tert-Butyl chloride 
3-Chlorobutyric acid 
3-Chloropropionic acid 
4-Chloro- 1 -butanol 

Ethyl Chloroacetate 
n-Butylchloride 
Benzyl chloride 
1 -Chloromethylnaphthalene 
1 -Chloro-2-propanol 
2-Ch loroethyl acetate 
lsobutyryl chloride 
Methyl chloroacetate 

3. Chlorides 

amine-HCL 

G. Metal Salts 
Lead (11) subacetate 
Nickelous (11) acetate 
Manganous sulfate 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

A 

A 
A 
A 
A 
A 
A 
A 
A 
A 

A 
A 

A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 
A 
A 
A 

A 
A 
A 

0.1 
0.5 

10.9 
1.7 

1.9 

0.8 
43.0 

7.7 
1.4 

2.0 
36.0 

16.2 
24.2 
57.8 

0.2 
3.4 

26.8 
32.0 
21.4 

0.6 

6.1 
3.4 

12.5 
35.0 

65.0 
9.6 
6.7 

33.6 
24.0 

65.0 
11.8 

1.4 
50.8 
12.0 
4.1 
8.6 

0.19 
1.45 
3.91 

0.29 
0.40 
0.27 
0.50 
0.30 

0.17 
0.29 

0.13 
0.53 
0.46 
0.50 

0.36 
0.75 
0.50 
0:68 
0.15 
0.31 

0.94 
0.50 

0.56 
0.20 
0.75 

1.30 
1.20 
1 .oo 
0.89 
0.90 
0.70 

0.61 
0.3 1 
0.50 
0.47 
0.56 
0.63 
0.46 
0.15 

1.47 
1.26 
1.20 
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TABLE 3. (Continued) 

Compound Strain 

Molybdenum (111) trioxide 

Iron (11) 2,4-pentanedione 

Vanadium (111) 2,4- 

pentanedione 

Zinc (11) acetate 

Cupric (111) acetate 

Cobalt (111) acetate 

Chromium (111) sulfate 

Calcium (11) acetate 

Stannous chloride 
Cadmium (11) acetate 

H. Food Additives 

Acetoin 

AldehydeC-10 

Aldehyde C- 16 

n-Amy1 alcohol 

Anethole 

Butylated hydroxyanisole 

Butylated hydroxytoluene 

d-Camphor 

d-Carvone 

1 -Carvone 

Cineole 

Cinnamyl alcohol 

Cinnamyl aldehyde 

Cinnamyl anthranilate 

Diacetyl 

1 -Dodecanol 

3-Ethoxy-4-hydroxy- 

Ethyl acetate 
Ethyl formate 
d r o n e  

d-Limonene 

Linalool 

Linalyl acetate 

Menthol 

Menthone 

Methyl anthranilate 
Methyl salicylate 

Monosodium glutamate 
Nerolin 

benzaldehyde 

A 

A 

A 
A 
A 
A 
A 
A 
A 
A 

A 

A 
A 
A 

A 

A 
A 

A 
A 
A 
A 

A 

A 

A 

A 

A 

A 

A 
A 
A 

A 

A 

A 

A 

A 

A 
A 
A 

A 

Mean No. 
Route of Dose Lung Tumors Tumori- 
Exposure (mmole/Kg) per Mouse genicity 

32.99 
2.95 

0.34 

1.64 

0.99 
2.01 

6.12 

7.59 

6.33 

0.05 

681.82 
13.78 

10.43 

68.18 

81.08 

33.33 
27.27 

118.42 

40.00 

40.00 
77.92 

52.24 

30.30 

47.43 

97.67 

64.52 

10.84 
204.54 
162.16 

46.61 
176.47 

19.48 
122.45 

12.82 

30.84 
74.17 

78.95 
213.02 

69.77 

1.13 

0.60 

0.79 

0.78 

0.56 

0.79 

0.63 

0.58 

0.50 

0.40 

0.44 

0.38 

0.38 

0.13 

0.86 

0.33 

0.31 

0.21 

0.44 

0.08 

0.27 

0.70 

0.89 

2.69 

0.89 

0.23 

0.1 
0.33 

0.36 
0.33 

0.27 
0.27 

0.19 

0.62 

0.82 
0.32 

0.39 
0.50 

0.42 
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TABLE 3. (Continued) 

Mean No. 
Route of Dose Lung Tumors Turnori- 

Compound Strain Exposure (mmole/Kg) per Mouse genicity 

Octyl alcohol 
Phenylethyl acetate 
Piperidine 
Propyl gallate 

Saccharin 
Safrole 
Santoquin 
a-Terpineol 
6-Terpineol 

Thymol 
Tributyrin 
Vanillin 

1. Chemotherapeutic Drugs 
Triethylene melamine 
Estradiol mustard 
Phenesterin 
Mannitol myleran 
lsophosphamide 

P-Deoxythioguanosine 
lmidazole mustard 
1 -Propanol-3,3'-imino- 

dirnethanesulfonate 
Dapsone 
Di benzyl ine 
Pyri met ham i ne 
5-Azacytidine 
Phenformin 
Phenazopyridine 

Ernetine 
Tolbutarn ide 
Adriamycin 

Potassium arsenite 
Am i nopteri n 
Acron ycine 
Myleran 
Phenforrn i n 
Cortisone 
Stilbamidine 

ICRF- 159 

J. Sifylating Agents 
Trimethylchlorosilane 
N-acetylimidazole 

A 
A 
A 
A 

A 
A 
A 
A 
A 

A 
A 

A 

A 
A 
A 
A 

A 
A 
A 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 
A 

A 
A 

92.31 
36.59 

11.18 
11.32 

426.23 
27.78 
55.30 
62.34 
62.34 
40.0 

198.68 
118.42 

0.02 
2.01 

18.61 
0.38 
5.00 

0.58 
5.34 

3.37 

5.29 
0.29 
0.50 

0.37 
7.32 
6.20 
9.33 

0.38 
177.58 

0.07 
0.30 

0.004 
8.10 

24.39 
7.32 
3.45 
2.20 

9.17 
0.91 

0.36 

0.08 
0.29 
0.25 
0.67 
0.31 
0.27 
0.17 
0.35 

0.40 
0.91 
0.27 

26.0 
4.95 
3.90 
2.40 
1.83 
1.00 
1 .oo 

1 .oo 
0.87 
0.79 

0.78 
0.73 
0.53 
0.50 
0.53 

0.50 
0.45 
0.40 

0.400 

0.300 
0.300 
0.300 
0.300 
0.300 
0.200 

1.79 
1.75 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
-c 
1- 

2 

+ 
+ 
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TABLE 3. (Continued) 

Mean No. 
Route of Dose Lung Tumors Tumori- 

Compound Strain Exposure (mmole/Kg) per Mouse genicity 

N-(Trimethylsilyl)- 
imidazole A iP 7.14 1.50 + 

1 -Ethyl-3-p-tolyltriazene A iP 0.61 1.50 + 

acetamide A iP 4.93 1.15 + 
N,O-Bis-(trimethylsily1)- 

1,3-Bis(chIoromethyl)- 
1,1,3,3-tetramethyldisi- 

lazane A iP 0.87 1 .oo + 
Hexamethyldisilazane A iP 6.25 0.60 
tert-Butyldimethyl- 

N-Trimethylsilyl 

N-Methyl-N-trirnethylsilyl- 

chlorosilane A iP 6.62 0.59 

acetamide A iP 0.76 0.53 

trifluoroacetamide A iP 1 .oo 0.45 

K. Miscellaneous Chemicals 
2-Amino-5-azotoluene 

2-Acetylarninofluorene 

N-Hydroxy-2-acety lamino- 
fluorene 

Aflatoxin 61 
Fluorodeoxyuridine 
Bromodeoxyuridine 
lododeoxyu ridi ne 
Diepoxybutane 
Diepoxypiperazine 

Epoxypropidine 
Diglycidy ltriethy lene 

Bis(chloromethy1) 
glycol 

ether - 

A iP 

A iP 

A iP 
A iP 
A iP 
A iP 
A iP 
A iP 
A iP 
A iP 

A ip 

A inhal. 

18.70 
27.00 

25.00 
0.70 
0.20 
0.16 
0.14 
2.23 

0.97 
0.20 

27.50 

25.87 

4.1 
2.3 

1.9 
5.6 
0.3 

0.4 
0.4 

1.5 

0.8 
0.6 

1.2 

2.9 

+ 
+ 

+ 
+ 

+ 

+ 

+ 

~ 

'iv = intravenously; st = stomach tube; ip = intraperitoneally; dw = drinking water: inhal. = inhalation, 
?nd = not determined. 

Carbarnates Twenty-one carbamates were tested for lung tumor produc- 
tion after 12 thrice-weekly ip injections (Shirnkin et a/., 1969). Only five 
compounds other than urethan produced significantly more tumors than the 
controls and, with the exception of N-hydroxyethylurethan, all were much 
weaker than the urethan. The methyl ester wasentirely negative, indicating that 
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minor changes in chemical structure (such as the removal of a methyl group 
from ethyl carbamate) can have a marked influence on carcinogenicity. A 
marginal response was obtained with n-propyl carbamate and N-methyl- 
naphthyl carbamate. On a molar dose basis, some of the PAH are over 
1000-fold more potent as inducers of lung tumors than the carbamates. 

Aziridines Seven of the 1 1  aziridine compounds were positive for lung 
tumor production in strain A mice (Shimkin et a/., 1969). These include two 
drugs used in chemotherapy: OPSPA and Thio-TEPA. The carbamoyls include 
chemicals that are more active than the carbamates, but less active than the 
polycycl ic hydrocarbons. 

N-nitroso compounds The ability of a series of N-nitroso compounds to 
induce lung tumors has been examined in Swiss mice (Frei, 1970; Mirvish and 
Kaufman, 1970). As indicated in Table 3, on the basis of molar dose, N- 
nitrosomethylurethan was the most active compound of the series. Due to a 
low value for the vehicle control, N-nitrosopiperidine was active with a lung 
tumor response of only 0.7 tumor per mouse. This should be considered a 
marginal response. Although not included in the Table, active related com- 
pounds are N-nitrosomorpholine (Muller, 19641, N-nitrosonornicotine (Boy- 
land eta/., 1964), N,N’-dinitrosopiperazine (Schmahl and Thomas, 1965), and 
N-nitrosohexamethyleneimine (Althoff et a/., 1972). 

Hydrazines A series of hydrazine compounds were examined for their 
ability to produce lung tumors in BALB/c mice (Biancifiori and Ribacchi, 1962) 
and Swiss mice (Roe et al., 1967; Toth and Shimizu, 1974). In BALB/c mice, 
hydrazine sulfate was the most active compound and p-hydrazinobenzoic 
acid the least. Isoniazid, used for the treatment of tuberculosis, was also active. 
A related compound, isonicotinic acid, was negative. In Swiss mice, the most 
active compound was 1 , 1  -dimethylhydrazine. 

Nitrogen mustards The nitrogen mustards include several compounds 
used as chemotherapeutic agents in disseminated neoplasms in man. Uracil 
mustard was found to be the most active, with nitrogen mustard and melphalan 
in the same order of activity as the more active polycyclic hydrocarbons 
(Shimkin eta/., 1966). 

Organohalide compounds Data for the organohalide compounds were 
taken from three studies by Poirier et a/ .  (19751, Theiss et a/. (1977, 1979.) 
Some of these chemicals are contaminants in United States drinking waters 
(Theiss et a/., 1977). In the three studies, different mean tumor values were 
obtained for the vehicle controls. Therefore, some compounds such as methyl 
iodide and n-propyl iodide were marginally active when eliciting responses as 
low as 0.55 to 0.70 tumors per mouse, and other compounds such as hexach- 
lorobenzene, dichloromethane and bromodichloromethane were negative 
when producing responses as high as 0.75 to 0.94 tumors per mouse. As 
discussed by Poirier et a/. (1 975), the results with the organohalides indicated 
that carcinogenicity was related to the structure of the compound. Usually, 
chemicals with primary structures did not produce a significant increase in the 
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lung tumor response when compared to controls, whereas those with secon- 
dary or tertiary structures were positive. However, there were exceptions, for 
example, the primary halide, methyl iodide, was positive, whereas tert-butyl 
iodide was negative. On a molar dose basis, the most active alkyl halide was 
methyl iodide. 

Six of the organohal ides were carcinogenic in other experimental systems 
yet were negative for lung tumor production in strain A mice. Chloroform 
(National Cancer Institute, 19761, tetrachloroethylene (Kylin et a/., 1969, 
2-chloroethyl ether (Innes et a/., 1969)’ and hexachlorocyclohexane (Nagaski 
et a/., 1971) are all hepatotoxins that elicit a carcinogenic effect primarily on 
the liver. Benzyl chloride (Druckrey eta/., 1970) and ethyl bromoacetate (Van 
Duuren et a/., 1974) produced sarcomas on subcutaneous injection into 
animals. 

Metals The ip administration of lead (11 )  subacetate, nickelous (11) acetate, 
manganous sulfate and molybdenum (Ill) trioxide led to a significant increase 
in the lung tumor response in A mice (Stoner et a/., 1976). The activity of 
nickelous acetate and lead subacetate might have been expected since these 
compounds have been shown to produce tumors in other systems. Moreover, 
nickel is thought to be carcinogenic for the nasal cavity, paranasal sinuses and 
lung of man (Heuper, 1971). The carcinogenic activity of manganese or 
molybdenum are not well documented in the literature. However, manganous 
chloride has been shown to hasten the appearance of lymphosarcoma in mice 
(DiPaolo, 1964). Metals that were negative for lung adenoma production in 
strain A mice but positive in other experimental systems are cadmium, 
chromium, cobalt, iron and zinc (Furst and Haro, 1969; Sunderman, 1971 ). 

The effect of metals administered in either the drinking water or the diet on 
the lung adenoma response in Swiss mice was investigated by Schroeder and 
his associates (Schroeder et a/., 1964, 1972; Kanisawa and Schroeder, 1967, 
1969). Chromium, lead, cadmium, nickel, titanium, arsenic, germanium, tin, 
vanadium, selenium, tellurium, zirconium, antimony, niobium and fluoride 
did not increase the frequency of lung tumors during the lifetime of the animals. 

Food additives Forty-one food additives were tested for lung tumor induc- 
tion in strain A mice (Stoner et a/., 1973). These compounds were selected from 
the GRAS (generally recognized as safe for human consumption) l ist either 
randomly or because they contained double bonds, keto groups, several 
methoxy groups on a benzene ring, or other structures similar to those of 
known carcinogens. Cinnamyl anthranilate was the only food additive that 
produced a significant increase in the lung tumor response relative to tricapry- 
lin controls. The carcinogenicity of cinnamyl anthranilate may have been due 
to the interaction of both the cinnamyl and anthranilic acid moieties since 
cinnamyl alcohol, cinnamyl aldehyde and methyl anthranilate were negative. 
In a recent publication by Ward et a/. (1980), cinnamyl anthranilate was 
reported to induce liver tumors in mice. 

Several food additives found to be actively carcinogenic in other bioassay 
systems by other workers were negative for lung tumor induction in strain A 
mice. Injection of safrole and santoquin subcutaneously into neonatal Swiss 
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mice resulted in liver hepatomas and a slight, but not statistically significant 
increase in pulmonary adenomas (Epstein et a/., 1970). Safrole has also pro- 
duced hepatocellular carcinomas when fed to mice (CDI) and rats (CD); the 
1'-hydroxy form is more active and appears to be the proximate carcinogen 
(Borchert et a/., 1973). Saccharin was also negative for lung tumor induction in 
A mice but has been reported to be carcinogenic for the mouse bladder (Bryan 
et a/., 1970) and rat bladder (Munro and Arnold, 1978). 

Chemotherapeutic drugs The chemotherapeutic agents listed in Table 3 
were tested for lung tumor production by Shimkin etal. (1 966) and Stoner etal. 
(1 973). The carcinogenic responses obtained with several of these agents was 
not unexpected since they are capable of alkylating DNA. On a molar dose 
basis, uracil mustard (listed under the nitrogen mustards) was considerably 
more active than either imidazole or estradiol mustards. The enhanced activity 
of uracil mustard can most probably be attributed to its role as an analog of 
uracil and its consequent incorporation into RNA as suggested by Abell eta/. 
(1 965). 

Shimkin eta/. (1 966) reported that mannitol Myleran was carcinogenic for 
lung tumor induction in A mice. However, Myleran was negative at a 10-fold 
higher dose than used for mannitol Myleran (Stoner et a/., 1973). Since the 
activity of mannitol Myleran is probably due to the Myleran moiety, the 
negative result for Myleran was unexcepted, and the compound should be 
re-tested. 

Silylating agents The silylating agents are used extensively in many 
laboratories for the conversion of nonvolatile compounds to volatile materials 
for gas chromatographic determinations. These reagents are highly reactive 
and introduce a trimethylsilyl group into otherwise nonvolatile molecules, thus 
rendering them volatile. Stoner et a/. (1975b) found that 6 of 10 silylating 
compounds were positive for lung tumor production in strain A mice. Because 
of their alkylating ability, it was not surprising that these compounds were 
active. 

It i s  difficult to assign definitive structure activity correlations with the 
silylating agents. However, compounds in which the trimethylsilyl group was 
attached only to an amide or amino nitrogen were generally inactive (hex- 
amethyldisilazane, N-methyl-N-trimethylsilyltrifluoroacetamide, N-trimethyl- 
silylacetamide). If a chlorine was attached to the trimethylsilylmoiety (tri- 
methylchlorosilane), the compound was active. Replacing the methyl group in 
the trimethylsilyl moiety by the hindered tert-butyl group led to loss of activity 
(tert-butyldimethylchlorosilane). The activity of 1 -ethyl-3-p-tolyltriazene was 
expected since it is an analog of some triazenes which Druckrey et a/. (1 967) 
found to be potent and selective carcinogens. 

Miscellaneous chemicals Four carcinogenic chemicals; i.e., 2-amino-5- 
azotol uene, (Andervont, 1 939), 2-acety lami nof luorene and N- hydroxy-2- 
acetylaminofluorene (Shimkin and Stoner, 1975), and aflatoxin B1 (Wieder et 
a/., 1968), whose predominant biological effect is  hepatotoxicity and hepato- 
carcinogenicity in the rat wee  positive for lung tumor induction in strain A 
mice. Aflatoxin B1 was the most active of the four in producing lung tumors, 
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and on a molar dose basis was about 10 times as active as urethan. Amino- 
azotoluene was intermediate in activity, and the aminofluorene compounds 
the least active. 

The three nucleotide base analogs: fluorodeoxyuridine, bromodeoxyuri- 
dine and iododeoxyuridine, were found to be without significant carcinogenic 
activity for mouse lung (Poirer et a/., 1975). Previous studies have reported that 
neither bromodeoxyuridine nor iododeoxyuridine possess significant carcino- 
genic activity (Hadidian eta/., 1968). Diepoxybutane and diglycidyltriethylene 
glycol produced a significant increase in the lung tumor reponse and both 
diepoxypiperazine and epoxypropidine were negative (Shimkin et a/., 1966). 
Leong et a/. (1971) reported the production of lung tumors in strain A mice by 
the chronic inhalation of bis(chloromethy1) ether. 

Relative Carcinogenicity of Selected Compounds 

Table 4 illustrates the use of the method of Zweifel (1 966) (see Materials 
and Methods section) to estimate the relative potency of some of the positive 
compounds selected from Table 3 to produce lung adenomas in strain A mice. 

TABLE 4. RelativeCarcinogenic Activityof Selected Chemicals for Lung Tumor Production in Strain A Mice' 

Dose for 1 LT' 
Total Dose Mice with LT/ Mean No. of Response 

Compound (pmoles/Kg) No. of Mice LT/Mouse (pmoles/Kg) 

3-Methy lcholanthrene 15 15/15 11.0 0.9 
Uracil mustard 38 30/30 20.3 1 
Dibenz(a, h)anthracene 36 10/10 31 .O 1 
Triethylene melamine 
Benzo(a)pyrene 

25 24/28 26.0 8 
40 10/10 3.7 9.5 

Dibenz(ah)acridine 36 11/12 2.0 18 
3,4-Dichloropheny l-N- 
carbamoyl 
Aflatoxin B1 
Thio-TEPA 

101 12/15 1.3 85 
700 14/14 5.6 120 
499 16/20 1.5 143 

Estradiol mustard 2,028 19/19 4.9 179 
Ethyl carbamate 
(urethan) 
N-Acety lethyl 
carbamate 
2-Amino-5-azotoluene 
Trimethylchlorosilane 
2-Acetylaminofluorene 
N-Hydroxy-2-acety l- 
aminofluorene 

Cinnamyl anthranilate 
lsopropyl carbamate 

26,933 

18,203 
18,700 
9,200 

27,000 

25,000 
47,000 
23,275 

12/12 

15/16 
15/15 
11/14 
2012 1 

16/19 
11/15 
8/10 

24.5 

3.2 
4.1 
1.8 
2.3 

1.9 
2.4 
1.5 

1,963 

2,371 
4,560 
5,350 

11,739 

13,158 
19,800 
26,300 

'Data taken from Shimkin and Stoner (1975). 
'LT = lung tumor. 
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3-Methylcholanthrene, uracil mustard and dibenz(ah1anthracene are of ap- 
proximately equal activity and of the highest potency. Benzo(a)pyrene is 
approximately one-tenth as active as 3-methylcholanthrene, uracil mustard 
and dibenz(ah)anthracene. Aflatoxin B1, a very potent inducer of liver tumors 
in rats, is much less active than benzo(a)pyrene. Likewise, the two hepatocarc- 
inogens; 2-acetylaminofluorene and N-hydroxy-2-acetylaminofluorene are 
weakly active for lung tumor production in mice. The food additive, cinnamyl 
anthranilate, was one of the least active compounds tested. 

DISC U SSlON 

This report describes the basic protocol of the strain A mouse lung tumor 
bioassay and provides summary data on its application for the testing of several 
classes of chemicals for carcinogenic activity. Most compounds that have been 
tested for carcinogenic activity by the lung tumor response are listed in Table 3. 
Omitted from the Table were studies with ”crudes” such as tobacco tar and 
coal tar and of compounds for which there was insufficient quantitative data; 
i.e., the data were not expressed in terms of the average number of lung tumors 
per mouse. We refer the reader to the review article of Shimkin and Stoner 
(1 975) for a more complete discussion of the use of the lung tumor response in 
mice for carcinogenesis testing and of the effect of both inhibitors (e.g., buty- 
lated hydroxytoluene) and promoters (eg,  croton oil) of carcinogenesis on the 
lung tumor response. In addition, the review of Shimkin and Stoner (1975) 
describes the effects of various immunologic factors, viruses, germ-free state, 
atmospheric oxygen, etc., on the lung tumor response to chemicals. 

The major criterion for a positive carcinogenic response in the lung 
adenoma assay is a statistically significant increase in the average number of 
lung tumors in chemically-treated mice versus the vehicle-injected controls. 
Generally, when 30 mice are used per concentration of test compound, levels 
of statistical significance (p=<0.05) may be reached when a mean of 0.7 to 0.8 
tumor per mouse is observed and compared to a mean of 0.2 to 0.3 lung tumors 
among the controls at the age of 8 to 9 months. However, as indicated in Table 
3, some compounds were positive when inducing a mean of 0.5 to 0.6 tumors 
per mouse because the vehicle-control data were lower than a mean of 0.2 to 
0.3 tumor per mouse. These should be considered very marginal responses. In 
fact, in our experience with the assay, compounds should be considered 
positive if the following conditions are met: (a) the mean number of lung 
tumors in the test animals i s  significantly increased, preferably to 1 or more per 
mouse, (b) there is a dose-response relationship, and (c) the mean number of 
lung tumors in the vehicle-injected and untreated controls is approximately the 
anticipated number for untreated mice of the same age. 

To our knowledge, there have been few “false positives” in the lung 
adenoma bioassay. Molybdenum trioxide and rnanganous sulfate may be 
examples of false positives. Nearly all other compounds that induced lung 
tumors in A mice have also evoked a neoplastic response in other experimental 
animal systems and/or demonstrated mutagenic activity in various short-term 
assays. In fact, even the weakly-active inducer of lung tumors, cinnamyl 
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anthranilate (Table 4; Stoner et a/., 1973) was recently shown in a long-term 
study (Ward eta/., 1980) to induce liver tumors in mice and is now considered 
a bonafide carcinogen. 

As indicated in Results section, a few compounds that produced tumors in 
other experimental animal test systems were negative for lung tumor produc- 
tion in strain A mice. These compounds may have been positive for lung tumor 
production if administered at higher doses. In addition, several potent hepato- 
carcinogens in rats; e g ,  aflatoxin B1, acetylaminofluorene and N-hydroxy- 
acetylaminofluorene, are more weakly active for lung tumor production in 
strain A mice. Studies of the pharmacokinetics of the distribution and 
metabolism of these compounds in the two organs might explain the differ- 
ences in their carcinogenic potency. Finally, the lung tumor response has not 
been useful for the detection of the carcinogenic potential of certain hormones 
such as diethylstilbesterol (Shimkin and Stoner, 1975). 

Pulmonary tumors in mice have attracted cancer investigators in many 
laboratories throughout the world. The criticisms of the bioassay are that the 
adenoma is  a benign tumor and has no counterpart in human neoplastic 
pathology, and that the numerical increase and earlier appearance of the timor 
merely accelerates a process already present in the animal rather than being a 
truly inductive process. In answer to these criticisms, it is to be recognized that 
most adenomas progress to adenocarcinomas with invasion of the surrounding 
lung if the mice are maintained for sufficient periods (18-24 months) after 
administration of the carcinogen, and a small percentage of the adenocarci; 
nomas metastasize to other organ sites. During the six-month bioassay, most of 
the tumors have simply not progressed beyond the adenoma stage. As to the 
second criticism, i.e., that the adenoma has no close counterpart in human 
pathology, it i s  known that some alveologenic carcinomas in man are derived 
from the type 2 alveolar epithelial cells. The predominance of human lung 
tumors in the bronchus is probably due to its higher exposure to carcinogens. 
Regarding the question of induction versus acceleration of lung tumors, the 
administration of a carcinogen such as methylcholanthrene at a dose of 1 mg 
per mouse can lead to the production of a mean of 40 lung adenomas per 
mouse within 6 months or less. We have never observed more than an average 
of 0.2 to 0.5 lung tumor per mouse in controls at 6 months, or 1 to 2 tumors per 
mouse in controls at 18 to 20 months. Moreover, histological examination of 
the lungs of control mice at 6 to 18 months does not reveal evidence of 
numerous foci of small, developing tumors. Therefore, it is likely that the 
production of lung adenomas in strain A mice by carcinogenic agents is an 
inductive rather than an accelerative process. 

In our opinion, the strain A mouse lung tumor bioassay deserves further 
investigation in the following areas: (1) there is  very little information on the 
distribution and metabolism of carcinogens in the whole lung and in specific 
lung cell types such as the type 2 alveolar epithelial cells. Studies should be 
undertaken to provide more information in this area, (2) the lung adenoma 
bioassay should be examined further with respect to its ability to detect 
promoting agents, and (3) the assay should be used for quantitative studies of 
the potential inhibitory, additive or synergistic effects of administering more 



STRAIN A MOUSE LUNG TUMOR BIOASSAY 167 

than one chemical to the animals. This seems particularly relevant in view of 
the fact that humans are constantly exposed to a large number of environmen- 
tal chemicals. 
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