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SUMMARY

The production of lung adenomas in strain A mice
following multiple injections of 17 alkyl halides and of 3
base analogs was investigated. A slight but significant
increase in the average number of lung tumors per mouse
was noted following the administration of methyl iodide, n
and i-propyl iodide, sec- and tert-butyl chloride, i-, sec-, and
tert-butyl bromide, and n- and sec-butyl iodide. The admin
istration of comparable doses of ethyl bromide, ethyl iodide,
n-butyl chloride, benzyl chloride, and l-chloromethylnaph
thalene to mice resulted in no significant increase in the
frequency of lung tumors over that seen in vehicle-treated
control mice. n-Butyl bromide and tert-butyl iodide simi
larly appeared to have no significant effect on the lung
tumor frequency, but these compounds were too toxic to be
tested at the high dosages used with the other alkyl halides.
5-Iodo-, 5-bromo-, and 5-fluorodeoxyuridine also appeared
to have no significant effect on the lung tumor frequency.
These results indicate that a high proportion of low-molecu
lar-weight alkyl halides may be weakly carcinogenic and
provide evidence supporting an electrophilic hypothesis of
carcinogenesis.

INTRODUCTION

Most, if not all, chemical carcinogens appear either to be
strong electrophiles or to be metabolized to such agents in
vivo (2â€”8,10, 11, 13). Thus, such broad categories of
chemical carcinogens as the aromatic amines (7, 8), the
aromatic aminoazo dyes (7, 8, 10), the nitrosamines (4), and
the pyrrolizidine alkaloids (6) appear to be metabolized to
electrophilic agents. When tested, such electrophilic agents
appear to have significantly more carcinogenic activity than
do the parent compounds (4, 6â€”8,10, 11). Relatively few
carcinogenicity studies have been carried out on the low
molecular-weight alkyl halides. Initial studies along these
lines were undertaken by Druckrey et a!. (3). This group
found that the alkylating compounds, benzyl chloride,
methyl iodide, and dimethyl sulfate produced injection site
sarcomas following s.c. administration into rats. The chemi
cal reactivity of the alkyl halides has been well investigated
and can be substantially modified by relatively minor
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changes in chemical structure (I). The alkyl halides have
also long been regarded as model compounds for investiga
tions of the mode of action of alkylating agents (I). The
production of lung adenomas in strain A mice is a sensitive
indicator of the carcinogenic potential of alkylating agents
(12â€”14).The current investigations were undertaken to
determine whether any correlations could be established
between the chemical reactivities of the low-molecular
weight alkyl halides and their carcinogenic activity for
mouse lung.

Previous studies have indicated that the pyrimidine
analogs FUdR2 (L. A. Poirier, J. A. Miller, and E. C.
Miller, unpublished observations) and thiouracil (9) exert
carcinogenic activity, although neither they nor their known
metabolites appear to possess significant electrophilic reac
tivities. Further tests were thus undertaken to evaluate the
potential carcinogenicity of pyrimidine analogs in strain A
mice.

MATERIALS AND METHODS

Animals. Male and female mice ofthe A/Heston (A/He)
strain were purchased from the Institute for Cancer Re
search, Philadelphia, Pa. The mice, 6 to 8 weeks old and
weighing an average of 17 to 19 g, were randomly distrib
uted among experimental and control groups. They were
housed, in groups of 5, in plastic boxes with commercial
hardwood chips used for bedding. Purina laboratory chow
and water were available ad libitum. Hygienic conditions
were maintained by weekly disinfection of the animal
quarters and twice-weekly changes of the animal cages.

Chemicals. The compounds and their molecular weights
and sources are given in Table I. Compounds I to 17 are
alkyl halides; 18 to 20 are nucleotide base analogs. Accord
ing to the manufacturers, all chemicals were more than 98%
pure. Although not listed in the table, urethan (Matheson,
Coleman & Bell, Los Angeles, Calif.) was used as the
positive carcinogen in these studies.

All chemicals were routinely stored at 4Â°in the dark.
Solubility tests were conducted using 0.85% NaC1 solution
and tricaprylin (Eastman Kodak, Rochester, N. Y., lot
X2097); at the doses used, alkyl halides were tricaprylin
soluble and base analogs were soluble in 0.85% NaCl

I The abbreviations used are: FUdR, 5-fluorodeoxyuridine; MTD,

maximum tolerated dose; IUdR, 5-iododeoxyuridine; BUdR, 5-bromo
deoxyuridinc.
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DurationTotal doseNo.ofMiceofex
No. of(mmoles/animalswith Av. no.ofMolecularperimenti.p.

in kgofsurvivors/lungNo.CompoundÂ°wtVehicleb(wk)jectionsinitialtumors1Methyliodide141.95T-l24

L. A. Poirier et a!.

Table 1
Pulmonary tumor responseofA/He mice to alkyl halidesand nucleotideanalogs

lung tumors/
mousec p

5 0.55 Â±0.19 <0.05
6 0.30 Â±0.07 NS11
4 0.21 Â±0.05 NS

6 0.35Â±0.08 NS
4 0.31 @:0.08 NS
4 0.21 Â±0.05 NS

3 0.15Â±0.04 NS
4 0.20 Â±0.04 NS
4 0.20 Â±0.04 NS

11 0.70 Â±0.16 <0.05
5 0.22 Â±0.05 NS

5 0.58 Â±0.17 <0.05
5 0.44Â±0.10 NS
5 0.53 Â±0.14 <0.05

6 0.31 Â±0.07 NS
4 0.21 Â±0.05 NS
3 0.15Â±0.04 NS

8 1.20 Â±0.38 <0.05
11 0.67 Â±0.22 NS
6 0.53 Â±0.14 NS

6 1.00Â±0.21 <0.05
6 0.73 Â±0.22 <0.05
1 0.64Â±0.15 NS

2 0.14Â±0.04 NS
2 0.12 Â±0.03 NS
3 0.16Â±0.04 NS

10 0.15 Â±0.11 <0.05
8 0.64 Â±0.16 <0.05
8 0.42 Â±0.10 NS

16 1.15 Â±0.27 <0.01
10 1.00 Â±0.25 <0.01
7 0.35 Â±0.08 NS

6 0.18 Â±0.26 <0.05
8 0.73 Â±0.19 <0.05
8 0.53 Â±0.14 NS

10 0.63 Â±0.15 <0.05
9 0.60Â±0.13 <0.05

10 0.63 Â±0.15 <0.05

9 0.63 :1:0.15 <0.05
5 0.33 Â±0.08 NS
5 0.30 Â±0.07 NS

2 0.42 Â±0.09 NS
4 0.50Â±0.10 NS
3 0.20@ 0.04 NS

mouse)

24 0.31
24 0.15
24 0.06

24 24 55.0
24 27.5
24 11.0

24 24 38.4
24 19.2
24 7.7

24 24 17.6
24 7.1

24 24 35.2
24 17.6
24 7.0

24 24 65.0
24 32.4
24 12.9

24 13 35.0
13 17.5
13 7.0

24 24 65.0
24 32.4
24 12.9

24 13 1.2
16 0.6
16 0.24

24 24 43.7
24 21.8
24 8.1

24 24 43.1
24 21.8
24 8.7

24 24 43.7
24 21.8
24 8.1

24 24 13.1
24 6.6
24 2.6

24 24 32.6
24 16.3
24 6.5

24 4 2.7
4 1.4
4 0.5

11/20
20/20
19/20

20/20
16/20
19/20

19/20
20/20
20/20

20/20
18/20

12/20
16/20
15/20

19/20
19/20
19/20

10/20
15/20
15/20

8/20
11/20
11/20

14/20
17/20
19/20

20/20
11/20
19/20

20/20
11/20
20/20

9/20
15/20
15/20

19/20
20/20
19/20

19/20
18/20
20/20

7/20
10/20
15/20

2 Ethyl bromide

3 Ethyl iodide

4 n-Propyl iodide

5 i-Propyl iodide

6 n-Butyl chloride

7 sec-Butylchloride

8 tert-Butyl chloride

9 n-Butyl bromide

10 i-Butyl bromide

11 sec-Butylbromide

12 tert-Butyl bromide

13 n-Butyl iodide

14 sec-Butyliodide

15 tert-Butyl iodide

108.98 T-l

155.98 T-l

110.01 T-l

110.01 T-2

92.57 T-l

92.57 T-3

92.57 T-3

137.03 T-l

137.03 T-l

137.03 T-l

137.03 T-2

184.03 T-l

184.03 T-l

184.03 T-3

a The compounds were obtained from the following sources: Compounds 1 to 17, Eastman Organic, Rochester, N. Y.; Compound 18, Hoffman-La

Roche,Nutley, N. J.; Compounds 19and 20, Calbiochem,La Jolla, Calif.
a T-l, Series I tricaprylin; T-2, Series 2 tricaprylin; T-3, Series 3 tricaprylin; 5, 0.85% NaCl solution.

CM@n Â±S.E.

11 NS, not significant.
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No.Compound'Molecular wtVehicles'Duration

of cx
periment

(wk)No.

of
i.p. in

jectionsTotal

dose
(mmoles/

kg of
mouse)No.

of
animals

survivors/
initialMice

with
lung

tumorsAv.

no. of
lung tumors!

mousecp16Benzylchloride126.58T-l248

12
1215.8

11.8
4.78/20

16/20
15/202

7
40.25

Â±0.08
0.50Â±0.13
0.26Â±0.07NS

NS
NS17l-Chloromethylnaph

thalene171.7T-l2424 24
247.0

3.5
1.49/20

19/20
17/202

5
60.22

Â±0.07
0.31 Â±0.07
0.47Â±0.11NS

NS
NS18FUdR246.2S2424

240.20 0.0424/30 21/304 60.25
Â±0.05

0.30 Â±0.06NSNS19BUdR307.1S2424

240.16 0.0318/20 29/306 40.39
Â±0.09

0.14 Â±0.03NSNS20IUdR354.1S2424

240.14 0.0322/30 19/307 50.36
Â±0.08

0.27@ 0.06NS NS

Bioassay of A/ky! Ha/ides and Nucleotide Base A na/ogs

Table 1â€”Continued

solution. Solutions of these compounds were prepared fresh
daily for injection.

Preliminary Toxicology. For each chemical under test, an
MTD was determined. Using sterile technique, serial 2-fold
dilutions of the chemical were injected i.p. into groups of 5
mice. The MTD for that chemical was the maximum single
dose that at least 4 of the 5 mice tolerated after receiving 6
i.p. injections over a 2-week period.

Bioassays. Experimental groups of mice were started for
each chemical. Three dose levels were used: the MID and a
1:2 and 1:5 dilution of the MID, with 10 males and 10
females/dose. Generally, each chemical was injected i.p. 3
times weekly for a total of 24 doses. Due to toxicity, fewer
injections ofall doses ofsec-butyl chloride, n-butyl bromide,
tert-butyl iodide, and benzyl chloride were administered.
Weight data were obtained every 2 weeks during the
injections and at monthly intervals thereafter.

Three series of controls were maintained during the
experimental period. One consisted of mice that received
injections of the vehicles, 0.85% NaCl solution or trica
prylin. Another was composed of untreated mice killed
along with the treated animals to determine the incidence of
spontaneous tumors. The 3rd series of controls was mice
treated with 2 dose levels of urethane (5 or 20 mg/mouse) to
ensure that the tumor responses were comparable to those
observed in earlier studies with strain A mice (13, 14).

The bioassays were terminated 24 weeks after the 1st
injection. Control and treated animals were killed by
cervical dislocation; their lungs were removed and placed in
Tellyesniczky's fluid. Three to 4 days after fixation, the lung
tumors, which appear as pearly white nodules on the pleural
surface, were counted. Some of the tumors were taken for
histological examination. The lungs were also examined
grossly and microscopically for the presence of other
abnormalities, such as adenomatosis and inflammatory
reactions.

Other organs examined at autopsy for the presence of
abnormalities were kidney, intestine, liver, thymus, spleen,
and salivary and endocrine glands. Grossly abnormal tissues

were excised and examined histologically.
Data Evaluation. The frequency of lung tumors in the

chemically treated groups was compared with that in the
vehicle controls by standard Student's t test. As in previous
studies (13, 14), vehicle control data were not appreciably
different for the 2 sexes; therefore, the control data for
males and females were combined and compared to mean
tumor values obtained from the treated groups.

RESULTS

Pulmonary Tumors in Controls. Table 2 presents data on
the incidence of lung tumors in mice that either received 24
thrice-weekly injections of the 2 vehicles, 0.85% NaCl
solution or tricaprylin, or a single i.p. injection of urethan
(10 or 20 mg/mouse), or were untreated.

The â€œspontaneousâ€•incidence of lung tumors in untreated
mice (mean of 0.21/mouse) is very similar to results
obtained in previous studies (13, 14). Data from the vehicle
controls show that the occurrence of lung tumors was not
significantly affected by the injections. Furthermore, the
tumor response to the positive carcinogen, urethan, was
dose related, with the production of slightly less than 1
tumor/mg. This response is nearly identical to that obtained
in previous studies (13, 14) ofsimilar duration and has been
invariable over 30 years of experience.

Pulmonary Tumors in Chemically Treated Mice. Table 1
summarizes data on the production of lung tumors by 17
alkyl halides and 3 nucleotide analogs. Since bioassays of
the alkyl halides were carried out over a period of nearly 2
years, the data of the experimental groups are compared
with their appropriate tricaprylin controls, which were kept
in parallel. The vehicle for the 3 base analogs was 0.85%
NaC1 solution.

The results of the tests indicate that, in general, carcino
genicity of the alkyl halides was related to the structure of
the compound. Usually, chemicals with primary structures
did not produce a significant increase in the lung tumor
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TreatmentDuration

of
experiment

(wk)No.
ofi.p.

injectionsSurvivors/initialMice

with
lung tumors

(%)Av.
no. of

tumors/mouseUntreated24029/3020.10.21

Â±0.03'0.85%
NaCI solution242440/4022.50.22 Â±0.02TricaprylinSeries

12424154/16022.00.22 Â±0.03Series
2242456/6026.90.27 Â±0.05Series3242414/1535.10.36

Â±0.14Urethan10mg24119/201008.1

@2.320mg24118/2010017.8
Â±4.32

L. A. Poirier et a!.

Table 2
Pulmonary tumors in untreated, vehicle,and urethan-treatedA/He mice

a Mean Â± S.E. Tumor data for males and females are combined.

response when compared to controls, whereas those with
secondary or tertiary structures were positive. There were
exceptions, however; e.g., the primary halide, methyl iodide,
was positive, whereas tert-butyl iodide was negative. All 3
nucleotide analogs, FUdR, IUdR, and BUdR, were nega
tive for lung tumor production in strain A mice.

On a molardosebasis,themostactivealkylhalidewas
methyl iodide. A dose of 0.31 mmol/kg was required to
produce a mean of 0.55 lung tumor/mouse; assuming a
linear dose-response relationship, a dose of @0.6mmol/kg
would be required for a mean of 1.0 lung tumor/mouse.
This is in the range of activity of urethan, for which a dose
of â€˜@@0.5mmol/kg is required for a response of 1.0 lung
tumor/mouse (Table 2). For the remaining alkyl halides,
doses of 13 to 65 mmoles/kg would be required to elicit a
mean of 1 lung tumor/mouse. The absence of a dose
response relationship with i-propyl iodide and with n-butyl
iodide may indicate that the transport or the formation of
the reactive species of both compounds is limited by host
factors.

Neoplasms other than lung tumors seen in control and
experimental groups at autopsy included 2 salivary gland
tumors and 1 lymphoma. No other tumors were observed
during the 24-week test. These tumors were randomly
assorted among the groups and are considered to have
arisen spontaneously.

DISCUSSION

The production of lung adenomas by the alkyl halides
provides evidence supporting the concept that most chemi
cal carcinogens exert their activity via an electrophilic
mechanism. The results also indicate that both chemical and
biological factors modify the carcinogenic activities of the
alkyl halides.

The formation of lung adenomas in strain A mice by the
alkylating mustards appears to reflect the chemical reactivi
ties of these drugs (13). In the same test, the alkyl halides
appear to be much weaker carcinogens. This difference in
carcinogenic activity may perhaps be ascribed either to the
bifunctional alkylating capacity of the mustards or to a
hetero atom in the molecule that would enhance the

electrophilic activity of the reactive carbon. Other chemical
factors that increase the stability of ease of formation of an
electrophilic carbon also appear to increase the carcinogenic
activity of the alkyl halides. Thus, the difference in lung
adenoma production by n-butyl iodide compared to that of
n-butyl chloride may reflect the relative ease of departure of
the iodide and chloride ions. Similarly, branching, which
increases the reactivity of alkylating agents via an 5N'
mechanism, appears to enhance the production of lung
adenomas by the butyl chlorides. Thus, although no signifi
cant increase in lung tumor incidence could be observed in
strain A mice following the administration of n-butyl
chloride, doses of 35. 1 mmoles sec-butyl chloride per kg and
of only I3.0 mmoles tert-butyl chloride per kg succeeded in
elevating the lung tumor incidence. The tumorigenic activi
ties of tert-butyl chloride and tert-butyl bromide appear to
constitute the 1st evidence that tert-butylating agents may
be carcinogenic. tert-Butyl iodide was negative at the dose
level used; however, its toxicity prevented its being tested at
a level comparable to those of the other tert-butyl halides.
The increased incidence of lung adenomas in mice treated
with methyl iodide confirms the results of Druckrey et a!.
(3) that this chemical is carcinogenic. Biological factors also
appear to greatly influence the carcinogenic activity of the
alkyl halides. The absence of significant activity by ethyl
bromide, ethyl iodide, benzyl chloride, and l-chloromethyl
naphthalene is somewhat unexpected on the basis of their
known chemical reactivities. The lack of carcinogenic
activity by benzyl chloride is all the more unexpected, since
it has produced sarcomas on s.c. injection in rats (3). Such
findings may indicate that metabolic inactivation of sys
temically administered ethyl and aryl halides may occur to a
greater extent than the inactivation of other alkyl com
pounds.

The 3 base analogs studied in the present investigations,
FUdR, BUdR, and IUdR, were found to be without
significant carcinogenic activity for mouse lung. Previous
studies have reported that neither BUdR nor IUdR pos
sesses significant carcinogenic activity (Ref. 5; L. A.
Poirier, J. A. Miller, and E. C. Miller, unpublished
observations). The present findings are consistent with these
observations.
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