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ABSTRACT

The goal of these experiments in female Hsd:(ICR)Br mice was to
determine whether the direct-acting .V.\1 alkylating carcinogen isopropyl
methanesulfonate (IMS) is carcinogenic and to compare its effects with
those of the direct-acting .S\2 methyl homologue, methyl methanesulfon
ate (MMS). The compounds were administered by topical application
and s.c. injection. Analysis at the 288th day of mice receiving s.c.
injections of IMS and MMS was the subject of a previous report (A.
Segal et al., Proc. Soc. Exp. Biol. Med., 183:132-135, 1986). The s.c.
and topical application experiments were terminated at the 450th day
and the final results are reported in this paper. In mice treated by s.c.
injection with IMS, thymic lymphomas were observed in at least 20 of
32 mice, the first at the 40th day, and neoplasms were not observed at
the injection site. Of the 30 MMS-treated mice, 11 developed sarcomas
at the injection site and one thymic lymphoma was observed. In mice
treated topically with IMS, thymic lymphomas were observed in 20 of
30 treated mice, the first at the 102nd day, and squamous cell carcinomas
at the injection site were observed in 9 mice. Neither squamous cell
carcinomas nor thymic lymphomas were observed in 30 mice following
topical application of MMS. The direct-acting .V\2aklylating carcinogen
0-propiolactone was also administered by topical application. At the
450th day, at the same dose used for MMS (40 ^nini/application),
papillomas of the skin were observed in 25 of 30 treated mice, squamous
cell carcinomas of the skin were seen in 17 mice, and one thymic
lymphoma was observed. The results suggest that the rapid induction of
thymomas by IMS may be related to its ability to alkylate exocyclic
oxygen atoms in DNA of hemopoietic cells and also to a sensitivity of
these cells to such lesions.

INTRODUCTION

In female C57BL mice given i.p. injections of MMS,3 EMS,

NMU, and NEU, the incidence of thymic lymphomas has been
reported to be increased greatly by NMU and NEU, slightly by
EMS, and not by MMS (1). Thymic lymphoma development
in these animals appeared to correlate with the capacity of the
compounds to react through the SNl mechanism and thus to
alkylate the Ob exocyclic oxygen atom of guanine in DNA (1).
The tendency of a direct-acting electrophile to react by an SN\
or SN2 mechanism can be expressed quantitatively by the Swain
and Scott substrate parameter 5, the tendency to react via the
SNl mechanism increasing with decreasing values of S (2). The
values of S for MMS, EMS, NMU, and NEU are 0.83, 0.67,
0.42, and 0.26, respectively (3). Thus MMS reacts with nucleo-

philes predominantly via an SN2 mechanism.
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IMS has an S value of 0.29 (3) and reacts with nucleophiles
mainly via the SNl mechanism (3). IMS is a direct-acting
mutagen in Escherichia coli Sd-4 and Salmonella typhimurium
TAI530 (4). Studies on the in vitro reactions of IMS, EMS,
and MMS with salmon sperm DNA at 37Â°Cand pH 7.1
revealed the O6/N-7 alkylation ratios of DNA guanine to be

0.30, 0.03, and 0.004, respectively (5), consistent with the
reported S values of the compounds and their mechanisms of
reactivity with nucleophiles. The occurrence of alkyl adducts at
exocyclic oxygen atoms in DNA has been correlated with cancer
induction in brain (6), thymus ( 1), and liver (7).

The evidence presented above strongly suggested to us that
IMS should be carcinogenic, yet no report had appeared in the
literature implicating IMS as a carcinogen to our knowledge.
We therefore assayed IMS in female Hsd:(ICR)Br mice by
topical application and s.c. injection. IMS was observed to be
carcinogenic by s.c. injection, causing lymphoid neoplasms
within 7 months in at least 20 of 32 treated mice (8). At the
202nd day the last surviving IMS-treated mouse became mori
bund and was sacrificed. No such neoplasms were observed in
mice treated with the direct-acting SÂ»2methyl homologue,
MMS, at the 288th day (8).

In this paper we report that topical application of IMS to the
skin of the female Hsd:(ICR)Br mouse results in the induction
of lymphomas of the thymus as well as squamous cell carcino
mas of the skin, whereas such neoplasms were not induced by
topical application of MMS.

MATERIALS AND METHODS

Chemicals. IMS was purchased from Kodak Laboratory Chemicals,
Rochester, NY; MMS was from Aldrich Chemical Company, Milwau
kee, WI; BPL was from Sigma Chemical Company, St. Louis, MO;
and tricaprylin (trioctanoin) was from United States Biochemical Cor
poration, Cleveland, OH.

Animals and Bioassay Procedure. Female Hsd:(ICR)Br mice (for
merly designated ICR/Ha) were obtained from HarÃanSprague-Daw-
ley, Indianapolis, IN, and were started on the experiment at 6 weeks of
age. The dorsal skin of each mouse was shaved initially and when
necessary throughout the experiment. All tests compounds were applied
in 100 n\ acetone to the interscapular region by micropipet. Mice were
killed during the experiment when they became moribund and at the
termination of the experiment by cervical dislocation. The conditions
for housing, feeding, application of chemicals, and histological proce
dures have been described previously (9, 10). The dosages, regimens,
test duration, and control group are given in Table 1.

Concurrent with the topical application study, an experiment was
conducted involving s.c. injection of IMS and MMS in the same strain
of mice. The results of the s.c. bioassay at 288 days have been reported
previously (8). The results at the termination of the experiment (at 450
days) appear in Table 2.

Short-Term Toxicity Tests. Groups of 5 mice received 40, 20, and 4
//mol of IMS or MMS in 100 p\ of acetone 3 times/week by topical
application to the interscapular region for 6 weeks (18 applications) to
determine the maximum tolerated dose (i.e.. that dose which caused no
mortality or local damage at the application site and did not depress
weight gain) for use in the long-term experiments.
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Table 1 Carcinogenic activity ofBPL, IMS, and MMS following topical application to female Hsd:(!CR)Br mice
Thirty mice were randomly assigned to test and control groups except for the untreated control group which contained 60 mice. Test compounds were applied in

UK)(iI of acetone 3 times/week to the interscapular region by micropipet for 450 days unless otherwise noted (see Footnote a) when survivors were sacrificed. Only
those papillomas which persisted for 30 days were counted. All squamous cell carcinomas and thymic lymphomas were diagnosed histologically.

Compound (dose,Â«imol)IMS
(40, 20, 10)Â°

MMS (40)
BPL(IO)
BPL (40)
Acetone control ( 100 flll
Untreated controlSurvivors

at 450
days027

27
24
2555Median

survival
time (days)166

>450
>450
>450
>450
>450Days

to first
tumor at appli

cationsite176

336246Papilloma

(totalno.)13(38)

2(2)
0

25(62)
0
0No.

of micewithSquamous

carcinoma9

0
0

17
0
0Thymic

lymphoma20*

01

1
0

" IMS-treated mice received 40 jmiol application for 126 days, then 20 ^mol/application for 57 days, and then 10 Â«Â¿mol/applicationuntil the 420th day when the

last mouse became moribund and was sacrificed. See Fig. 1 for time distribution of mortality and lymphoid neoplasms.
* The day to the first thymic lymphoma in the IMS-treated group was 102.

Table 2 Carcinogenic activity of Â¡MSand MMS following s.c. injection infernale
Hsd:(ICR)Br mice

Thirty mice were assigned per group except the IMS-treated group which
contained 32 mice. Mice were given s.c. injections of test compounds in 0.05 ml
trioctanoin, once a week for 52 weeks (52 injections) unless otherwise noted (see
Footnote a) and then observed until the 450th day when survivors were sacrificed.
For untreated control group see Table 1. The results of these experiments at 288
days have been reported (8).

Median No. of mice with
Survivors survival

Compound (dose, at 450 time Papilloma Local
days

Thymic
(days) (total no.) sarcoma lymphoma

IMS (20, 10,5)"MMS

(20)Trioctanoin
control(0.05

ml)01529118450>45002(2)*0011*020*I2
" The IMS-treated group received 20 ^mol/s.c. injection for 63 days, then 10

fiumi/'inject ion until the 120th day, and then 5 ^mol/injection until the last mouse

became moribund and was sacrificed on the 202nd day (8). See Ref. 8 for time
distribution of mortality and lymphoid neoplasms.

* The days to first papilloma, sarcoma, and thymic lymphoma were 140, 232,

and 40, respectively (8).
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Fig. 1. Time distribution of mortality and thymic lymphomas in 30 IMS-
treated mice. Mice received topical applications of IMS in 100 Â¡Aof acetone 3
times/week to the interscapular region, 40 fimol/application for 126 days, then
20 ^mol/application until the 183rd day, and then 10 (/mol application until the
last surviving mouse became moribund and was sacrificed on the 420th day.

RESULTS

Topical Application of IMS, MMS, and BPL. The experi
ments were terminated at the 450th day and the results are
summarized in Table 1. By the 126th day, 6 of the 30 IMS-
treated mice had died or become moribund (Fig. 1), 5 of which
were observed to have developed lymphoid neoplasms. The
dose of IMS was then reduced from 40 to 20 /Â¿mol/application
in an attempt to salvage the experiment. In spite of this reduc

tion in dosage an additional 10 mice died or were sacrificed due
to morbidity during the following 57 days, 9 of which were
observed to have developed lymphoid neoplasms, so that on the
183rd day the dose of IMS was again reduced by one-half, to
10 /umol/application. The latter dosage was maintained until
the 420th day when the last surviving IMS-treated mouse
became moribund and was sacrificed. Altogether, 20 of 30 IMS-
treated mice developed histologically diagnosed lymphoid neo
plasms, the first at the 102nd day and the last at the 350th day
(Fig. 1). The mean survival time of the thymic lymphoma-
bearing mice was 144 days; the last surviving mouse became
moribund and was sacrificed on the 420th day. As was observed
previously following s.c. injections of IMS (8), the neoplasms
typically appeared to originate in the thymus, invade neighbor
ing tissues, and ultimately spread via the blood to distant
organs. Microscopically, the tumor is best classified as a small
cell lymphocytic leukemia. The thymic lymphomas of the af
fected mice increased rapidly in size, filling the chest cavity and
causing respiratory failure as was noted in mice receiving IMS
by S.C. injection (8) and earlier by others (1). Squamous cell
carcinomas of the skin were observed in 9 and papillomas of
the skin in 13 of the IMS-treated mice; in 1 IMS-treated mouse
both a squamous cell carcinoma of the skin and a thymic
lymphoma were observed.

In MMS-treated mice neither squamous cell carcinomas nor
thymic lymphomas were observed at any time during the 450-
day treatment period, and 1 papilloma of the skin was observed
in each of 2 mice (Table 1). At the end of the treatment period
27 of 30 treated mice were alive. MMS was applied at a dose
of about 4.2 mmol/kg/week so that at the end of the experiment
(64 weeks) each surviving mouse had received about 269 mmol/
kg of MMS. When the first thymic lymphoma was observed at
the same dosage of IMS (102nd day), the 3 affected mice had
each received about 59 mmol/kg of IMS.

In mice receiving 40 fitnol of BPL per application, papillomas
of the skin were observed in 25 mice, squamous cell carcinomas
of the skin were seen in 17 mice, and 1 thymic lymphoma was
observed. In mice receiving 10 ^mol of BPL per application, 1
thymic lymphoma was observed and no papilloma or squamous
cell carcinoma was observed.

In mice treated topically with IMS, MMS, and BPL signifi
cant numbers of miscellaneous tumors were not observed com
pared to acetone-treated and untreated controls.

Injection s.c. of IMS and MMS. The results through day 288
of mice receiving IMS and MMS by s.c. injection have been
reported previously (8). The experiments were terminated at
the 450th day; the final results are reported in this paper and
are summarized in Table 2. The IMS s.c. injections were
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terminated at the 202nd day when the last surviving IMS-
treated mouse became moribund and died (8). No neoplasms
were observed at the site of injection and thymic lymphomas
were observed in at least 20 of 32 treated mice, the first at the
40th day and the last at the 202nd day (8). The mean survival
time of the tumor-bearing mice was 118 days (8). No thymic
lymphomas were observed at the 288th day in 30 mice receiving
s.c. injections of MMS, 1 mouse was observed to have a sarcoma
at the site of injection at the 232nd day, and another mouse
grew a papilloma at the site of injection at the 140th day (8).
Of the 30 MMS-treated mice, 28 (93%) were alive at the 288th
day (8). At the termination of the experiment, 50% of the
MMS-treated mice were alive, 10 additional mice had devel
oped sarcomas at the site of injection, 1 additional mouse had
developed a papilloma at the site of injection, 1 thymic lym-
phoma was observed in MMS-treated mice, and 2 thymic
lymphomas were found in the trioctanoin controls (Table 2).
At the time when the first thymic lymphoma was observed in
the IMS-treated mice (40th day), the affected mouse had re
ceived only about 4.3 mmol/kg of IMS (8), while at the end of
treatment at the 358th day, each surviving mouse had received
about 37 mmol/kg of MMS. It is of interest to note here that
when the SN2 alkylating agent BPL (3) was assayed by s.c.
injection at a dose of 4 Â¿Â¿mol/injectionin the same strain of
female mouse, using the same protocol as for MMS, 17 sarco
mas were observed at the site of injection in 30 treated mice
(the first at the 230th day) and 2 thymic lymphomas were
observed in both treated mice and trioctanoin controls.4 In mice

receiving s.c. injections of IMS and MMS significant numbers
of miscellaneous tumors were not observed compared to trioc-
tanoin-treated and untreated controls.

DISCUSSION

The goal of the experiments in female Hsd:(ICR)Br mice was
to determine whether the direct-acting SN\ alkylating agent
IMS is carcinogenic and to compare its effect with those of
direct-acting S/v2 methyl homologue, MMS. The compounds
were administered by topical application and s.c. injection.
Topical application of IMS resulted in the induction of squa-
mous cell carcinomas at the site of application and thymic
lymphomas (Table 1). Thymic lymphomas were observed in 20
of 30 treated mice and squamous cell carcinomas were seen in
9 mice. In mice receiving IMS by s.c. injection, thymic lympho
mas were observed in at least 20 of 32 treated mice (8) (Table
2) and sarcomas were not observed. The absence of sarcomas
was probably due to the fact that at the 150th day of treatment,
29 of 32 IMS-treated mice had died or had become moribund
and were sacrificed (8) (Table 2) and thus did not survive for a
long enough period of time for sarcomas to be observed. Sar
comas were not observed in mice receiving MMS by s.c. injec
tion until the 232nd day (Table 2).

The time distribution of mortality and thymic lymphomas
(Fig. 1) for 30 mice treated topically with IMS is similar to that
reported for mice receiving IMS by s.c. injection (8) except that
the first thymic lymphomas were observed in 3 mice at the
102nd day and the last at the 350th day following topical
application while the first thymic lymphoma was observed at
the 40th day and the last at the 202nd day following s.c.
injection. Thus application of IMS by both topical administra
tion and s.c. injection resulted in the rapid induction of neopla
sia at a distant site.

BPL was applied topically because it is an ,S\2 alkylating
agent like MMS with a similar Swain and Scott substrate
constant (BPL, 0.77; MMS, 0.83) but with a half-life in water
closer to IMS [BPL, fÂ»,1 h; IMS, rÂ»,0.22 h; MMS, fÂ»,9.5 h
(3)] and because it gives rise to papillomas and squamous cell
carcinomas of the skin when applied in acetone solution to
mouse skin (11). BPL is 4 times more mutagenic than MMS
in S. typhimurium TA 100 and both compounds produce equal
amounts of apurinic/apyrimidinic sites when reacted in vitro
with DNA (12). BPL did not induce a significant number of
thymic lymphomas (compared to controls) when applied topi
cally at doses of 10 and 40 Â¿imol/application; at the former
dose no squamous cell carcinomas of the skin were observed
while at the latter dose squamous cell carcinomas were observed
in 17 of 30 treated mice (Table 1). When MMS was applied at
40 Â¿tmol/application neither squamous cell carcinomas nor
thymic lymphomas were observed. Thus at a dose at which
BPL was a potent carcinogen at the site of application, it failed
to cause the formation of thymic lymphomas, even though,
based upon reported hydrolysis rates, it would be expected to
reach the thymus gland at concentrations comparable to or
greater than that of IMS.

Little is known concerning the mutagenic or carcinogenic
effects of isopropyl adducts in DNA or more specifically of
isopropyl adducts at exocyclic oxygens in DNA. The isopropyl
group is removed in vitro from the Opposition of guanine in
DNA more than 60 times slower than methyl, 30 times slower
than ethyl, and 20 times slower than propyl by rat liver O6-
alkylguanine-DNA alkyltransferase (13). Thus the alkyltrans-
ferase can remove branched adducts from the O'-position of

DNA but at a slower rate than the linear derivatives. The
persistence of O6-ethylguanine in rat brain DNA (6) and O4-

ethylthymine in rat liver parenchymal cell DNA (7) is thought
to be related to cancer induction in those organs. O4-Isopro-
pyldeoxythymidine 5'-triphosphate has been shown to substi

tute for TTP in the synthesis of poly(deoxyadenylate-deoxycy-
tidylate) directed by E. coli DNA polymerase I and then directed
deoxyguanosine incorporation by the polymerase (14). Since
O4-ethylthymine is very poorly repaired in vivo (7), it was
postulated that the 0"-isopropyl adduct with thymine in DNA

would probably be poorly repaired and therefore might be an
initiator of carcinogenesis (14).

IMS, NMU, and NEU react with nucleophiles mainly by the
Sjvl mechanism and have similar half-lives in water (15-20
min) (3). NMU and NEU in C57BL mice following i.p. injec
tion (1) and IMS in Hsd:(ICR)Br mice following either topical
or s.c. administration induce thymic lymphomas. The rapid
induction of thymic lymphomas by these agents thus may be
related to their ability to alkylate exocyclic oxygen atoms in the
DNA of hemopoietic cells and also to a sensitivity of these cells
to such lesions.
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