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ABSTRACT

Studies have been initiated to find compounds that can trap direct-
acting carcinogens within the stomach. Sodium thiosulfate (SIS) is a
potent nucleophile and in initial experiments was found to inhibit muta-
genesis resulting from exposure of Salmonella typhimurium strain
TA 100 to the direct-acting carcinogens 0-propiolactone and styrÃ¨neox
ide. In in vitro experiments STS was shown to maintain its nucleophilicity
in the acid pH range. It reacted with /3-propiolactone as rapidly at pH 2
as at pH 7.4. Thus STS has the prerequisite attributes to inhibit the
carcinogenic effects of electrophiles in the stomach. Experiments were
performed in which STS was administered by p.o. intubation to female
A/J mice 5 min before p.o. administration of /3-propiolactone. Under
these conditions, inhibition of formation of the forestomach tumors
occurred. The data obtained suggest that use of nucleophiles to protect
against direct-acting carcinogens is a potential strategy for chemopreven-
tion.

INTRODUCTION

Many direct-acting carcinogens are electrophiles. One pos
sible strategy for blocking the action of these carcinogens is to
trap them with nucleophiles. Data have been reported showing
that STS,3 a compound with very low toxicity (1), can trap

electrophiles. In in vitro studies of this nature STS has been
shown to react with BPL, methyl bromide, HN2, and chlor-
ambucil (2, 3). In /'// vivo studies, protection against toxicity

from HN2 by STS administered simultaneously with STS has
been reported (4-7). Other related alkylating reagents the tox
icity of which is reduced by STS include mustard gas [di(2-
chloroethyl) sulfide] and AyV"-ethylene-bis[5(2-bromoethyl-

thio)]-valeramide (8, 9). STS has also been shown to inhibit the
toxicity of m-diaminedichloroplatinum in humans and rodents
(10-12).

On the basis of the data on the reactivity of STS with
electrophiles, it appeared worth exploring the possibility that
this compound might have the capacity to inhibit the carcino
genic effects of direct-acting carcinogens in vivo. One of the
sets of conditions of particular importance entails inhibition of
p.o. administered direct-acting carcinogens by a p.o. adminis
tered inhibitor(s). These conditions could provide a background
for developing a means of inhibiting direct-acting carcinogens
in the diet by p.o. administered protective agents. The most
desirable site for such inhibitory reactions would be the stom
ach, thus protecting not only the gastric tissue but also sequen
tial segments of the alimentary tract as well as the internal
tissues. Many nucleophiles will lose much or all of their reac
tivity towards electrophiles under the acid conditions found in
the stomach (2). This loss occurs as a result of the nucleophiles
being converted to a protonated form. However, SjOj" has a
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pK0 of 1.73 (13) and therefore would maintain most of its
nucleophilic activity in the acid pH range of gastric contents.
Accordingly, this nucleophile would appear to have the desired
properties for a p.o. administered inhibitor of direct-acting

carcinogens.
In the present study, the inhibitory effects of STS on BPL

carcinogenesis of the mouse forestomach were investigated.
STS has been shown to react with BPL to form the adduct
NaO3S-SCH2CH2COONa (14). BPL is a low molecular weight
direct-acting carcinogen with a simple chemical structure (IS
IS). This carcinogen produces a neoplastic response in tissues
with which it comes into direct contact. Thus it has been shown
to cause cancer of the mouse epidermis as a result of topical
application, cancer of the mouse forestomach as a result of p.o.
administration, and sarcomas as a result of s.c. injection (IS,
16). The reaction of BPL with DNA has been studied by several
investigators (17, 18). A preliminary report on the inhibitory
effects of STS on BPL carcinogenesis has been presented pre
viously (19).

MATERIALS AND METHODS

Chemicals. The following are the sources of the chemicals: BPL 99%,
Sigma Chemical Co., St. Louis, MO; STS, Na2SO4-10H2O, and
N:i;S( >i, all ACS grade, Columbus Chemical Industries, Columbus,
WI; styrÃ¨neoxide 97%, acetone (HPLC grade), Aldrich Chemical Co.,
Milwaukee, WI; Oxoid No. 2 Broth, Oxoid USA, Inc., Columbia, MD.
Q8 ion-pair reagent was obtained from Regis Chemical Co., Morton
Grove, IL. Glass-distilled methanol for HPLC was obtained from
Burdick & Jackson Laboratories, Inc., Muskegon, MI.

[carÂ¿ar>>-l4C]/3-Propiolactone(15.3 mCi/mmol), obtained from Wiz

ard Chemical Co., was dissolved in ether, diluted with unlabeled BPL
to 400 /iCi/mmol/ml, and stored at -40'C. The diluted [14C]BPL was
purified by adding a 40 â€ž1aliquot to 1 ml of 0.1 M K..III>()4/KII.,I>()4

buffer, pH 7.4, and passing through a small, disposable, C,Â»column to
remove any BPL polymers. The column was eluted with the pH 7.4
buffer until 4 ml had been collected. Because the half-life of BPL in
water is 120 min at room temperature, the [I4C]BPL was extracted into
ether as soon as possible with four 5-ml volumes of ether. The ether
layers were pooled and the solvent was evaporated off with a stream of
N2. When the volume had been reduced to about 0.1 ml (the [UC]BPL

is very unstable in this concentrated form), the residue was dissolved in
acetone, diluted to 177,600 dpm (0.2 iimol)/50 Ml,and stored at -40'C.

The purity was determined by HPLC to be greater than 99%.
The adduct NaO3S-SCH2CH2COONa from the reaction of STS and

BPL was made as described previously (14). BPL (63 Â¡A,1 mmol) was
added to a solution of 248 mg (1 mmol) STS in 10 ml water. The
reaction mixture was allowed to stand at room temperature for 1 h.
The adduct was used in this form as 0.1 M solution. The I4('-labeled
adduct was made as described above with the use of [I4C]BPL in the

reaction.
Bacterial Mutagenesis Studies. Salmonella typhimurium strain TA

100, originally from Bruce N. Ames (Biochemistry Department, Uni
versity of California, Berkeley) and modified by Dr. Ernest Bueding
(deceased), formerly with the Department of Pathobiology, Johns Hop
kins University, was used (20,21 ). Master cultures were stored in liquid
nitrogen and contained 0.09 ml dimethyl sulfoxide/ml as a cryoprotec-
tive agent. As needed, scrapings from the master culture were inoculated
into 7 ml of Oxoid No. 2 Broth and grown at 37'C for 11-12 h in a

Dubnoff metabolic shaker bath.
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The compounds being tested for inhibition of mutagenesis were
preincubated with the mutagen before addition to the bacterial tester
strain. The reaction mixture contained 0.277 Â¿Â¿molBPL in 20 Â¿tlacetone
and the test compounds, i.e., STS, sodium sulfite or sodium sulfate, in
200 #il 0.1 M sodium phosphate buffer, pH 7.4. When styrÃ¨neoxide
was used, the reaction mixture contained 6.66 Â¿imolstyrÃ¨neoxide in
80 //I acetone and sodium thiosulfate in 200 n\ 0.1 Msodium phosphate
buffer, pH 7.4.

All reactions were run in triplicate and incubated for 10 min at 20'C

in capped 13- x 100-nun culture tubes before addition of 100 n\ of the
TA-100 test strain culture. To the mixture, 3.0 ml of top agar were
added, mixed, and poured onto minimal agar plates. The plates were
incubated for 44 h at 37Â°C,at which time net revertants were counted.

In Vitro Studies of Reaction between STS and |"C]BPL. The studies
of the reaction between STS and [I4C]BPL were carried out in 1.5-ml
crimp-top vials at 20Â°C.Stock solutions were added using Hamilton

syringes to give a final reaction volume of 1 ml (0.95 ml water and 0.05
ml acetone) containing 0.02 M potassium phosphate buffer and the
desired concentrations of STS and [I4C]BPL. At sequential time inter
vals after the reaction was started, 50-fil aliquots were removed and

injected into the HPLC for analysis.
In Vivo Studies of Reaction between STS and |I4C]BPL. In vivo studies

of the reaction between STS and [I4C]BPL were carried out in 9-week-

old female A/J mice (Jackson Laboratories, Bar Harbor, ME). The
mice were given an initial administration of either 0.4 ml water or STS
in water by p.o. intubation using a modified stainless steel syringe
needle with a blunt tip which was inserted so that the tip of the needle
was within the lumen of the stomach. A 2-mg dose of [I4C]BPL (5.7
u( 'Â¡)was given by oral intubation 5 min after administration of STS or

water. The mice were sacrificed with CO2 10 min after the second
administration. The stomachs were removed, cut open, and thoroughly
rinsed in 100 ml of 0.9% NaCl solution. A 50 ^I aliquot of this saline
rinse was injected into the HPLC for analysis.

HPLC Analysis of in Vitro Reaction between STS and |14QBPL. The

analysis of the in vitro reaction mixtures were done by injecting a 50-
n\ aliquot into a Micromeritics Model 7000 high-pressure liquid Chro
matograph using a Cig-fiBondapak column (Waters Associates, Mil-
ford, MA) with a flow rate of 1 ml/min. The reverse-phase column was
eluted with 0.01 M phosphate buffer, pH 6.8, and 0.5-ml fractions were
collected. BPL, with a retention time of 6 min, was separated from the
adduci and hydrolysis products, which ran at the solvent front with a
retention time of 3.5 min. The first injection was made as soon as all
the reactants in the reaction mixture were thoroughly mixed and was
defined as O min. Subsequent injections were made at IO min intervals.
The radioactivity of each fraction was determined by liquid scintillation
counting. For a given reaction mixture, the total amount of radioactivity
recovered from each HPLC run varied by less than 2%. The amount of
radioactivity found in the BPL peak at 0 min was taken as 100%. The
"percentage of disappearance of [I4C]BPL" was taken as the percentage
of radioactivity which disappeared from the [14C]BPL peak at some

later time interval.
The HPLC analysis of the in vivo reaction mixtures was similar to

the in vitro analysis. A 50 //1 aliquot of the saline rinse was injected
into the HPLC. The reverse-phase Cl8-pBondapak column, with a flow
rate of 1 ml/min, was used as an ion exchange column by using an
aqueous 0.005 M solution of Q8 ion-pair reagent (10 ml of a 0.5-M
solution per liter of water), adjusted to pH 7.4 with NaOH, as the
aqueous mobile phase. This aqueous mobile phase was used in a
gradient solvent elution of 0 to 50% methanol in 20 min, with a concave
curvature of 5.0, at ambient temperature. This gradient gave a solvent
elution profile which was still 0% methanol at 6 min into the run. The
50 ,,1injection of the saline rinse was made as soon as the stomach was
thoroughly rinsed and all stomach contents were evenly distributed,
and 0.5-ml fractions were collected. The [14C]BPL-S2O3adduci, BPL

hydrolysis product, and BPL were separated with retention times of 7,
11, and 34 min, respectively. Each injection was made within 10 min
of sacrificing the animal. The radioactivity of each fraction was deter
mined by liquid scintillation counting.

Mouse Tumor Experiments. Tumor formation of the forestomachs
of female A/J mice was studied using procedures similar to those

described previously (22). The mice initially were fed a diet consisting
of Certified Purina Pellets (Ralston Purina Co., St. Louis, MO). At 8
weeks of age the mice were randomized by weight into the various
experimental groups and placed on a semipurified diet consisting of
27% vitamin-free casein, 59% starch, 10% corn oil, 4% salt mix (USP
XIV), and a complete mixture of vitamins (Teklad, Madison, WI). One
week later administration of BPL was begun. BPL, 2 mg in 0.1 ml
H2O, was given by p.o. intubation twice a week for 10 weeks. Five min
before each administration of carcinogen, mice were given 0.4 ml of
water or STS in water by p.o. intubation. One day after the last
administration of carcinogen, the mice were placed back on the Purina
diet and were maintained on this diet for the duration of the protocol.
Mice were weighed at intervals of 4 weeks. The experiments were
terminated 26 weeks after the initial dose of carcinogen at which time
the mice were autopsied. The stomachs were removed and formalin
was injected to fix them in an expanded state. Tumors of the forestom-
ach were counted as described previously (22). Histopathological ex
amination was performed to ascertain the nature of the tumors.

Statistical Analysis. Student's t test was used to determine the statis

tical differences in the number of tumors per group between the control
and treated groups, and the x2 test was used for the differences in
percentage of tumor-bearing animals in these groups.

RESULTS

In initial studies, the effects of incubation of sodium thiosul
fate, sodium sulfite, and sodium sulfate on mutagenesis of S.
typhimurium strain TA 100 were carried out. The data are
shown in Table 1. It will be seen that STS inhibited BPL-
induced mutagenesis whereas sodium sulfite and sodium sulfate
were inactive in this regard. Studies of the inhibitory effect of
STS on a second mutagen, styrÃ¨neoxide, were also carried out.
Again, STS was found to inhibit mutagenesis (Table 1). In
subsequent work, the reaction between [14C]BPL and STS was

investigated. The results are shown in Table 2. In Experiment
1, the effects of pH and concentration of reactants were deter
mined. The reaction between [I4C]BPL and STS occurs at the

same rate at pH 7.4 and pH 2.O. In this experiment, the effects
of concentration of reactants were determined under conditions
in which the molar ratio of the reactants was constant. The
results show that the reaction rate is dependent on the concen
tration of the reactants. Thus at the highest concentration used,
i.e., 25 mM STS and 1.26 mivi [14C]BPL, 87% of [I4C]BPL

reacted by 10 min. At the lowest concentrations used, i.e. 2 mM
STS and 0.1 mM [I4C]BPL, 19% [I4C]BPL reacted by 10 min.

Experiment 2 reflects conditions in which concentrations of the
reactants were of a magnitude comparable to those used in in
vivo studies in the mouse. In Table 3 the results of an in vivo
experiment to investigate the reaction of [I4C]BPL and STS in

the mouse stomach are shown. In this experiment, STS in H2O
or H2O only were administered by p.o. intubation 5 min prior
to [I4C]BPL given in the same manner. In mice receiving H2O,
unreacted [14C]BPL accounted for over 70% of the I4C counts
in the gastric contents 10 min after the [I4C]BPL administra

tion. In contrast, mice given STS had approximately 95% of
the 14Ccounts as the adduct of STS with BPL and unreacted
[14C]BPL was not found.

The results of both the in vitro and in vivo studies described
above indicate that STS would be likely to inhibit BPL-induced
neoplasia of the forestomach of A/J mice. In Table 4, the
results of experiments to test this assumption are shown. At all
dose levels of STS used, inhibition of forestomach neoplasia
was observed. At the highest dose of STS, forestomach tumors
were not found. At lower doses of STS, inhibition was mani
fested by fewer mice developing forestomach tumors and a
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Table 1 Effects of sodium thiosulfate, sodium sulfile, and sodium sulfate on mutagenesis ofS. typhimurium strain TA100
Mutagen and test compound or solvent were incubated together for 10 min at 20'( prior to addition of the bacterial tester strain. After subsequent incubation for

44 h at 37*C, revenants were counted.

TestcompoundMutagen0-Propiolactone

StyrÃ¨neoxide(ration

(mM)1.2623.8NameMollir

ratin'RatinnfConcentration
test compound/ No. of revenant

(mM) mutagen revenants(test/control)Sodium

thiosulfate
SodiumthiosulfateSodium

sulfite
SodiumsulfiteSodium

sulfate
SodiumsulfateSodium

thiosulfate
SodiumthiosulfateTable

2 In vitro studies of the reaction ofp'CJBPL with sodiumthiosulfate"Concentrations%

of disappearance of |14C]BPL* at following

incubationperiodExperi

ment12STS(mM)0248254489177[14C]BPL(mM)0.200.100.200.401.2656565610min3.3193461877799100pH7.420min6.53351839630min9.640639210min3.1203656pH

2.020

min6.036567930min8.94869906.3

5
12.6106.3

5
12.6106.3

5
12.610119

5
238 10531

247
88458

511436384433

406450

182
530.47

0.171.12

0.951.13

1.060.40

0.12Table

4 inhibition of BPL-induced neoplasia of the mouse forestomach bySTSForestomach

tumorsDose

Dose Noofof
of mice%of%

nf Nn nf NnnfWt
mice with mice with tumors/curdnu(Â«mol)

Otmol) risk (g) (ally mas (all)Jmouse14

881428
0 30(26?28

881528
441428
22 142

0Â«3
1003
0Â«2
21Â«2

71Â«'

Female A/J mice were given theindicatedp.o.

intubation twice aweekof
BPL, mice were given thefor

10 weeks. Five0

0Â«020
4.3 Â±0.50.20

0Â«00
0.2 Â±0.1Â«00
0.8 Â±0.2*0dose

of BPL in 0.1 ml H2Obymin
before eachadministrationindicated

dose of STS in 0.4 ml H2O or H2O only

â€¢Reaction of ("CJBPL and STS in 1 ml solution (0.95 ml H2O and 0.05 ml
acetone) containing 0.02 M phosphate buffer at either pH 7.4 or pH 2.O.

*As measured by HPLC.

Table 3 In vivostudies of the reaction ofP'CJBPL and sodium thiosulfate in the

stomachs of female A/J mice
Female A/J mice were given 0.4 ml of STS in H2O or H2O only by p.o.

intubation 5 min before 2 mg |UC]BPL in 0.1 ml l I..O also p.o. Mice were killed
10 min later. The stomach contents and washings were pooled and the uC-labeled

compounds were separated by HPLC.

Mouse1

2
3
4Material

administered
p.o. 5 min

before("CJBPLH2O

H2OSTS
(88 Mmol)

STS (88 Â«mol)%

of total counts in gastric contents and
washings[14C]BPL7971

0
0Adduci:

[MC]BPL-SjO300

94
%Hydrolysis

products of
[I4CJBPL21

29
64

marked decrease in the number of tumors per tumor-bearing
mouse.

DISCUSSION

In the current investigation, it has been shown that STS can
inhibit carcinogenesis of the forestomach resulting from admin
istration of the direct-acting carcinogen BPL. These results are
in accord with the data obtained on the reactivity of STS with
BPL both in vitro and in vivo. In initial work, it was shown that
STS inhibits mutagenesis of S. typhimurium strain TA 100
resulting from response to the direct-acting carcinogens BPL
and styrÃ¨neoxide. In subsequent studies STS was demonstrated
to have the important property of retaining its ability to act as
nucleophile in acid solution. This property gives it the capacity

BPL.
â€¢Weight gain from 8 to 35 weeks of age.
' Includes both pap iIlomas and carcinomas of the forestomach.
' Average number of tumors (papillomas and carcinomas) occurring in the

group of mice at risk.
'Numbers in parentheses, specimens upon which tumor counts could be

performed. These numbers are used in calculating "No. of tumors/mouse (all)"

and in statistical analyses. Mice excluded had large carcinomas which prevented
counting.

' Mean Â±SE.
â€¢P < 0.001 (STS venus H2O).
â€¢P < 0.005 (STS venia H2O).

to inhibit the effects of direct-acting carcinogens in the stomach
as has been found in the work presented. There are previous
reports of STS inhibiting carcinogens requiring metabolic ac
tivation. In one series of studies with carcinogens of this type,
STS was added to the diet which was fed starting 1 week prior
to carcinogen administration and continued until the experi
ment was terminated. Under these conditions, STS was re
ported to inhibit liver tumor formation resulting from admin
istration of /7-dimethylaminoazobenzene almost totally and to
inhibit methylcholanthrene-induced sarcoma formation and ur-
ethan-induced pulmonary adenoma formation to a lesser extent
(23). In other investigations, STS administered S min prior to
benzo(a)pyrene was shown to inhibit pulmonary adenoma for
mation in A/J mice (19). Data pertaining to the mechanism(s)
of the inhibitions of carcinogenesis resulting from administra
tion of carcinogens requiring metabolic activation have not
been published.

STS is an interesting compound in that it has low toxicity
(1). This compound has been used in humans to control adverse
effects of HN2 and os-platinum administrations (5, 24, 25). It
also has been used in the therapy of cyanide poisoning (26, 27).
An older literature exists describing the use of STS in efforts
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to diminish the toxicity of arsenicate and various metals (28).
The attributes of potent nucleophilicity, retention of nucleo-
philic activity in the low pH range, low toxicity, and previous
use in the human are favorable for consideration of the potential
use of STS as a chemopreventive compound (29). Whether or
not practical application of STS can be made for this purpose
remains to be determined.
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