
(CANCER RESEARCH 48, 2740-2743, May 15, 1988]

Inhibition of /ff-Propiolactone-induced Neoplasia of the Forestomach and Large
Bowel by 4-Mercaptobenzene Sulfonate in Mice and Rats1

J. Bradley Hochalter, Lee W. Wattenberg,2 Judith B. Coccia, and Arthur R. Galbraith

Department of Laboratory Medicine and Pathology, University of Minnesota, Minneapolis, Minnesota 55455

ABSTRACT
Studies have been initiated to find compounds that can trap direct-

acting carcinogens within the lumen of the gastrointestinal tract and thus
prevent these carcinogens from attacking tissues of the host. Sodium 4-
mercaptobenzene sulfonate (4-MBSNa) is a potent nucleophile and was
found to react rapidly in vitro with the direct-acting carcinogen ÃŸ-
propiolactone (BPL). In further investigations 4-MBSNa was shown to
inhibit mutagenesis resulting from exposure of Salmonella typhimurium
strain TA-100 to BPL and a second direct-acting carcinogen, JV-methyl-
jV-nitro-iV-nitrosoguanidine.Subsequent experiments were performedto
determine if 4-MBSNa would inhibit BPL-induced carcinogenesis in
vivo. In the first of these, 4-MBSNa was administered by p.o. intubation
to female A/J mice 5 min before p.o. administration of BPL. Under these
conditions inhibition of carcinogenesis of the forestomach occurred. In a
second experiment, 4-MBSNa was given by rectal intubation5 min before
BPL also administered intrarectally. Administrationof BPL intrarectally
produced adenomatous polyps of the large intestine. The occurrence of
these neoplasms was inhibited by the prior administration of 4-MBSNa.
The data presented show that 4-MBSNa has the capacity to trap direct-
acting carcinogens and to inhibit the occurrence of BPL-induced neopla-

INTRODUCTION
The objective of the present work is to obtain chemopreven-

tive compounds that can trap direct-acting carcinogens within
the lumen of the gastrointestinal tract and thus prevent these
carcinogens from attacking tissues of the host. Many direct-
acting carcinogens are electrophiles. One possible strategy for
blocking their action is by trapping them with nucleophiles. In
the studies to be presented, emphasis has been placed on
trapping direct-acting carcinogens in two sites, i.e., the stomach
and the large intestine. The trapping of electrophiles in the
stomach is complicated because of its acidity. Many nucleo
philes are inactive in acid solution. This fact places a particular
stricture on the number of available compounds that will be
active in the stomach. The acidity of the stomach varies with
species and with food consumption. However, even in species
with a very low fasting gastric acidity, as the human, the pH
will rise rapidly to 4 or above shortly after the start of a meal
(1). While ideally it would be desirable to have nucleophiles
effective in the low pH range, those maintaining significant
nucleophilicity at a pH of 4 and above could still be useful.

Thiols are a widely used group of nucleophiles. In general,
aromatic thiols are the most potent of the thiol nucleophiles
(2). Thiols lose most of their nucleophilicity when they are
protonated (2). Thus for activity in the pH range of the gastric
contents, it is important to employ thiols with relatively low
pK. values. One such compound is 4-MBS.' It will be shown
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that this compound has a pK, of 5.8 and thus maintains
nucleophilic activity in the upper acid pH range. Experimental
work will be presented showing that 4-MBSNa can inhibit
carcinogen-induced neoplasia of the mouse forestomach and
large bowel resulting from administration of the direct-acting
carcinogen, BPL (3-5). A preliminary report of the inhibitory
effects of 4-MBSNa has been presented previously (6).

MATERIALS AND METHODS

Chemicals. The following are the sources of the chemicals employed:
BPL 99%, Sigma Chemical Co., St. Louis, MO; bovine serum albumin
and benzenesulfonic acid, 1.5-hydrate (C6H5SO3H-1.5 H2O) 97%, East
man Kodak Co., Rochester, NY; acetone (HPLC grade), Aldrich Chem
ical Co., Milwaukee, WI; Q12 ion-pair reagent, Regis Chemical Co.,
Morton Grove, IL; glass-distilled methanol for HPLC, Burdick &
Jackson Laboratories, Inc., Muskegon, MI. Biofluor used for scintilla
tion counting, NEN Research Products, 549 Albany Street, Boston,
MA.

[14C]BPL (carboxy-labeled, 15.3 mCi/mmol), obtained from Wizard

Chemical Co., was dissolved in ether, diluted with unlabeled BPL to
400 fiCi/mmol/ml, and stored at -40'C. The diluted [MC]BPL was

purified by adding a 40-fil aliquot to 1 ml of 0.1 M K2HPO4 and passing
through a small, disposable, C,â€žcolumn to remove any BPL polymers.
The column was eluted with the 0.1 M K2HPO4 until 4 ml had been
collected. Because the half-life of BPL in water is 120 min at room
temperature, the [14C]BPL was extracted as soon as possible into 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 [14C]BPL is very unstable in this concen

trated form), the residue was dissolved in acetone, diluted with unla
beled BPL to give a final concentration of 424,000 cpm (0.0555 mmol)/
50 fil, and stored at -40'C. The purity was determined by HPLC to be

greater than 99%.
4-MBSNa was synthesized by a modification of a previous procedure

(7). A solution of 17.3 g suIfan ilie acid in 100 g 11 O and 4 g NaOH
was acidified with 20 ml concentrated HC1 and treated with cooling
with 6.9 g NaNO2 at 4-6Â°C.This solution containing the diazonium

salt was slowly added to a solution of 3.2 g S and 24 g Na-S â€¢9 H2O in
50 ml H2O and then heated to 95'C for 2 h. After cooling to room

temperature, the reaction mixture was filtered, treated with 30 ml
AcOH and 20 g Zn dust and then heated to 95Â°Cfor 2 h to give 4-

MBSNa. Unreacted Zn dust was removed by filtration, AcOH was
removed by extracting with ether at pH 3 (concentrated HC1), and Zn2+

was filtered off as /n< (), and Zn(OH)2 after adjusting to pH 10 with
NaX'(),. 4-MBSNa was isolated by adjusting to pH 3.6 with concen

trated HC1, reducing the volume by rotory evaporation until a large
amount of NaCl has precipitated, heating to a boil and filtering off the
NaCl, and then cooling in an ice bath and filtering off the crystalline
product. Analytical calculations for C6H5S2O3Na: C, 34.0; H, 2.4; O,
22.6; S, 30.2. Found: C, 33.9; H, 2.5; O, 22.6; S, 30.4.

Dissociation Constant of 4-MBS. The dissociation constant (pK.,) of
the benzene thiol group was determined by titration, Fig. 1. 4-MBS (13
mg, 0.0625 mmol) was dissolved in 5 ml of distilled water. The sulfonic
acid group and the benzene thiol group were sequentially titrated using
50-fil aliquots of 0.0625 M NaOH.

In Vitro Studies of Reaction between 4-MBS and |'4( |B1'I . The
studies of the in vitro reaction between 4-MBS and [I4C]BPL were
carried out at 22'C in 1.5 ml capacity crimp-top vials. The vials were

sealed with aluminum crimp seals lined with Teflon-coated butyl rubber
septa (Pierce Chemical Co., P. O. Box 117, Rockford, IL 61105). Three
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solutions were added to the crimp-top vials using Hamilton syringes
(0.85 ml of water containing 0.1 M phosphate buffer, 0.10 ml of water
containing 4-MBS and O.OSml of acetone containing (14C]BPL) to give

a final reaction volume of 1 ml (0.95 ml water and 0.05 ml acetone)
with the desired pH and containing 0.085 M potassium phosphate
buffer and the desired concentrations of 4-MBS and [14C]BPL. The
reaction was started by the addition of the [14C]BPL to the reaction
mixture in the crimp-top vial, and the amount of BPL remaining after
10 min was determined by removing a 50-//I aliquot and injecting into
the HPLC for analysis.

HIM ( Analysis of in Vitro Reaction between 4-MBS and ["QBPL.

The analysis of the in vitro reaction mixtures was done by injecting a
50-/il aliquot into a Micromeritics Model 7000 high-pressure liquid
Chromatograph using a CiÂ»-/jBondapak column (Waters Associates,
Milford, MA) with a flow rate of 1 ml/min. The reversed-phase column
was used as an ion-exchange column by eluting with an aqueous 0.01
M solution of Q12 ion-pair reagent as the aqueous mobile phase (20 ml
of a 0.5 M solution of Ql 2 per liter of aqueous 0.02 M K2HPO4). This
aqueous mobile phase was used in a gradient solvent elution of 0 to
80% 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-jil aliquot of the reaction
mixture was injected 10 min after the [14C]BPL was added to the

reaction mixture and all the reactants in the reaction mixture were
thoroughly mixed. The gradient was started as soon as the 50-^1 aliquot
was injected into the HPLC and 0.5 ml fractions were collected. The
[14C]BPL,BPL-hydrolysis product and BPL-adduct were separated with

retention times of 7, 11, and 38 min, respectively. 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 was greater than 97% of the amount injected.
The total amount of radioactivity found in the three peaks (BPL, BPL-
hydrolysis product, and BPL-adduct) was taken as 100% and repre
sented about 99% of the total amount of radioactivity recovered. The
"% disappearance of [14C]BPL" was taken as the % of radioactivity
which was found in the BPL-hydrolysis product and BPL-adduct peaks.

Bacterial Mutagenesis Studies. Salmonella typhimurium strain TA
100, originally from Bruce N. Ames (Biochemistry Depuri men t. Uni
versity of California, Berkeley) and provided to us by Dr. Ernest
Bueding (deceased), formerly with the Department of Pathobiology,
Johns Hopkins University, was used (8, 9). Master cultures were stored
in liquid nitrogen and contained 0.09 ml DMSO/ml as a cryoprotective
agent. As needed, scrapings from the master culture were inoculated
into 7 ml of Oxoid No. 2 Broth (Oxoid USA, Inc., Columbus, MD)
and grown at 37*C for 11-12 h in a Dubnoff metabolic shaker bath.

The compounds being tested for inhibition of mutagenesis were prein-
cubated with the mutagen before addition to the bacterial tester strain.
The reaction mixture contained 0.300 Â¿iinolBPL in 20 n\ acetone and
either 0.300 ^mol or 0.900 /.mol 4-MBS in 100 n\ of 0.1 M sodium
phosphate buffer, pH 7.4. When MNNG was used, the reaction mixture
contained 0.010 /Â¿molMNNG in 100 Â¡t\of 0.1 M sodium phosphate
buffer (pH 7.4), and either 0.010, 0.020, 0.040, or 0.080 Mmol4-MBS
in 160 Â¡uof the above buffer.

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

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

Animal Experiments. Tumor formation of the fort-stomachs of female

A/J mice (The Jackson Laboratories, Bar Harbor, ME) was studied
using procedures similar to those described previously (10, 11). 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. At that
time their body weight was approximately 20 g. The mice were 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. Two mg BPL in 0.1 ml H2O was given by oral
intubation twice a week for 10 weeks. Five min before each administra

tion of carcinogen, mice were given 0.4 ml of water or 4-MBSNa in
water by oral 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 injected with formalin so
as to be fixed in an expanded state. Tumors of the forestomach were
counted as described previously (10, 11). Histopathology examination
was performed to ascertain the nature of the tumors.

Tumor formation in the large bowel of male F-344 rats (Charles
River Breeding Labs, Wilmington, MA) was studied using a protocol
similar to that described above for the mouse forestomach. The rats
were randomized by weight at 25 days of age and placed on the
semipurified diet. At that time their body weight was approximately 35
g. At 4 weeks of age administrations of BPL were begun. No anesthesia
was used. 2.5 mg of BPL in 0.1 ml propylene glycol was administered
intrarectally twice a week for 6 weeks. Five min before each intrarectal
administration of BPL, 0.2 ml H2O or the test compound in 0.2 ml
H2O was administered intrarectally. For rats weighing <75 g, the
injections were carried out employing a polyethylene tube with an
inside diameter of 0.58 mm and an outside diameter of 0.96 mm (Clay
Adams, Parsippany, NJ) slipped over the end of a 23-gage needle
attached to a syringe. For large animals an infant feeding tube attached
directly to the syringe was used. For both size animals the tip of the
tube was inserted so as to be in the proximal portion of the ascending
colon close to the cecum. Three days after the last intrarectal adminis
tration, the rats were placed back on the Purina diet and were main
tained on this diet for the duration of the protocol. The experiment
was terminated 50 weeks after the first dose of BPL at which time the
rats were autopsied. Large and small bowel were routinely examined.
Histopathology examination was performed on all tumors.

Statistical Analysis. Student's 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

The pK. of the thiol group of 4-MBS was found to be 5.8.
The titration curve is shown in Fig. 1. The results of studies of
the reaction between [MC]BPL and 4-MBS in vitro are presented

in Table 1. After 10 min of incubation with 4-MBS at pH 7.4
or pH 6.0, no [14C]BPL remained in the reaction mixture,
almost all of the [14C]BPL had reacted with 4-MBS to form the
adduci. At pH 4.0, 64% of the [14C]BPL reacted to form the

adduci whereas at pH 2, adduci formation diminished to 16%.
In Table 2, studies of the effects of 4-MBS on mutagenesis of
Salmonella typhimurium strain TA-100 by BPL and MNNG
are recorded. 4-MBS inhibited the mutagenic effects of both

1.5

Equivalents
of NaOH 1

added

0.5

4 6 8 10
pH of solution

Fig. 1. Titration curve for determining the pK. of 4-mercaptobenzene sulfo-
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Table 1 In vitro studies of the reaction off'CJBPL with 4-MBS at several pH

values

% of total counts in the reaction mixture
after 10 min

pH of" % disappearance*''

reaction of HIM.after 10
mixture min of reaction[I4C]BPL7.46.04.02.01001006419003681[MC)BPL

hydrolysis
product1123Adduci:

[MC]-
BPL-4-MBS99996216

" The pH of the reaction mixture varied by less than 0.1 pH unit during the

Id muÃreaction.
'''All reactions were done in duplicate at room temperature which gave results

which varied by about 1%.
"The concentration of reactants at O min were: ("CjBPL, 0.0555 mmol/ml (4

mg/ml) and 4-MBS, 0.0876 mmol/ml (18.6 mg/ml).

Table 2 Effects of 4-MBS on mutagenesis ofS. typhimurium strain TA-100

Mutagen and test compound or solvent were incubated together for 10 min at
20*C prior to addition of the bacterial tester strain. After subsequent incubation
for 44 h at 37"C, revertants were counted.

TestcompoundMutagenBPLMNNGCon

centra
tion(I11MI2.50

0.0384Name4-MBS
4-MBS4-MBS

4-MBS
4-MBS
4-MBSCon

centra
tion(HIM)2.50

7.500.0384

0.0768
0.154
0.307Molar

ratiotesti
(impiumi! mu

tagen1312

4
8Revertants412

147
14

815
540
511
389
288Revertants

test/control35.7

3.466.3

62.747.7

35.3

Table 4 Inhibition of BPL-induced neoplasia of the large bowel by 4-MBSNa

0.2 ml H2O or test compound in 0.2 ml H2O were administered intrarectally
to male F-344 rats 5 min before intrarectal administration of 35 (imol of BPL in
0.1 ml propylene glycol. The experiment was terminated 50 weeks after the first
dose of BPL.

PretreatmentHjO4-MBSNa

(70 ^mol)No.

of rats
at risk14

14Weight

gain
(g>Â°385

408Large

boweltumors*%

of mice
withtumors100

21'No.

of tu
mors/rat'3.4

Â±O.S*
0.36 Â±0.23'

Â°Weight gain from 25 to 379 days of age.
'' All tumors were adenomatous polyps.
' Average number of tumors occurring in the group of rats.
' Mean Â±SD.
'p< 0.001.

inhibition of neoplasia of the large bowel. The number of
animals bearing tumors was sharply reduced and the average
number of tumors per rat was also markedly reduced. All of the
neoplasms found in this experiment were adenomatous polyps.
In some instances the presence of these neoplasms prior to
termination of the experiment was evident from the appearance
of blood in the feces. The adenomatous polyps were found in
all portions of the colon. However, most of the neoplasms
occurred in the distal half of the large intestine. The adenoma
tous polyps reached a size with a maximum diameter of 1.5 cm.
They did not result in any deaths of the rats during the experi
ment. Further work will be required to determine whether
higher doses of BPL or a more prolonged series of administra
tions will produce malignant lesions of the large bowel mucosa
in this experimental model.

Table 3 Inhibition of BPL-induced neoplasia of the mouse forestomach by
4-MBSNa

0.2 ml II <<>or the test compound in 0.2 ml 11,() were administered by oral
intubation to female A/J mice 5 min before 28 (.mol BPL in 0.1 ml 11..<)also
given by oral intubation. The experiment was terminated 26 weeks after the first
dose of BPL.

PretreatmentH2OBSNa

(40 iiiiinl)
4-MBSNa (40 i.im.l)No.

of mice
at risk15

1414Weight

gain
<g>"6.8

6.26.6Forestomach

tumors*%

of mice
withtumors100

100yjfNo.

of tumors/
mouse'6.8

Â±0.8"4.2
Â±0.7'0.71

Â±o.y
" Weight gain from 8 to 36 weeks of age.
* All tumors were papillomas.
1Average number of tumors occurring in the group of mice.
' Mean Â±SD.

1p< 0.001.

carcinogens but was more potent against BPL than MNNG.
Studies of the inhibitory effects of 4-MBS and BSNa on

BPL-induced neoplasia of the mouse forestomach are presented
in Table 3. 4-MBS showed a marked inhibitory effect in this
experimental model. Inhibition was evident by a reduction in
the number of mice bearing forestomach tumors and the num
ber of tumors per mouse. BSNa was included as a control
compound in that its chemical structure is the same as 4-MBS
except for the lack of the thiol group. BSNa showed a very
small inhibitory effect as manifested by a slight reduction in
number of tumors per mouse. All of the forestomach tumors
found in this experiment were papillomas. Tumors were not
observed in other tissues.

In a second study, the effects of 4-MBS on BPL-induced
neoplasia of the large bowel of F-344 rats was determined. BPL
and 4-MBS or vehicle were administered by intrarectal intuba
tion. As will be seen in Table 4, 4-MBS produced a marked

DISCUSSION

In the current investigation, it has been shown that 4-MBS
can inhibit carcinogenesis of the forestomach resulting from
administration of the direct-acting carcinogen BPL. These re
sults are in accord with the data obtained on the reactivity of
4-MBS with BPL in vitro. It was shown that 4-MBS inhibits
mutagenesis of S. typhimurium strain TA-100 resulting from
exposures to the direct-acting carcinogens BPL and MNNG.
In addition, 4-MBS was demonstrated to have the important
property of retaining its ability to act as nucleophile in acid
solution. This property gives it the capacity to inhibit the effects
of direct-acting carcinogens in the stomach as has been found
in the work presented. As might be anticipated from the in vitro
studies, 4-MBS also can inactivate BPL within the lumen of
the large bowel.

The present study, along with previous work with other
nucleophiles, is relevant to considerations of the feasibility of
using nucleophiles to trap direct-acting carcinogens within the
lumen of the alimentary tract (11). Direct-acting carcinogens
that could be trapped by nucleophiles include a variety of
compounds that are electrophiles or in solution form electro-
philes. These include epoxides, strained lactones such as ÃŸ-
propiolactone, nitrosamides, hydroxylamines, imines, fecapen-
taenes, alkyl sulfate esters, active halogen derivatives such as
bis(chloromethyl)ether, nitrogen mustard and some of its deriv
atives, and additional alkylating agents that have been reviewed
by others (12-14). In addition to carcinogens, there are a
number of mutagens that can occur within the gastrointestinal
tract whose carcinogenic effects are not known (13-16). After
thorough investigation, it may be established that some of these,
such as the fecapentaenes, are full carcinogens. However, even
if a compound is not a complete carcinogen, it could play a
more limited role in the carcinogenic process. Electrophiles
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have the capacity to attack DNA. Compounds of this type have
been shown to initiate carcinogenesis and to cause tumor pro
gression (17, 18). In addition to the implication for cancer, the
presence of compounds that can alter genetic material of the
host poses threats of other forms of pathology. Thus as a
protective measure, the neutralization of electrophiles would
appear to be desirable. As shown by the data presented, it
appears achievable. However, whether such a strategy can have
an applied use for prevention of cancer in the human is not
certain and a considerable effort will be required to ascertain
the feasibility of this approach.
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