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ABSTRACT

Administrationof the antloxidants2(3)-tert-butyl-4-hy
droxyanisole(BHA)andethoxyquln(1,2-dihydro-6-ethoxy
2,2,4-trimethylqulnoline)wfththe diet resultedina marked
decrease in the levels of mutagens present in mice
treated wfth benzo(a)pyrene. This was reflected in the
results of the host-mediated assay and determinations of
the mutagenicactivitiesof the urine, with the use of the
sensitive tester strains TAIOOand TA98 of Salmonella
typhimurlumhis- developed by Ames and coworkers.
Treatment with BHA was effective also in reducingthe
mutagenic activftiesIn vivo of hycanthone,three other
antischIstosomal compounds, metronidazole, diazepam,
and mebendazole.These effects were accompaniedby
increasesin the thiol levelsof sometissues.The produc
tion of mutagenicmetabolltesof two other antischistoso
mal drugs, 4-Isothlocyano-4'-nitrodiphenylamineand ox
amniquine,was not reducedby BHAtreatment.However,
such reductions in mutagenlcfty could be achieved by the
administrationof entericantibacterialagents, implicating
the role of intestinal microorganisms in the mutagenic
activation of certain chemical agents. Combined treat
ment of mice with BHA and enteric antimicrobialagents
reducedthe levels of mutagensderivedfrom metronlda
zole by more than 90%, and the combined treatments
were more effective than was either treatment alone.

INTRODUCTION

This study is concerned with the development of proce
dures designed to reduce the intrinsic mutagenicity or the
levels of mutagenic metabolites resulting from the admin
istration of a variety of carcinogens and chemotherapeutic
agents. This is achieved in 2 different ways: the administra
tion of certain antioxidants; and the modification of the
gastrointestinal flora of the host by enteric antibacterial
agents. Both proceduressubstantially reducethe prevailing
levels of mutagenic metabobites, and for one of these
agents a combination of both procedures proved far more
effective in this respect than did either procedure alone.

According to the results of Wattenberg (33-35)and Uland
eta!. (31)and Weisburgeretal. (37),antioxidants, e.g., 3,5-
di-tert-butyl-4-hydroxytoluene, BHA,3 and EQ reduce the
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carcinogenic effects of polycyclic hydrocarbons, nitrosa
mines, urethan, azo dyes, and other carcinogens. This
study demonstrates that these anticarcinogenic effects are
associated with a decrease in the levels of mutagenic
metabobites.Furthermore, the mutagenic effects of a num
bar of therapeutic agents were also reduced by BHA treat
ment. The latter enhanced the activities of a number of
hepatic microsomal and cytoplasmic enzymes(5, 6, 11, 12),
suggesting the possibility that some of them may be in
volved in either increasing the inactivation or reducing the
formation of these mutagenic metabolites. The mutagenic
activation of certain chemotherapeutic agents (4, 8, 21, 29)
could also be reduced markedly, or eveneliminated, by the
administration of enteric antibacterial agents, indicating a
critical role of some constituent(s) of the intestinal bacterial
flora in these processes.

MATERIALS AND METHODS

MutagenicAssays
Salmonella typhimurium strains TA100 and TA98 (24),

used for the detection principally of base-pair substitutions
and frame-shift mutations, respectively, were kindly sup
plied by Dr. Bruce N. Ames, Universityof California, Berke
bey,Calif., and by Dr. Philip E. Hartman, Johns Hopkins
University, Baltimore, Md. These strains were reisobated
and usedas previouslydescribed in Ref. 3.

Each reisobatedculture was placed in 0.5-dramvials with
0.07 ml dimethyb sulfoxide per 0.8 ml overnight suspension
and stored at â€”90Â°(without prior freezing). Only those
cultures that met the following criteria were used: (a)
spontaneousmutation rate between21 and 57 and 139 and
190 revertants/plate for strains TA98 and TA100, respec
tively; (b) high sensitivity to the mutagenic effects of hycan
thone, i.e., at beast550 and 1000 revertants in excess of
controls per 15 nmol for TA100and TA98, respectively(the
mutagenic responses to hycanthone and BP were deter
mined in each experiment, and they were not affected by
variations in the spontaneous mutation frequencies); (C)
high sensitivity to the mutagenic effects of BP in the
presenceof a rat liver microsomaband cytoplasmic fraction
(59) obtained from Sprague-Dawley rats treated with Aro
cbor1254, at beast300 revertants (in excessof controls) for
TA100 and 200 for TA98 per nmol; (d) growth inhibition

produced by 1 @gof crystal violet in a spot test (inhibitory
zone at least 25 mm in diameter for both TA98and TA100);
and (e) measurement of turbidity of an overnight culture
(incubation time, 14 hr at 37Â°),when diluted 1:10, was at
least equivalent to an absorbance of 0.37 in a 1.0-cm light
path at 550nm.

In order to maximize the sensitivity of the assays, we
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Reduction of Mutagenic Metabollte Levels

modified the procedure of Ameset al. (2) as follows. Biotin
(17 pg/plate) and L-histidine-HCI (100 @.tg/plate)were
placed in the bottom (15ml), rather than the top (2 ml), agar
phase. The amount of glucose was reduced to 66 and 176
mg/plate for strains TA100 and TA98, respectively. In the
top agar, 0.9%NaCIsolution was replaced by Vogeb-Bonner
medium (32). The agar concentration in the top agar was
0.75%. Bacterial suspensions were grown in double
strength nutrient broth (Difco Laboratories, Inc., Detroit,
Mich.) at 37Â°for 14 hr with agitation in a Dubnoff metabolic
shaker. In every instance, mutagenic determinations were
carried out in duplicate with at least 2 different sample
concentrations. Linear dose responses were obtained
throughout.

Dependingon the tester strain and the compound tested,
the sensitivity of the assaywas increased by these modifi
cations from 40%(N-nitroqumnolineN-oxide) to over 10-fold
(urine from mice treated with p-rosanibine or saccharin).
With the majority of compounds tested, the number of
revertants in excess of controls was at beasttwice as great
with the modified procedure. Variations of duplicate deter
minations at a given concentration of test compound or
urine did not exceed 10%. Furthermore, with the modified
procedure dose-relatedsignificant mutagenic activity could
be determined reproducibly at relatively low levels. For
example, based on 2 sets of 10 replicate plates with and
without added mutagen, a difference of less than 25%
above background proved to be highly significant (p <
10@) with strain TA100. The modified procedure also
proved less sensitive to exogenous histidine. Addition of 30
/.Lg of histidine per plate markedly increased the number of

revertants when the original procedure of Ames et a!. (2)
was used but produced virtually no change in this number
with the modified procedure. The maximal amount of histi
dine added with the urine used in these studies did not
exceed 10 @g.Thus, such an amount was insufficient to
interfere with the assay.

The presenceand formation of mutagens in the mamma
han organism were determined by exposure of the tester
strains in the peritoneabcavity of 6- to 8-week-old female
CD-i mice (Charles River Breeding Laboratories, Wibming
ton, Mass.)to which the test compound had been adminis
tered (15, 22). At least 5 animals were used per group.
Immediately following the administration of the test com
pound, 3 x 10@organisms were injected i.p. After 6 hr, the
bacteriawere retrievedand assayedasdescribed previously
(3). Mutagenic activity is expressed in terms of the number
of revertants (in excess of controls) per i0@bacteria. The
average numbers of recovered bacteria in 0.2 ml were 120
Â±45 (S.E.) (TA100) and 95 Â±50 (TA98) in a 1 x 10 dilution,

and the averagespontaneous mutation rates calculated for
each retrieved sample were 66 Â±3 and 22 Â±2 per 108
bacteria for TA100and TA98, respectively.

Urine from female mice was collected in containers sur
rounded by wet ice for the 24-hr period immediately follow
ing the administration of the test compound, sterilized by
filtration through a Millipore filter (type GS, 0.22 jim), and
frozen at â€”90Â°until assayed. Urine samplesfrom untreated
mice served as controls. The volume of urine over 24 hr
amounted to 1 to 1.2 ml. Mutagenic activities of the urine
(13, 15) were tested in the presence and absence of drug

metabolizing enzymes. The latter were present in liver
microsomes and cytosob [59 fraction (2)], obtained from
male Sprague-Dawley rats (220 to 260 g) treated with
Aroclor 1254. A portion (0.2 ml) of a mixture of 59 with
substrates and cofactors, as described by Ames et a!. (2)
was used. When mutagenic activities of the urine samples
were increased in the presenceof 59, a higher figure, listed
in Table 4, was obtained. Footnote a indicates instances in
which there was no activation with 59. For detection of the
presence of inactive glucuronate conjugates of mutagens,
i-mb abiquotsof the mouse urine were incubated for 3 hr at
370 and pH 6.0 with Helix pomatia fJ-glucuronidase (Boeh

ringer, Indianapolis, Ind.) previously dialyzed overnight at
40 against 0.1 M sodium acetate buffer (pH 4.5). A volume

(usually 0.05 mb/mIurine) of this dialyzed preparation was
used that catalyzed the hydrolysis of 1.2 @mobof phenol
phthabeinmono-fJ-glucuronide per mm at 38@and pH 4.5.
While this preparation also contained arylsulfatase, the
activity of this enzyme was not demonstrable when tested
in the presence of urine. All determinations were carried
out in duplicate with the useof 2 different volumes of urine
per plate (usually 0.1 and 0.25 ml). The number of revertants
in excess of controls was strictly proportional to the urine
volume added to the test system.

Treatmentof Mice

BHAand EQ. A powdereddiet (Code5001; Purinababo
ratory chow, St. Louis, Mo.) containing 0.75%BHA([isomer
ratio, 93:7 (99% purity); Sigma Chemical Co., St. Louis,
Mo.] or 0.5% EQ(Monsanto Co., St. Louis, Mo.) was fed to
female mice for 10 days. Thereafter, the test compounds
were administered to both the treated group and the un
treated controls (fed the powdered diet without added
antioxidant), while the mice were maintained on their re
spectivediets.

AntibacterialAgents.Forelucidationof the roleof intes
tinal microorganisms in the mutagenic activation of a given
compound, a mixture of poorly absorbed enteric antibacte
nabagents, i.e., bacitracin (200 mg/kg; The Upjohn Co.,
Kalamazoo, Mich.), erythromycin base (200 mg/kg; kindly
supplied by Eli Libby& Co., Indianapolis, Ind.), and succinyl
sulfathiazole (1 g/kg; Sigma)suspended in water was intro
duced by gastric intubation immedmatebyprior to the admin
istration of the test compound. In somecases,erythromycin
base (100 mg/kg) alone was used. Urine from animals
treated with any of these antibacterial agents, alone or in
combination at the dose levels indicated above, had no
growth-inhibitory activity on the tester strains. This was
ascertained in the following manner. A 0.1-mI portion of a
106dilution (150 to 190 organisms) of an overnight culture
of either strain was incubated in the presenceof either 0.1
or 0.25 ml of urine and 50 @gof L-hmstidine-HCI.Plates
containing only the bacteria and added histidine served as
controls. The number of colonies per plate determined after
incubation at 37Â°for 40 hr did not differ significantly from
each other, regardlessof whether or not urine from control
or treated animals had been present or absent. Therefore,
absorption of the antibacterial agents from the intestine as
well as contamination with fecal matter was not sufficient
to confer growth-inhibitory properties to urine on tester
strains TA100or TA98.
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Table1Effect

of BHA diet on the mutagenic activities (for TA98and
TA100)of urine of mice treatedwithBPBHA

was administered in the powdered diet at the level of 0.75%
(w/w) for 10 days prior to the injection of BP (100 mg/kg in sesame
oil); urine was collected for 24 hr following the injections. Control
mice received the powdered dietonly.Diet

Treatment of urine TA100TA98Control

None (169)a 500b (30) 160
BHA None (166) 80 (33)10Control

59 fraction (173) 780 (35) 320
BHA 59 fraction (168) 240 (34)30Control

/3-Gbucuronidase (173) 790 (37)440
BHA f3-Gbucuronidase (178) 80 (35)10Control

59 + p-glucuronidase (183) 1820 (38) 730
BHA S9 + f3-glucuronidase (171) 250 (35)70a

Numbers in parentheses, spontaneous mutation rates.
b Numbers without parentheses, number of revertants in excess

of controls induced by urine excreted per mouse over a 24-hr
period.

Effect of pretreatmentwith BHAon the host-mediatedmutagenicactivity
ofBPOne

hr priorto thei.p. injectionof thebacterialtesterstrain,BP(100
mg/kg) was administered i.m., and 6 hr thereafter, themicewere
sacrificedby cervicaldislocation.Two ml of 0.9%NaCIsolution

were injected i.p. and removed immediatelythereafter,with
the use of the same syringe. This fluid was used forthedetermination

of mutagenic frequencies. A 0.1-mI portion ofthisfluid
was plated on a histidine-deficient agar plate, and 0.1 ml ofa1

:10 serial dilution was plated on a histidine-rich agar plate.Allplates
were prepared in duplicate. After incubation at 37Â°for 44hr,the

numberof colonieswascounted.No.
of revertants/108bacteriaTA100

TA98In

ex- In ex
Av. of cess of Av. of cessofDiet

BP 5 mice controls 5 micecontrolsControl

â€” 68 Â±4@ 21 Â±1Control
+ 217Â±4 149 188Â±12167BHA
â€” 64Â±120Â±1BHA
+ 65Â±2 1 25Â±15a

Mean Â± S.E.

R. P. Batzinger et al.

Mutagenicfty Test Compounds. The doses and routes of
administration of the test compounds were: BP (Sigma),
100 mg/kg i.m. in sesame oil; hycanthone (Sterling-Win
throp,Rensselaer,N. Y.),60 mg/kg (base)i.m.,as the
aqueous solution of methanesulfonate salt; IA-4 N-oxide
(Parke-Davis,Detroit, Mich.) (3), 200 mg/kg (base) i.m., as
the aqueous solution of the methanesulfonate salt; metri
fonate (Bayer,Leverkusen, Germany),200mg/kg by gastric
intubation (aqueous solution); praziquantel (Bayer), 2 doses
of 600 mg/kg each administered at 2-hr intervals by gastric
intubation and suspended in 25% glycerol and 1%Cremo
phor EL (kindly provided by BSAF-Wyandotte Corp. , Parsip
pany, N. J.); diazepam (Hoffman-La Roche Inc., Nutley, N.
J.), 200mg/kg by gastric intubation suspendedin Emubphor
EL-620 (kindly provided by GAF Corp., New York, N. Y.);
mebendazobe (Janssen Pharmaceutica, Beerse, Belgium),
500 mg/kg by gastric intubation suspended in Emulphor
EL-620. 4-Nitro-4'-isothiocyanodiphenybamine(CGP 4540;
kindly supplied by Dr. H. Striebel, Ciba-Geigy, Baseb, Swit
zerland) 250 mg/kg by gastric intubation of a low-particle
size (average diameter, 0.5 nm) formulation (9); Oxamni
quine (Pfizer, New York, N. Y.), 200 mg/kg by gastric
intubation suspended in 25% Cremophor EL; metronidazole
(Searle, Chicago, Ill.), 200 mg/kg by gastric intubation
suspendedin EmubphorEL-620.

Treatment of mice with any of the vehicles, i.e. , sesame
oil, Cremophor EL, and EmubphorEL, failed to give rise to
mutagenic metabobitesin the urines.

Determination of Thiols

Mouse tissues were homogenized in 20 volumes of 5%
trichboroaceticacid. After centrifugation at 10,000x g for 5
mm, reduced thiols were determined in 0.2 ml of the
supernatant according to the spectrophotometric proce
dure of Grassetti et al. (19). After addition of 0.8 ml of 0.2 M
potassium phosphate buffer (pH 7.5) containing 0.025 M
EDTA, the absorbance was determined at 344 nm before
and after addition of 10 @lof 0.015 M 6,6'-dithiodinicotinic
acid in 0.5 M NaHCO3.

AntlschistosomabActivity

The schistosomicidal activity of praziquantel in vivo was
determined as in a previous study (10).

RESULTS

According to the report of Ameset al. (1), BP becomesa
mutagen for S. typhimurium strains TA98 and TA100only
after activation by mammalian enzymes,specifically those
localized in hepatic microsomes. After i.m. administration
of BP to mice, the urine of these animals becomes highly
mutagenic (Table 1). Incubation of such urine sampleswith
the 59 fraction of rat liver bedto further increases in the
mutagenic activity, presumably as a result of the metabo
lism of unchangedBPand/or further metabolismof existing
conversion products of BP. The mutagenic activity of these
urine sampleswas further enhancedafter treatment with f.@
glucuronidase, thus suggesting that at least a part of the
mutagenic metabobites was present as glucuronic acid
conjugates (Table 1). When the animals receiving the injec

Table2

tions of BP were maintained on a diet containing 0.75%
BHA, a marked reduction was observed in the urinary
mutagenic metabolites, including those generated by incu
bation with the 59 fraction and with f3-gbucuronidase.In all
the cases shown in Table 1, BHA.treatment resulted in at
least a 65% reduction in the mutagenic activity for tester
strain TA100and in an even more pronounced reduction in
mutagenicity with strain TA98. When the mutagenic effects
of metabolites of BP were examined by meansof the host
mediated assay system, prior treatment of the hosts with
BHA virtually eliminated these mutagenic effects on both
testerstrains(Table2).

The possibility was examined whether treatment of mice
with BHAresults in the formation of substance(s)interfering
with the determination of mutagenic activity in the Salmo
nella test, rather than in a genuine reduction in thelevebsof
mutagenic metabolites of BP. To this end , urine of BHA
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BHA urine was collected from mice that had been on adietcontaining
0.75% BHA. BP urine was collected from mice for a

period of 24 hr immediately after the i.m. administration of BP(200mg/kg).
Prior to the assays of mutagenic activity, the urinehadbeen

treated with f3-glucuronidase.Revertants
inexcessof

controlsa
BP urine

(ml) BHA urine (ml) 59 TA100TA980.1
0 â€” 2701550.15

2591510.2
0 â€” 4972930.15

5033080.1
0 + 3051970.15

3001910.2
0 + 5863980.15

597 392

Effect of prior treatment with BHA (0.75% in the diet for 10 days)
on the antischistosoma!activity of praziquantel in mice infected

with SchistosomamansoniSingbep.o.

%ofre- %of
doseofPra- duction mice

ziquantel No. of in no. of without
(mg/kg) Diet mice wormsworms300

Control 8 100 100
BHA 8 9575200

Control 6 90 67
BHA 6 723380

Control 8 62 0
BHA 8 52 0

CompoundDietHydrolysis

with/3-glucuronidaseTA100TA98BeforeAfterBeforeAfterHycanthoneControl

BHA(148)@'
34@b. c

(151) 41ob@c(176)
134@b. c

(176) 1 ,9o0b@c(57)
3,91'J@b@C

(57) 1,100b@c(39)
14,500

(39)3,500IA-4

N-oxideControl
BHA(1

70) 490
(173) 210(1

72) 1 ,200b@C
(174) 120@@'C(29)

390
(29) 170(25)

620
(25)240MetrifonateControl

BHA(184)
190

(184) 30(190)
250

(190) 100(27)
40

(27) 0(29)
160

(29)0PraziquantelControl

BHA(158)
960'@'C

(162) 3i0'@C(162)
1,500b@C

(158) 450(28)
300c

(22) 0(29)
750

(29)150DiazepamControl

BHA(169)
450

(169) 230(155)
6soh@C

(155) 320@C(21)
0

(21) 0(48)
540

(48)190MebendazoleControl

BHA(139)
150

(139) 0(142)
340

(142) 100(28)
60

(28) 0(27)
150

(27) 0

Reduction of Mutagenic Metabolite Levels

treated mice was added to urine of mice that had received
injections of BP. The mutagenic activities were recovered
completely in such mixtures. Moreover, the urine of BHA
treated mice was devoid of mutagenic activity (Table 3). We
conclude that these urine samples do not contain sub
stances that interfere with the mutagenic assay procedures
used in this study.

In view of the drastic reduction in the levels of mutagenic
metabolites of BP by BHAtreatment, the question arose as
to whether administration of this antioxidant produced
similar effects with other mutagens or mutagen precursors.
This was indeed the case with a number of such com
pounds, but not with all of those examined. For example,

Table3
Effect of urine of mice on a BHAdiet on the mutagenicactivities of

urine of mice treated with BP

prior treatment with BHA markedly reduced the urinary
excretion of mutagenic materials following the administra
tion of 4 antischistosomabcompounds [hycanthone, IA-4N-
oxide (a hycanthone analog), metrifonate, and praziquantel
(17) (Table 4)]. Furthermore, whereas treatment with BHA
produced a marked reduction in mutagenic activity of
praziquantel, this procedure affected only slightly the anti
schistosomal effectiveness of this drug (Table 5). Conse
quently, different mechanisms appear to be involved in the
mutagenic and antischistosomal effects of this compound.
Because of the structural similarity of praziquantel and
diazepam , the mutagenicity of the latter was tested . Diaze
pam, following its administration to mice, gave rise to
mutagenic metabolite(s) in urine. Again, this effect was
markedly reduced following treatment of these animals with
BHA (Table 4).

Treatment with antibacterial agents did not affect the
levels of mutagens detected by means of the host-mediated
assay after administration of any of the first 5 compounds
listed in Table 6, nor were the mutagenic activities of the

Table5

a The numbers of revertants per plate observed in the presence

of 0.1 , 0.25, and 0.35 ml of urine from untreated animals were 162,
156, and 161 , respectively, for strain TA100 and 37, 39, and 32,
respectively, for strain TA98.

Table 4
Effect of pretreatment with BHAon the mutagenicactivities of the urine of mice to which 4

antischistosomal and 2 other drugs had been administered

a Numbers in parentheses, spontaneous mutation rates.

b Numbers without parentheses, the number of revertants (in excess of controls) induced by

urine excreted per mouse over a 24-hr period.
C No increases were observed when the 59 fraction was added.
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Theeffects of BHAand of enteric antibacterialagentson the host
mediated mutagenic activities of 4 antischistosomal drugs, as well

as mebendazoleandmetronidazoleâ€”
ExperimentalconditionsweresimilartothoseinTable2.No.

of revertantsinTreatment
excess ofcontrols/108

bacteria

Antibac
terialCompound

Diet agentsÂ° TA100TA98Hycanthone
Control â€” 397734BHA

â€” 129261Metrifonate

Control â€” 143NDbBHA
-44Praziquanteb

Control â€” 14122BHA
â€” 05Mebendazole

Control â€”77BHA
- 2NDOxamniquine

Control â€”88BHA
â€” 85NDControl
+ 16NDMetronidazole

Control â€” 770176BHA
â€” 141100Control
+ 30436BHA
+ 65 10

CompoundTreatmentHydrolysis

with/3-glucuronidaseDietAntibacterial

agent@'TA100TA98BeforeAfterBeforeAfterMetronidazoleControl

Control
BHA
BHAâ€”

+@
â€”

@(l(168)

45,0O0@@
(168) 23,000
(168) 32,000
(168) 9,700(155)

53,000
(155) 26,000
(155) 31 000
(155) 9,900(32)

140
(32) 30
(32) 70
(32) 10(29)

1,700
(29) 630
(29) 1100
(29)170OxamniquineControl

Control
BHAâ€”

+@

â€”(152)

3i0@@
(152) 0d
(152) 340@@(183)

580@@
(183) 130d
(183) 53O@'(33)

180d
(33) 0d
(36) 190d(42)

180d
(42) 0d
(42)180â€•CGP

4540Control
Control
BHAâ€”

@e

â€”(1

62) 540
(162) 0
(167) 560(1

73) 560â€•
(172) 0
(177) 560â€•(35)

0
(35) 0
(35) 0(39)

0
(39) 0
(39) 0

R. P. Batzinger et a!.

urine of these animals reduced (which provides additional
evidence that p.o. administration of these antibacterial
agents failed to confer growth-inhibitory activities against
the tester strains used in this study). Metronidazole was the
only drug in which mutagenic activity was reduced by prior

Table 6

treatment with both BHA and intestinal antibacterial agents.
In fact, the reduction in mutagenicity achieved by both
procedures was greater than that achieved by each alone
(Tables 6 and 7).

When tested in vitro , CGP 4540 failed to show any
mutagenic activity, even in the presence of the 59 fraction.
Furthermore, the observed mutagenic effects of diazepam
in vitro were of questionable significance (Table 8). The
appearance of mutagenic activity in urine following p.o.
administration of this compound to mice is explained, at
least in part, by the mutagenic activity in vitro of oxazepam,
a metabolite of diazepam (27, 28). Two other metabolites,
demethyboxazepamand demethyldiazepam, had lower, ab
though significant, mutagenic activities (Table 8). While
mebendazole was found to be only weakly mutagenic itself
(Table8), the mutagenic activities of the urinary metabobites
and the results of the host-mediatedassayfollowing its p.o.
administration indicate considerable mutagenic activation
of this drug in the mouse.

The question of whether the reduction of mutagenic
activity of BP in vivo and of other mutagens produced by
BHA treatment could be accounted for by an interaction
with glutathione, a nucleophibiccompound, was examined.
It was found that administration of BHA produced a rise in
the levels of acid-soluble sulfhydryl compounds in the liver
and in 3 other tissues (kidney, lung, and the upper intes
tine). Maximal increases were observed when the diet
containing BHA was administered for 3 to 5 days and thiol
levels fell to control levels within 3 to 7 days after BHA
feeding had been discontinued (Chart i). In the liver, but
not in other tissues examined, bevels continued to rise
above their maximum for a further 24 hr after BHA had been
discontinued, i.e., from 15.1 Â±2.2 @mob/g(mean Â±S.D.; N
= 12)to 20.2 Â± 1.6 @mol/g (mean Â± S.D.; N = 11) but then

progressively declined, reaching the control values after 7
days.

As with BHA, treatment with EQ, another antioxidant,

Table 7

a Succinylsulfathiazole (1 g/kg), erythromycin (200 mg/kg), and

bacitracin (200mg/kg) administeredby gastric intubation immedi
atelyprior to test compound.

b ND, not determined.

Effect of treatmentwith enteric antibacterial agentsand with BHAon the mutagenicactivities of the urine of mice treated with
metronidazole,oxamniquine, and CGP4540

a Succinylsultathiazobe (lg/kg), erythromycin (200 mg/kg), and bacitracin (200 mg/kg) administered by gastric intubation immediately

prior to test compound.
b Numbers in parentheses, spontaneous mutation rates.

C Numbers without parentheses, number of revertants in excess of controls induced by urine excreted per mouse over a 24-hr period

following administration of the drug.
d No increases were observed when the 59 fraction was added.

E, Erythromycin base (100 mg/kg) administered by gastric intubation immediately prior to test compound.
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Mutagenicactivities in vitro for S. typhimurium strains TA100and TA98of diazepamand3
metabolites, as well as mebendazole and CGP4540No.

of revertants in excess ofcontrolsTA100

TA98

Compound nmol/plate â€”S9 +59 â€”S9+59Diazepam

958 oâ€• 18 (O.02)b oo3,280
0 50 (0.02) 00N-Demethyldiazepam

19 0 0 0057
0 20(0.35) 00190
0 53(0.28) 00N-Demethyloxazepam

37 0 14 (0.38) 00110
0 36(0.33) 00366
0 111 (0.30) 0 25(0.07)Oxazepam

5.2 0 12 (2.3) 0 9(1.7)16
0 35 (2.2) 0 25(1.6)52
0 104(2.0) 0 48(0.9)Mebendazole

200 0 0 00600
0 20 (0.03) 0 10(0.02)2,000
0 67 (0.03) 0 36(0.02)CGP4540

550C 0 0 0011,000d
0 0 0022,000@'

0 0 0 0

Reduction of Mutagenic Metabolite Levels

Table 8

a Not significantly different from background.

I, Numbers in parentheses, number of revertants per nmol.
C Maximal solubility in the assay medium.

d For increased solubility, the assay medium contained 3% Cremophor EL.

reduced the bevels of mutagenic metabobites of BP, found
in the urine, following the i.m. administration of BP (Table
9). It also proved highly effective in reducing the mutagenic
activity of BP determined by means of the host-mediated
assay(Table 10).

DISCUSSION

The marked reduction of the carcinogenic effects of BP
resulting from treatment of the animal with BHA(31, 33-37)
was closely paralleled in this study by a drastic decrease in
the levels of urinary mutagenic BP metabolites and in the
mutagenic activity of BP determined by the host-mediated
assay. These observations provide additional support for
the positive correlation between mutagenic and carcino
genic activities.

Treatment of mice with BHA was effective in reducing the
mutagenic activities of 7 of the 9 compounds tested in this
study. As pointed out by Wattenberg et a!. (34, 36), the
mechanisms by which antioxidants inhibit carcinogenic
effects may be direct, i.e., basedon an interaction between
the antioxidant and the ultimate (or proximate) carcinogen.
Alternatively, such effects may be indirect, i.e., antioxidants
may affect the activities of enzymescatalyzing the metabo
lism of carcinogens. While it has been reported that BHA
treatment does not affect the activities of hepatic drug
metabolizing enzymes in the rat (16), it was found recently
(5, 6, ii , 12) that treatment of mice with BHA resulted in 2-
to 11-fold increases in the activities of 6 hepatic microsomab
enzymes, i.e., epoxide hydratase, aniline hydroxylase,
NADH- and NADPH-cytochrome C reductases, cytochrome
b5, and UDP glucuronyltransferase. Furthermore, the activ
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Effect of EQdiet on the mutagenicactivities (for TA98and TA100)
of urine of mice treatedwith BP

EQwasadministeredin the powdereddiet at the levelof 0.5%
(w/w) for 10days prior to the injection of BP(100mg/kg in sesame
oil), and urine was collected for 24 hr following the injections.
Control mice receivedthe powdereddietonly.Diet

Treatmentof urine TA100TA98Control
None (165)â€• 410b (46) 210

EQ None (160) 210 (39)20Control

S9 fraction (149) 750 (53) 250
EQ S9 fraction (158) 290 (47)170Control

/3-Glucuronidase (172) 800 (46) 410
EQ /3-Gbucuronidase (167) 260 (42)170Control

59 + /3-glucuronidase (166) 2150 (50)1030
EQ S9 + /3-glucuronidase (159) 350 (52)330a

Numbers in parentheses, spontaneous mutation frequencies.
b Numbers without parentheses, the number of revertants in

excess of controls induced by urine excreted per mouse after a 24-
hr period following administration of BP.

Table10Effect
of pretreatmentwith EQon the host-mediatedmutagenicactivity of BP (100mg/

kg, i.m.)
EQ(0.5%)wasadministeredin the powdereddiet for 10days.Theassaywasconducted

in the manner described in Table 2.No.
of revertants/108bacteriaTA100

TA98In

excess of In excess of
Diet BP Av. of 5 mice controls Av. of 5 micecontrolsControl

â€” 64Â± 3@ 22Â± 1
+ 316Â±10 254Â±13 185Â±11 163Â±12

EQ â€” 64Â±2 20Â±3
+ 96Â±2 32Â±4 27Â±47Â±7a

Mean Â±S.E.

R. P. Batzinger et a!.

ities of several enzymes located in the cytoplasm (cytosol)
are increased also, i.e., glutathione S-transferases as well
as glucose-6-phosphatedehydrogenase and UDP-glucose
dehydrogenase(5, 6, 11, 12). Increasedactivity of the latter
enzymeand of glucuronate conjugation, produced by BHA,
has been reported previously for the rat (18, 23).

Becauseof the multiplicity of enhancedenzymaticactivi
ties resulting from treatment with BHA (5, 6, 11, 12), it is
difficult to relate one or severalenzymesto the mechanism
of the antimutagenic and anticarcinogenic effects of the
antioxidant. In addition, the possibility must be taken into
account that other asyet undeterminedenzymaticactivities
may play a role in these mechanisms. Elucidation of the
particular enzyme activity for which enhancement is re
sponsibbefor the anticarcinogenic effect of BHA should
provide opportunities for the design and development of
more selective approaches that reduce chemical mutagen
esis and carcinogenesis. This is of particular interest, be
cause in addition to the anticarcinogenic effects of BHA
and of 3,5-di-tert-butyl-4-hydroxytoluene, the batter has
been reported to act as a cocarcinogen when included in
the diet for many months (25). Possibly, under these condi
tions there is a stimulation of cell proliferation which is
known to favor the effects of carcinogens (7).

Table9

Speier and Wattenberg (30) have reported that incubation
of liver microsomes from BHA-treated mice with BP results
in a marked reduction in the binding of BP metabolites to
DNA,compared with that found upon incubation of BPwith
microsomes from control mice. This observation could be
ascribed to reduced levels of BP epoxides. In fact, this has
been demonstrated recently for liver microsomes of BHA
treated mice (20). In turn, such changes could be accounted
for by the BHA-induced activation of one of several enzyme
systems (5, 6, 11, 12). BHA treatment did not increase the
activity of BP hydroxybase (11, 12), thus confirming a similar
observation of Speier and Wattenberg (30). On the other
hand , the increase by BHA of cytochrome P-450 levels
reported by these authors (30) was not observed in the
strain of mice used in this investigation. Since treatment
with the antioxidant in the CD-i strain was effective in
reducing the levels of mutagenic compounds, there is no
evidence that cytochrome P-450-mediated enzyme reac
tions are involved in the observed antimutagenic effects.

To our knowledge, only a single report deals with the
carcinogenicity of oxazepam (14), a metabolite of diaze
pam. In that study, feeding of oxazepam in the diet to mice
for 12 months was followed by the appearance of liver
tumors in a barge percentage of animals of both sexes (14).
While we found oxazepam to be mutagenic in vitro , there
was questionable mutagenic activity in the case of diaze
pam. However, the urine of animals to which diazepam had
beenadministered hadsignificant mutagenic activity. Since
oxazepam and its glucuronic acid conjugate are major
urinary metabolites of diazepam (27, 28), the appearance of
mutagenic activity in the urine and its increase following
treatment with f.3-gbucuronidasecould be accounted for by
these2 metabolic products of diazepam.

Recently, the critical role of intestinal microorganisms in
the formation of a mutagenic metabolite of the antischisto
somal compound CGP 4540 has been demonstrated (8, 9).
Production of this mutagen can be eliminated completely
with a single dose of erythromycin (4). In this study, the
mutagenic activities of 2 other chemotherapeutic agents,
i.e., the schistosomicide oxamniquine and the widely used
trichomonicide metronidazole (Flagyl), a known carcinogen
(26), have been found to be reduced markedly by the
administration of enteric antibacterial agents. We believe
that these effects, as well as the decreased mutagenic
activities brought about by administration of an antioxidant,
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Reduction of Mutagenic Metabo!ite Levels

provide new principles for improving the safety of pharma
cobogicabagents.
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