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ABSTRACT

The modulating effect of five dose levels of butylated hydroxytoluene
(BHT) on liver and bladder carcinogenesis induced in rats by concurrent
exposure to 2-acetylaminofluorene (AAF) was investigated. AAF at a low
dose of 50 ppm was fed simultaneously with concentrations of 100, 300,
1000, 3000, or 6000 ppm BHT in the diet to male F344 rats for up to 76
weeks. By 12 weeks, AAF alone induced altered hepatocellular foci,
identified by iron storage deficiency and â€¢¿�v-glutamyltranspeptidaseactiv

ity. At subsequent time points of 24, 36, and 48 weeks, the number of
foci progressively increased, and at the end of the study, the incidence of
liver neoplasms was 100%, a new finding with such a low dose of AAF.
Simultaneous feeding of BHT inhibited the induction of liver altered foci
by AAF in a dose-related manner and reduced the incidence of hepato
cellular carcinomas and the number of liver neoplasms per animal.
Feeding of 6000 ppm BHT, but not of lower doses, together with AAF
resulted in an increase in the incidence and multiplicity of bladder
neoplasms, and 3000 ppm increased nodular hyperplasia of the bladder.
These results suggest that the chemoprevention by BHT of cancer
resulting from low-level long-term carcinogen exposure may be achieved
at doses that do not produce adverse effects.

INTRODUCTION

One of the promising approaches to cancer prevention is the
development of agents that inhibit the action of carcinogens. A
number of such agents have been described (1,2). Among these,
the antioxidant food additive BHT* has considerable promise

because of its long record of safe use (3). BHT has inhibited
carcinogenicity in various organs, including lung, liver, fore-
stomach, skin, breast, and colon, in rats and mice when admin
istered before or together with a variety of carcinogens (4-12).

In previous studies from this laboratory, simultaneous ad
ministration of BHT with AAF to rats for up to 25 weeks
reduced liver carcinogenicity but enhanced bladder carcinogen
icity in a dose-related manner (10,14). This suggested a possible
complication to the use of BHT in cancer chemoprevention.
However, in another experiment, we found that BHT together
with the human carcinogen aflatoxin BI inhibited liver cancer
development in rats without causing an increase in cancer in
other organs (15).

In the present study, we have addressed the question of
whether BHT would inhibit the liver carcinogenicity of a low
dose of AAF without causing an increase in cancer at other
sites. It was considered important to establish whether any
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adverse actions of BHT modulation would occur at carcinogen
levels closer to the range of potential human exposures. In the
previous study of the effect of BHT on AAF carcinogenicity
(14), a dose of 200 ppm AAF in the diet was used because that
dose is strongly carcinogenic but minimally toxic (16). The
concentration of AAF selected for the present study was 50
ppm in the diet, based on reports that AAF induced nodular
hyperplasia of the liver in rats when administered at a concen
tration in the diet of 40 ppm for 21 months, indicating a nearly
minimum effective carcinogenic dose in rats (17, 18). To assess
in detail the effect of BHT on the carcinogenicity of AAF at 50
ppm, this study was performed with the administration of BHT
at five widely different doses, ranging from 100 to 6000 ppm.

We now report that simultaneous feeding of BHT with 50
ppm AAF inhibited AAF-induced preneoplastic altered liver
foci and the number of liver neoplasms, including cancers, at
concentrations of 1000 to 6000 ppm, and it enhanced the
occurrence of bladder neoplasms only at the highest dose of
6000 ppm BHT. The implications for possible chemopreven
tion of human cancer are discussed.

MATERIALS AND METHODS

Chemicals and Diets. AAF (97% pure) was obtained from Aldrich
Chemical Co. (Milwaukee, WI), and BHT (95% pure, with 5% in four
minor peaks) was obtained from Sigma Chemical Co. (St. Louis, MO).
Powdered NIH-07 (Zeigler Brothers, Inc., Gardners, PA) and semisyn-
thetic AIN-76A diet (19), which was blended at this Institute, were
used as basal diets. AAF was added to the diets at a concentration of
50 ppm, and BHT was incorporated into the diet at concentrations of
100, 300, 1000, 3000, and 6000 ppm. The mixing of various concen
trations of AAF and BHT into powdered NIH-07 and semisynthetic
AIN-76A diet was done in a V-blender, after premixing of the chemicals
into a small amount of diet in a mill-jar for 1 h. The preparation of
diets was performed every 4 weeks, and the diets were stored at 4Â°C

until used.
Animals and Exposures. Male F344 rats, 11 weeks of age and

weighing approximately 200 g (Charles River Breeding Laboratories,
Kingston, NY) were kept in polycarbonate cages (3 rats/cage) with
hardwood chips for bedding and were housed in a clean-dirty corridor
design animal facility maintained under controlled temperature (20-
22Â°C),humidity (50-55%), air changes ( 12/h), and lighting (12-h dark/

light daily cycle). Water was distributed by an automatic system, and
the diets were freely available. The facility is accredited by the American
Association for Accreditation of Laboratory Animal Care and is an
institutional member of the American Association for Laboratory An
imal Science. The care of animals conformed to the Guide for the Care
and Use of Laboratory Animals (20).

A total of 351 rats was divided into ten groups as shown in the tables.
Control rats in group 1 were fed only the basal diet, NIH-07, throughout
the entire experimental period of 76 weeks. Rats in six other groups
(groups 2-7) were fed 50 ppm AAF together with 0 (reference group
2), 100 (group 3), 300 (group 4), 1000 (group 5), 3000 (group 6), or
6000 ppm (group 7) BHT in the NIH-07 basal diet. To examine the
influence of diet on the actions of the test chemicals, rats in groups 8
and 9 were given 50 ppm AAF alone (group 8) or together with 100
ppm BHT (group 9) in the semisynthetic AIN-76A diet. The rats in
group 10 were fed the NIH-07 diet containing 6000 ppm BHT. The
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findings with this group and the control group 1 have been reported
previously (21).

In all groups, three or four randomly selected rats were killed by
carbon dioxide asphyxiation at weeks 12, 24, 36, and 48 to determine
the incidence of altered liver foci. At 76 weeks, the experiment was
terminated and all remaining rats were killed.

For demonstration of the IS~ altered liver foci (16), rats were iron

loaded by s.c. injections of 12.5 mg elemental iron/100 g body wt
(nonemic brand, iron dextran, 100 mg elemental iron/ml) in the in
guinal regions, alternating sides 3 times/week for 2 weeks prior to
killing (22).

Histology and Histochemistry. Complete autopsies were performed
on all animals. Livers were weighed, and standardized slices from each
sublobe of the liver were taken, as described previously (23), and fixed
in 95% cold ethanol for histochemical evaluation of GGT* foci and IS~

foci and for histolÃ³gica!confirmation by hematoxylin and eosin stain
ing. Then slices were embedded in paraffin (<55Â°C),and 5-nm sections

were reacted for GGT using the method of Rutenberg et al. (24) and
for iron by the Prussian blue technique, as previously described (16).
Altered hepatocellular foci, adenomas, and hepatocellular carcinomas
were diagnosed according to the criteria of the Institute for Laboratory
Animal Resources monograph on histolÃ³gica! typing of liver tumors
(25), except that the term "adenoma" is used in place of "neoplastic
nodule" (26). Bladders of the rats killed at 76 weeks were inflated
through the urethra with 10% phosphate-buffered formalin and mac-
roscopically examined for lesions. Tumors and lesions were submitted
for histology.

Morphometry. For morphometric analysis of altered liver foci, an
image analyzer system with a microscope (Videoplan; Carl Zeiss, Inc.,
Valhalla, NY) was used. All GGT* and IS" foci in sections of the liver

were traced with a cursor on the digitizer tablet, and their number,
area, and the area of the liver sections were recorded. From these data,
the number of foci/cm2, the average areas of foci, and the percentage
of IS~ or GGT* areas relative to the total area of liver sections were

obtained.
Statistical Analyses. Means were compared using a one-tailed Stu

dent's / test. Frequencies were compared using a x2 test of association.

The trends in liver foci over time were tested using linear regression
analysis. Statistical differences are noted in the tables; otherwise, dif
ferences were not significant.

RESULTS

Body and Liver Weights. Feeding of 50 ppm AAF in NIH-07
diet alone (group 2) led to reduced terminal body weights and
increased absolute and relative liver weights (Table 1). Admin
istration of 6000 ppm BHT for 76 weeks (group 10) reduced

the body weight gain more than AAF did and increased the
absolute and relative liver weights compared with untreated
controls (group 1). Combined feeding of BHT with AAF tended
to restore body weight gain at 100 ppm, although 300 ppm did
not follow the trend. At 1000 (group 5) and 3000 (group 6)
ppm, body weight gain was comparable to that in controls. At
6000 ppm together with AAF, the body weight gain was re
duced, probably due to the inhibitory effect of this concentration
alone on body weight gain (group 10). The absolute and relative
liver weights were greatly increased in rats fed AAF (group 2).
At most concentrations, BHT together with AAF moderated
the AAF-induced liver weight increases. The level of 300 ppm
did not affect liver weights, and with 6000 ppm, liver weight
increased, probably due to the effect of this concentration alone
on liver weight (group 10).

To examine the effect of diet, rats in groups 8 and 9 were
maintained on a semisynthetic AIN-76A diet. In contrast to the
NIH-07-fed rats, these did not display reduced body weight
gains. Their absolute and relative liver weight gains, neverthe
less, were similar to those in groups 2 and 3 given the same
exposures in NIH-07 diet, with 100 ppm BHT tending to
moderate the AAF-induced liver weight increase.

Liver Carcinogenesis. The feeding of 50 ppm AAF in NIH-
07 diet (group 2) induced a low frequency of IS~ and GGT*

foci in rat liver by 12 weeks, i.e., 1.9 and 1.5/cnr, respectively
(Tables 2 and 3). In group 8, fed AAF in the AIN-76A diet, the
effect was similar but not as marked. With continuous admin
istration over the next 64 weeks, the number of foci increased
with time, with an approximately linear upward trend that was
significant for IS" foci induced by AAF in both diets and GGT*

foci induced by AAF in NIH-07 diet (Fig. 1). In rats fed basal
diet alone (group 1) or 6000 ppm BHT (group 10), no foci were
found up to 36 weeks, but small numbers were present at 48
and 76 weeks. At 76 weeks, in rats fed 6000 ppm BHT, the
incidence of IS" foci but not GGT* foci was greater than that

in controls. In rats exposed to AAF, either with no addition
(groups 2 and 8) or with BHT (groups 3-7, 9), the number of
IS" foci (Table 2) was similar to that of GGT* foci (Table 3)

throughout the study.
Feeding of BHT together with AAF for 12 weeks showed no

significant reduction of AAF-induced foci, as detected by iron
exclusion and GGT reaction, although the numbers were small
(Tables 2 and 3). At 24 and 36 weeks, when the numbers of

Table 1 Body and liver weights ofF344 rats fed 2-acetylaminoftuorene alone or together with butylated hydroxytoluene for 76 weeks

Group12345678910ExposureControl50*

AAF50

AAF + 100BHT50
AAF + 300BHT50
AAF + 1000BHT50
AAF + 3000BHT50
AAF + 6000BHT50
AAF(ss)*50AAF+

100 BHT(ss)6000
BHTInitialno.

ofrats36423636363636363621No.killedinterim16161616161616161614No.
scheduledfor

76weeks2026202020202020207No.attermination1720181719181917166Bodyweight"(g)409

Â±35375
Â±42r396

Â±39386
Â±46401
Â±25/4iOÂ±42f383

Â±30419
Â±26429
Â±41367

Â±49CLiverweight"(g)14.5

+2.132.1
Â±\OA"25.0
Â±7.9'32.0

Â±12.820.9
Â±3.1'20.4

Â±3.0*24.2
Â±8.8'34.4

Â±9.425.0
Â±6.8*19.1
Â±3.3"Relative

liver
weight

(g/100gbodyweight)"3.6

Â±0.58.8
Â±lAd6.4
Â±2.6'8.3

Â±3.85.2
Â±0.7'5.0
Â±0.7'6.4
Â±2.4'8.0
Â±2.2''5.8
Â±1.5*5.4
Â±\A"

Â°Mean Â±SD.
* ppm of chemicals in diet.
' Significantly less than group 1 at P < 0.05.
d Significantly greater than group 1 at P < 0.05.
' Significantly less than group 2 at P < 0.05.
^Significantly greater than group 2 at P < 0.05.
* ss, semisynthetic diet.
* Significantly less than group 8 at P < 0.05.
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Table 2 Effect of simultaneously administered butylated hydroxytoluene on induction of liver iron-storage-deficient altered foci in rats by a low dose of 2-
acetylaminofluorene fed for 76 weeks

Group
no.1

234567

89

10ExposureControl

SO1AAFSO
AAF -1-100BHT50
AAF + 300BHT50
AAF + 1000BHT50
AAF + 3000BHT50
AAF + 6000 BHT

50 AAF (ss/
50 AAF + 100 BHT (ss)
6000 BHT12wk*0

1.9 Â±\Ad1.5

Â±0.61.3
Â±0.80.3

Â±0.20.5
Â±0.41.1
Â±1.0

0.9 Â±O.T1

3.2 Â±1.3
0No.24

wk03.3

Â±2.3''0.6

Â±0.54.2
Â±0.81.6
Â±1.30.7
Â±0.60.5
Â±0.3

1.3 Â±0.6''

0.5 Â±0.3
0of

IS" foci/cm2 ofliver"36

wk0

5.3 Â±1.8*3.9

Â±0.93.3
Â±1.13.2
Â±0.82.0
Â±0.71.3
Â±0.5

4.2 Â±0.7''

3.7 Â±0.8
048

wk0.1

Â±0.1
7.4 Â±1.1*2.9

Â±0.6'4.1
Â±0.5'4.9

Â±1.4'3.1
Â±1.2'1.7
Â±0.5'

7.9 Â±1.8*
4.0 Â±1.1*

076

wk0.1

Â±0.112.2
Â±2.2"8.5

Â±1.6'6.2
Â±0.9'4.9
Â±0.9'4.6
Â±1.1Â«3.0
Â±0.8'

8.8 Â±1.3*
6.9 Â±0.6*
0.7 Â±1.2*

" Mean Â±SD, derived from 3 or 4 rats/group at each period.
* Weeks of treatment. At first 4 time points, three or four rats in each group killed; at 76 weeks, numbers shown in Table 1.
' ppm of chemicals in diet.
* Significantly greater than group l P < 0.05.
' Significantly less than group 2 P < 0.05.
'Â»s,semisynthetic diet.
* Significantly less than group 8 P < 0.05.

Table 3 Effect of simultaneously administered butylated hydroxytoluene on induction of liver y-glutamyltransferase-positive altered foci in rats by a low dose 0/2-
acetylaminofluorenefedfor 76 weeks

Group
no.12345678910No.

of GGT* foci/cm2 ofliver"TreatmentControl50e

AAF50

AAF + 100BHT50
AAF + 300BHT50
AAF + 1000BHT50
AAF + 3000BHT50
AAF + 6000BHT50
AAF(ss/50
AAF + 100 BHT(ss)6000

BHT12wk*01.5

Â±0.8''1.2

Â±0.10.5
Â±0.20.5
Â±0.30.7
Â±0.51.3
+0.92.3
Â±2.5*2.7

Â±0.6024

wk05.1

Â±1.7*1.2
+0.94.2
Â±1.63.7+

1.11.3+
1.00.7

Â±0.50.6
+0.5*1.2

Â±0.7036

wk07.0+

1.6*4.3

Â±0.83.6
Â±0.33.4
Â±0.62.1

Â±0.61.3
Â±0.56.4

Â±0.6*4.2

Â±1.2048

wkO.I

+0.17.4
Â±1.1*4.8
Â±1.4'3.9
Â±0.2'3.0
Â±0.7'3.7
Â±2.0'1.7

Â±0.5'7.9
Â±1.8*4.3
Â±0.6*0.2
+ 0.276

wk0.9

+0.511.
5Â±2.2*9.6

Â±1.77.7
Â±2.2Â«6.5
+0.7'5.9
Â±0.6'4.9
+0.9'10.8Â±

1.6*9.0
+0.2*1.3
+ 0.2

Â°Mean + SD, derived from 3 or 4 rats/group at each period.
* Weeks of treatment.
' Concentration of chemicals at ppm in diet.
* Significantly greater than group 1 at P < 0.05.
' Significantly less than group 2 at P < 0.05.
'ss. semisynthetic diet.
* Significantly less than group 8 at P < 0.05.

12

O>-*
Oo

12 24 36 48

Weeks
60

Fig. 1. Time trends in the development of IS" altered foci and of GGT* foci

in the livers of rats fed diets with 50 ppm AAF.

AAF-induced foci became substantial, concurrent feeding of
BHT generally reduced the numbers of foci. However, because
of the small numbers of foci some few values did not follow the
trend for serially studied animals, indicating that they probably
represented random differences. Therefore, statistical analysis
is shown only for rats at 48 and 76 weeks, at which time large
numbers of foci were present. At these later stages, all doses of
BHT reduced the incidence of IS~ foci (Table 2). When GGT

was used to identify foci, at 48 weeks BHT at all doses was

found to produce a substantial reduction of AAF-induced GGT+

foci, and at 78 weeks reduction occurred with all doses except
100 ppm (Table 3).

Feeding of BHT with AAF also significantly reduced the
other parameters of foci, i.e., size and percentage area, in a
dose-dependent manner by 48 weeks and up to the termination
of the study. Those data paralleled the number of foci, and,
therefore, they are not reported here.

When administered in AIN-76A, AAF (group 8) or AAF plus
100 ppm BHT (group 9) produced effects comparable to those
in the corresponding groups given the same additions in NilI-
07 (i.e., group 2 or 3) in the number of foci detected with either
iron or GGT reactions. BHT at 100 ppm reduced the incidence
of AAF-induced foci at 48 and 76 weeks in this diet also (Tables

2 and 3).
In the livers of BHT-treated rats, an increase in periportal

GGT activity was found to a variable extent (data not shown),
as described in other studies (27). At 12 weeks, enhanced
activity was evident with ingestion of 6000 ppm BHT.

In rats killed up to 36 weeks into the study no liver neoplasms
were found. At 48 weeks, one of the four rats in group 2 fed
AAF had a small adenoma. In two other groups, one animal in
each had a liver neoplasm. At the end of the study (76 weeks),
all rats in the AAF-exposed group displayed multiple liver

neoplasms, both benign and malignant (Table 4). BHT did not
reduce the percentage of rats with adenomas, which was 100%
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Table 4 Effect of simultaneously administered butylated hydroxytoluene on induction of liver neoplasms in rats by a low dose of
2-acetylaminofluorene fed for 76 weeks

Group12345678910ExposureControl50"

AAF50

AAF + 100BHT50
AAF + 300BHT50
AAF + 1000BHT50
AAF + 3000BHT50
AAF + 6000BHT50
AAF(ss)c50

AAF + 100 BHT(ss)6000
BHTNo.

ofrats1720181719181917166No.
ofrats

withneoplasms020181719181917160Multiplicityof
adenomas019.2

Â±7.6*14.7
Â±6.8''13.4
Â±6.8''5.9

Â±2.6rf5.9
Â±2.3"5.4

Â±2V19.9
Â±7.812.6

+4.3''0Multiplicity

of
hepatocellularcarcinomas(%)04.81.62.51.40.80.74.11.92.3*

(100)1.5'
(67)'1.6Â¿(71)'\.2d(6S)'OV

(56)'1.
0^(42)'2.8

(88)1.
4*(88)0Multiplicityof

neoplasms025.0

Â±7.5*16.3
Â±7.0''ÃŒ5.6Â±9.9d7.3

Â±3.0a6.7

Â±2V6.1
Â±3.1''24.0

Â±10.314.5
Â±4.6''0

" Concentration of chemicals in diet (ppm).
* Mean Â±SD.
c ss, semisynthetic diet.
d Statistical evaluation by Student's one-tailed t tests yielded P < 0.05 for number of rats with adenomas, with hepatocellular carcinomas, and multiplicity of

neoplasms for groups 1 versus 2, 1 versus 8, 8 versus 9, 2 versus 3, 2 versus 4, 2 versus 5, 2 versus 6, and 2 versus 1.
' Significantly less than group 2 at P < 0.05 using x2 test.

Table 5 Effect of butylated hydroxytoluene on urinary bladder carcinogenesis in rats induced by a low dose of 2-acetylaminofluorene fed for 76 weeks

Groupno.
Treatment1

Control2
50"AAF3

50 AAF + 100BHT4
50 AAF -1-300BHT5
50 AAF + 1000BHT6
50 AAF + 3000BHT7
50 AAF + 6000BHT8
50 AAF(ss)"9

50 AAF + 100 BHT(ss)10
6000 BHTMrt

rtfINO.Otratsexamined1720181719181917166No.

withsimplehyperplasia
(%)6(35)5(25)2(11)3(18)6(32)1(6)0(0)4(18)2(13)0(0)No.with

nodular
hyperplasia(%)02(10)2(11)6(35)7(37)9

(50)c16(84)f2(12)4(25)0No.

with neoplasms(%)Total01(5)1(6)02(11)4(22)16(84)c1

(6)00Papilloma01(5)002(11)3(17)15(79)c000Carcinoma001(6)001(6)5(26)1(6)00Multiplicity00.1

Â±0.2*0.1

Â±0.200.1

Â±0.30.2
Â±0.42.2
Â±1.5e0.1
Â±0.2'</0

" Concentration of chemicals in diet.
* Mean Â±SD.
' Significantly greater than group 2, P < 0.05.
d ss, semisynthetic diet.
' Significantly greater than group l, P < 0.05.
^Significantly less than groups 8, P< 0.05.

in all groups, although at all five doses it produced a dose-
related reduction in the multiplicity of adenomas. The percent
age of rats with carcinomas and the multiplicity of carcinomas
were reduced. Overall, the multiplicity of total neoplasms per
rat was also significantly decreased. Feeding of BHT alone
(group 10) did not induce any liver tumors, as previously
reported (21).

In the groups maintained on AIN-76A diet (groups 8 and 9),
the incidence and multiplicity of liver tumors were similar to
those in the groups given the same additions in NIH-07 diet
(groups 2 and 3). BHT at 100 ppm reduced the multiplicity of
neoplasms but not the percentage of rats with benign or malig
nant neoplasms.

Urinary Bladder Carcinogenesis. In the rats surviving to the
end of the study, AAF alone in NIH-07 diet led to a low
incidence of urinary bladder nodular hyperplasia but did not
increase simple hyperplasia (Table 5). AAF also induced a single
benign neoplasm. Combined feeding of BHT with AAF signif
icantly increased the incidence of rats with nodular hyperplasia
at doses of 3000 or 6000 ppm BHT (50% and 84%, respectively)
when compared with group 2, which was fed AAF alone (10%).
BHT with AAF produced a significantly higher incidence (84%)
of bladder tumors only at the dose of 6000 ppm, compared to
that in group 2 (5%). Also, 6000 ppm BHT with AAF increased
the incidence of bladder carcinomas compared with group 2.

The total number of bladder tumors per rat was substantially
increased by 6000 ppm BHT with AAF (2.2) compared with
that in group 2 (0.1). In untreated controls (group 1) and the
6000 ppm BHT only group (group 10), neither nodular hyper
plasia nor bladder tumors were present.

When given in the AIN76A diet, AAF alone or together with
100 ppm BHT produced effects comparable to those with the
agents in the NIH-07 diet (Table 5).

Other Organs. Besides liver, the only other organs that dis
played significant involvement by tumors were the testes, which
are a common site for interstitial cell neoplasms in old rats of
this strain. BHT did not affect the frequency of these tumors.
Also, although ear duct tumors can be induced by higher
concentrations of AAF, only two were found in all groups, and
one of these was in the control group.

DISCUSSION

In this study, dietary levels of BHT ranging from 100 to 6000
ppm inhibited liver carcinogenesis induced by concurrent feed
ing of a low dose of 50 ppm AAF for 76 weeks. The highest
level of 6000 ppm BHT together with AAF enhanced bladder
carcinogenesis. As was observed with higher levels of AAF (14),
BHT inhibited the early development of AAF-induced altered
liver foci, as quantified by two different histochemical markers,
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IS and GGT+, presaging the lower occurrence of liver neo

plasms at later stages of the study. At the end of the study,
BHT substantially reduced the occurrence of liver neoplasms
in animals fed AAF.

The feeding of AAF at a level of 50 ppm in the two distinct
diets used here was more carcinogenic than was anticipated
from reports in the older literature. In the only previous study
that used 50 ppm AAF (also in two diets) in the Holtzman rat,
no carcinogenic effect was evident even after 30 months (28).
In Charles River SD-CD rats given 80 ppm dietary AAF, only
a 19% incidence of hepatocellular carcinoma was noted, al
though with 250 ppm a 100% incidence was induced with a
latent period of less than 52 weeks (29). The present findings
cannot be attributed to diet, since the effect was essentially the
same with the NIH-07 and AIN-76 diets. Rather, the most
likely explanation is that we used F344 rats, which are now
known to be highly susceptible to many liver carcinogens,
including AAF (30). Comparison of this study using 50 ppm
AAF for 76 weeks with our previous study in which 200 ppm
was fed for 25 weeks, also to male F344 rats (14), reveals that
the number of liver tumors was much higher in the present
study than in the previous one, undoubtedly due to the longer
duration of the present experiment. The occurrence of bladder
tumors, however, was almost the same. AAF metabolites are
excreted in the urine (31), and although the bladder can activate
AAF (32-34), its capacity may be limited, such that a plateau
for carcinogenicity occurs at high doses.

The concurrent administration of BHT with AAF led to
inhibition of liver carcinogenicity in a concentration-related
manner beginning at 100 ppm BHT, the lowest concentration
used, and there was no difference in the efficacy of BHT in
either the NIH-07 diet or the semisynthetic AIN-76A diet. This

was documented by reductions of altered hepatocellular foci
and both benign and malignant liver neoplasms. The percentage
of rats with liver carcinomas was significantly reduced, but not
the percentage with adenomas, apparently because of the strong
carcinogenicity of AAF. In other studies of the effects of BHT
on chemical-induced neoplasia, higher concentrations of BHT
have been required for inhibition (35) because of the dose of
carcinogen used. For example, in our previous study with 200
ppm AAF, the lowest concentration of BHT that was slightly
inhibitory was 300 ppm ( 14). In the present study, the inhibition
of neoplasms at 76 weeks was not profound, in contrast to
studies of shorter duration (14, 15), because of the strong
carcinogenicity of AAF fed for this duration. Nevertheless, the
results demonstrate that BHT at low doses could inhibit the
action of trace levels of weakly active environmental carcino
gens, as discussed below.

The inhibitory effect of BHT on chemical carcinogenesis is
now well established in many instances to be related to its
induction of detoxification enzymes such as glutathione trans-
ferase, epoxide hydrase, and uridine diphosphoglucuronyl
transferase (36-38). BHT alteration of AAF biotransformation
has been shown to result in increased levels of glucuronic acid
conjugates of metabolites of AAF and ,/V-hydroxy-AAF excreted
in urine, decreased sulfate esters (39), and reduced macromo-
lecular binding of AAF -in the liver (40). Toxicokinetic studies
were not done in the present study, but increased excretion of
AAF metabolites seems likely to be involved in the reduction
of liver tumors and could be the basis for the increase in bladder
tumors with the high dose of BHT, as will be discussed.

The dietary concentration of 6000 ppm (but no less) of BHT
substantially enhanced bladder carcinogenicity in rats, as also

observed in our earlier test with 200 ppm AAF (14). AAF
metabolites are excreted in the urine (31), and as noted above,
alteration of liver biotransformation of AAF by BHT leads to
increased urinary excretion of the glucuronic acid conjugate of
yV-hydroxy-AAF, which in turn is the precursor for DNA-

damaging products in the bladder (33, 34). Therefore, an in
crease in specific urinary metabolites may contribute to the
greater effect on the bladder. In addition to effects on key AAF
metabolism, BHT itself has been found to have a promoting
effect on bladder carcinogenesis (41), and thus, more than one
action may be involved. Interestingly, BHT did not affect any
of the other target sites of AAF carcinogenicity (e.g., the ear
duct), and, therefore, the enhancement of bladder carcinogen
icity can be considered to be a specific effect, most likely related
to excretion of key AAF metabolites in the urine. Moreover,
this enhancement was evident only at the highest concentration
of BHT, which was close to a toxic dose.

In the contemplated use in humans of cancer-inhibitory
agents, it is essential to consider possible adverse effects, such
as the enhancement of bladder carcinogenesis shown here and
in our previous studies (10, 14). In several studies, BHT was
found to be noncarcinogenic in rats and mice at dietary concen
trations up to 7,500 ppm (42, 43) and in rats at up to 10,000
ppm (44, 45). However, in rats BHT was reported to cause
dose-dependent induction of adenomas and carcinomas of the
liver in a two-generation carcinogenicity study when fed at
doses of about 300, 1200, and 3000 ppm for a lifetime (46).
Also, Inai et al. (47) reported that BHT at 10,000 and 20,000
ppm in the diet caused an increase in liver adenomas but not
carcinoma in male but not female mice in a 104-week test. In
the present study, the highest dose of 6000 ppm for 76 weeks
was not carcinogenic to the liver or other sites, as previously
reported in detail (21). We have found that BHT was not
genotoxic in a variety of in vitro systems but inhibited cell-cell
communication in cultured liver cells, an indicator of promoting
potential (48). BHT, at higher dosages, is known to have
enhancing effects on carcinogenesis in mouse lung (49), rat
liver (50, 51), and rat bladder (41) but not rat stomach (52) or
mouse liver (53) when administered after carcinogens for those
organs. These data support the conclusion that BHT is a weak
epigenetic carcinogen of the promoter type (54). Although
nongenotoxic hormones and immunosuppressants have been
associated with cancer in humans under some conditions of
medical use, no synthetic chemical like BHT has been found to
cause cancer in humans (55). This could reflect the limitations
of epidemiology, but it is also consistent with the possibility
that epigenetic agents represent a hazard only at the high doses
at which they produce their epigenetic effect (54, 56). The
estimated average human consumption of BHT is 0.5 mg/kg/
day (3), corresponding to about 10 ppm in the diet of an animal
experiment. The lowest dose used in this study, 100 ppm,
produced a mild inhibition of liver cancer but no increase in
bladder cancer. This concentration is well below that associated
with tumor increases in chronic studies or promoting effects.
Since the present study was not a lifetime study, it cannot be
excluded that 100 ppm BHT could increase the bladder carcin
ogenicity of AAF given for that duration. Nevertheless, we
suggest that for protection against low exposures to weakly
active environmental carcinogens, such as food pyrolysis prod
ucts which are present at concentrations well below the 50 ppm
AAF used here, BHT could have significant protective effects
in the range of acceptable human doses, i.e., below 100 ppm.
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