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Structure-Activity Relations in Promotion of Rat Urinary Bladder Carcinogenesis

by Phenolic Antioxidants
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The urinary bladder tumor-promoting potentials of the phenolic antioxidants, 2-fert-butyl-4-methyl-
phenol (TBMP), propylparaben, catechol, resorcinol and hydroquinone, which are structurally
related to butylated hydroxyanisole (BHA), were investigated in 170 male F344 rats. The animals
were initially given 0.05% N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) as an initiator in their
drinking water for 4 weeks. Three days later, groups of 20 rats received diet containing 1.0% TBMP,
3% propylparaben, 0.8% catechol, 0.8% resorcinol, 0.8%% hydroquinone or basal diet alone until the
end of week 36, Significant increases in the incidences and average numbers of the putative
preneoplastic lesions, papillary or nodular (PN) hyperplasia, and papillomas of the urinary bladder
were only observed in the group given TBMP after BBN. Development of these lesions was not
enhanced by diet containing the other test compounds and no induction was associated with any of the
test chemicals alone. The results thus clearly showed that TBMP, which most closely resembles BHA,
promoted urinary bladder carcinogenesis. The similar effects of TBMP and BHA on urinary bladder

carcinogenesis suggest a direct link between chemical structure and biological potency.
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Since phenolic antioxidants, not only synthetic but also
naturally occurring species, are ubiquitous in our envi-
ronment, investigation of their carcinogenicity and/or
capacity for modification of carcinogenesis has been
regarded as important in the clarification of the effects of
environmental factors on human cancer. There is now
substantial evidence that butylated hydroxyanisole
(BHA?), an antioxidant commonly used in food, is in
fact caricinogenic for the forestomach of the rat” and
hamster.> ¥ In addition a number of investigations have
shown that BHA and related compounds, such as butyl-
ated hydroxytoluene (BHT), which are widely used as
preservatives in foods and cosmetics, can modify tumor
development, exerting an inhibitory effect in the liver,*”
but conversely promoting 2-stage urinary bladder
carcinogenesis.* ' Catechol and TBMP have also been
reported to possess promoting activity for forestomach
carcinogenesis.'”

To better understand BHA carcinogenesis, a number
of studies have been conducted on isomers and/or struc-
turally related phenolic compounds to analyze the rela-
tionship between structure and carcinogenic potential.

! To whom requests for reprints should be addressed.

* The abbreviations used are: BHA, butylated hydroxyanisole;
TBMP, 2-tert-butyl-4-methylphenol; PN, papillary or nodular;
BBN, N-butyl-N-(4-hydroxybutyl)nitrosamine; BHT, butyl-
ated hydroxytoluene; TBHQ, tert-butylhydroquinone; BrdU,
5-bromo-2’-deoxyuridineg; MNNG, N-methyl-N'-nitro-N-nitro-
soguanidine.
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2-tert-Butyl-4-methylphenol (TBMP), p-tert-butylphenol,
catechol, p-methylphenol, p-methoxyphenol, caffeic acid,
methylhydroquinone and pyrogallol were found to
induce epithelial hyperplasia in the forestomach of the
hamster, whereas resorcinol, hydroquinone, propyl-
paraben and fert-butylhydroquinone (TBHQ) did not'®
thus suggesting a link between ability to cause prolifera-
tion and promotion potential. In the light of this finding,
the present study was designed to evaluate the effect of
five dietary antioxidants, catechol, TBMP, propylpara-
ben, resorcinol and hydroquinone, on both promotion
of rat urinary bladder carcinogenesis initiated by N-butyl-
N-(4-hydroxybutyl)nitrosamine {BBN) and the level of
DNA synthesis in the epithelial cells using S-bromo-
2’-deoxyuridine (BrdU) incorporation as a marker.

MATERIALS AND METHODS

Animals A total of 170 male F344 rats (Charles River
Japan Inc., Kanagawa), 6 weeks old at the beginning of
the experiments, were used. The animals were housed 5
to a plastic cage with wood chips for bedding, under
conditions of controlled temperature (22+2°C) and hu-
midity (60+£10%), on a 12-h light-dark cycle, and fed
Oriental MF basal diet (Oriental Yeast Co., Tokyo) and
given tap water ad libitum.

Chemicals BBN (CAS No. 3817-11-6, purity >98%)
was purchased from Tokyo Kasei Kogyo Co., Ltd.,
Tokyo. TBMP (CAS No. 2409-55-4, purity >99%) was
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Fig. 1. Chemical formulae of the phenolic antioxidants tested.

* BHA is shown for reference.

obtained from Aldrich Chemical Co., Milwaukee, WL
Propylparaben (purity >>99%), catechol (CAS No. 120-
80-9, purity >989%), resorcinol (CAS No. 108-46-3,
purity >99.5%) and hydroquinone (CAS No. 123-31-9,
purity >>99%) were from Wako Pure Chemical In-
dustries, Osaka. The chemical structures of these com-
pounds are shown in Fig. 1.

Experiment 1 Rats were divided into 3 groups. Group 1
consisted of 100 rats given BBN in their drinking water
for 4 weeks, and then tap water until they were killed.
The BBN was dissolved in a solution of Tween 80 in
distilled water (0.59%) at a concentration of 0.3% and
refrigerated (4°C). Every other day an aliquot of this
stock solution was diluted with tap water to a concentra-
tion of 0.05%. At three days after the end of the treat-
ment with BBN, the rats were further divided into 5
subgroups of 20 rats each and given Oriental MF pow-
dered diet containing 1.0% TBMP, 3.0% propyl-
paraben, 0.8% catechol, 0.89% resorcinol or 0.8% hydro-
quinone, until the end of week 36. These dietary levels of
chemicals were chosen on the basis of previous studies.'?
Group 2 consisted of 20 rats treated with BBN in the
same manner as group | and given tap water thereafter.
They were given basal diet throughout the experiment.
Group 3 contained 50 rats without BBN treatment di-
vided into 5 subgroups, each given one of the test chemi-
cals alone after 4 weeks and 3 days in the same manner as
for group 1. All rats were killed for histological examina-
tion at the end of week 36.

The urinary bladders were inflated by intraluminal
injection of 10% buffered formalin solution, and were cut
in half, weighed and sliced into eight strips for histolog-
ical analysis. Tissues were embedded in paraffin and
sections were stained with hematoxylin and eosin. Uri-
nary bladder lesions were classified histologically into
three types, papillary or nodular (PN) hyperplasia, a
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putative preneoplastic lesion, papilloma and carcinoma
as described previously.'” For quantitative analysis, the
numbers of these lesions were counted microscopically,

“the total length of the basement membrane analyzed was

measured with the aid of a color video image processor
(VIP-21CH, Olympus-Ikegami, Tokyo), and lesion fre-
quency per 10 cm of basement membrane was calculated.
Experiment 2 A total of 30 male 6-week-old Fischer 344
rats were divided into 6 groups of 5 rats each and then
were given one of the antioxidants at the same doses as in
Experiment 1. The control group was given basal diet for
4 weeks. At the end of week 4, all animals were given an
intraperitoneal injection of 100 mg/kg of BrdU (Sigma
Chemical Co., St. Lois, MQO) dissolved in 0.9% NaCl and
dimethylsulfoxide (3:1) solution. The animals were killed
1 h after injection of BrdU. At the time of killing, the
urinary bladder was excised in the same manner as in
Experiment I and processed routinely for immunchisto-
chemical demonstration of BrdU incorporation in the
epithelial cells using the avidin-biotin-peroxidase com-
plex method (Vectastain Elite ABC kit, PK-6102, Vector
Laboratories, Inc., Burlingame, CA) with anti-BrdU
monoclonal antibody (Dako Patts, Dako Japan Co.,
Ltd.). The labeling indices of the epithelial cells were
calculated as the ratio (expressed as a percentage) of the
number of BrdU-labeled cells to the total number of
counted cells (1000 cells per animal).

Statistical analysis Data, expressed as mean ZSD of
measurements, were analyzed when appropriate by using
F- and #tests. The significance of differences in the
incidences of neoplastic lesions among different groups
was evaluated by using Fisher’s exact test. The criterion
of significance was P<0.05.

RESULTS

Experiment 1 Table I shows the final body and urinary
bladder absclute weights and organ-to-body weight
ratios. Significantly decreased final body weights were
seen in rats treated with BBN followed by TBMP, pro-
pylparaben, catechol or hydroquinone when compared to
control values (group 2). The body weights of the groups
given TBMP, propylparaben or catechol alone without
BBN were also decreased. Although no treatment-related
effects on absolute urinary bladder weight were evident
in any of the groups, the relative bladder weights of
animals given BBN followed by TBMP were significantly
higher than those of animals treated with BBN alone.
Grossly, small numbers of nodules were observed in
urinary bladders in all groups pretreated with BBN. No
urinary bladder lesions were found in rats of group 3,
treated with test chemicals alone.

The microscopically determined incidences and quan-
titative values for epithelial lesions in the urinary bladder
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are summarized in Table II. Incidences of transitional
cell carcinoma in groups treated with BBN varied from 5
to 25%. Although not statistically significant, increasing
trends were noted in those groups given TBMP and
propylparaben (group 1). A significantly increased inci-
dence of papillomas was observed in the BBN-followed-
by-TBMP group compared to that for BBN alone (group
2}. The numbers of papilloma per 10 cm of basement
membrane were significantly increased in the group given
TBMP. The incidence and quantitative values of PN
hyperplasia were also significantly increased by TBMP.

However, there were no differences in the incidences or
numbers of papillomas or PN hyperplasias in the groups
treated with BBN followed by propylparaben, catechol,
resorcinol or hydroquinone. In groups given the test
chemical alone without BBN, TBMP induced simple
hyperplasia, which consisted of diffuse or focal thicken-
ing of the epithelium with four to eight layers of transi-
tional cells.

Experiment 2 The labeling indices in the urinary bladder
epithelium from control and antioxidant-treated rats are
summarized in Table IIl. TBMP-treated rats demon-

Table I. Mean Final Body Weights and Urinary Bladder Weights
Treatment Dose No. of Final body wt. Bladder weight
Group BBN Test compound (%) rats (g) Abs.? (g) % of body wt.
! + TBMP 1.0 20 34£15%9  0.1610.047 0.050£0.014%9
-+ Propylparaben 3.0 20 382+16Y 0.1410.04 0.037 +0.010
+ Catechol 0.8 19 366199 0.1410.04 0.038+0.010
+ Resorcinol 0.8 20 420+18 0.141+0.03 0.035+0.009
+ Hydroquinone 0.8 20 4061187 0.13£0.03 0.031+0.073
2 + — — 19 420118 0.14+0.04 0.034+0.010
3 - TBMP 1.0 10 30718 0.12+0.03 0.038*0.010
- Propylparaben 30 10 37713 0.15£0.05 0.041£0.013
- Catechol 0.8 10 362118 0.11+0.02 0.030£0.006
- Resorcinol 0.8 10 432+15 0.141£0.04 0.031£0.008
— Hydroquinone 0.8 10 411+21 0.13+0.01 0.031=0.040
@) Mean+SD. '

b) Significantly different from group 2 at P<<0.01.
¢) Significantly different from group 2 at P<0.03.
d) Abs, absolute.

Table II.
by Antioxidants

Incidence and Quantitative Values of Bladder Epithelial Lesions in Rats Treated with BBN Followed

Treatment No. of PN® hyperplasia Papilloma Carcinoma

Group ) Incidence No./10 cm Incidence No./10 cm Incidence No./10 em

BBN Test compound rats (%) of BMY (%) of BM (%) of BM
1 + TBMP 20 20 (100)? 10.1%10.1°% 16 (80)? 1.6+1.2°P 5(25)  (.20£0.409

+ Propylparaben 20 9 (45 0.610.7 4 (20) 0.2+04 4 (20) 0.20+0.40

+ Catechol 19 7 (36) 0.4+0.6 4 (21) 0.3£0.7 2(10) 0.20+£0.70

+ Resorcinol 20 3 (15 02704 5 (25) 0.2+0.4 1 (5 0.05+0.20

+ Hydroquinone 20 3 (15) 02104 2 (10) 0.1:03 1 (5 0.05+0.20

2 + — 19 6 (32) 0.310.6 2(11) 0.1£0.3 1 (5) 0.05+0.20
3 - TBMP 10 0 0 0 0 0 0
- Propylparaben 10 0 0 ] 0 0 0
- Catechol 10 0 0 ¢ 0 0 0
- Resorcinol 10 0 0 0 0 0 0
- Hydroquinone 10 0 0 0 0] 0 0

a) PN, papillary or nodular.

b) BM, basement membrane.

¢) Significantly different from group 2 at P<0.01.
d} Mean+S8D.
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Table III. DNA Synthesis in Bladder Epithelium Assessed by
Incorporation of BrdU

Dose No. of Labeling index?

Test compound

(%) rais (%)
TBMP 1.0 5 1.52+0.92%¢
Propylparaben 3.0 5 0.2410.11
Catechol 0.8 5 0.1210.13
Resorcinol 0.8 3 0.28*0.19
Hydroquinone 0.8 3 0.38+0.38
— — 3 0.13+0.05

a) Values are percentages of cells labeled with BrdU.
b) MeantSD.
¢) Significantly different from the control at P<0.05.

strated significantly elevated labeling indices as compared
to control rats (non-treated) and simple hyperplasia. No
increases in labeling indices were evident in propyl-
paraben-, catechol-, resorcinol- or hydroquinone-treated
rats.

DISCUSSION

The results clearly demonstrated that TBMP, which
chemically closely resembles BHA, can promote urinary
bladder carcinogenesis, whereas the other antioxidants
tested were without effect. In addition, only TBMP in-
duced an elevation of DNA synthesis in rat urinary
bladder epithelial cells.

In a previous study,'” TBMP and BHA showed strong
activity and catechol weak activity for inducing
hyperplasia and papillomatous lesions of the hamster
forestomach, all three chemicals causing increased cell
proliferation in the epithelium. BHT, propylparaben,
resorcinol and hydroquinone, in contrast, were without
effect. Thus, the results indicated that one hydroxy and
one tert-butyl substituent may be associated with strong
forestomach lesion induction potential in hamsters. In
the rat, TBMP, BHA and catechol clearly enhanced
forestomach carcinogenesis after treatment with N-
methyl-N’-nitro-N-nitrosoguanidine (MNNG), BHA
strongly and both TBMP and caiechol weakly inducing
forestomach hyperplasia.'” With respect to urinary blad-
der carcinogenesis, all phenolic antioxidant compounds
with the terr-butyl substituent (BHA, BHT and TBHQ)
were found to enhance the development of neoplastic
lesions induced by BBN.*' The present results provided
further evidence for the postulated association between
possession of this substituent and promotion in the uri-
nary bladder while demonstrating that phenolic species
with hydroxy substituents alome, such as catechol,
resorcinol and hydroquinone, lack the activity. In view of
these observations, the similar effects of TBMP, BHA,
BHT and TBHQ on urinary bladder carcinogenesis sug-
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gest a direct link between chemical structure and biclog-
ical potency.

Since catechol is the most abundant phenol in cigareite
smoke condensate''” and is a major industrial chem-
ical," many tests have been conducted to analyze its
carcinogenic potential, e.g., catechol was established to
be a cocarcinogen when it was applied with benzo[a]-
pyrene to the skin of mice'™*” or administered together
with methyl-n-amylnitrosamine in rat esophagus.’” Re-
cently, catechol was shown to promote MNNG-induced
rat forestomach and glandular stomach carcinogenesis,
and additionally, treatment with catechol alone induced
adenomatous hyperplasia and adenocarcinoma of the
glandular stomach.’ Catechol did not act as a cocar-
cinogen in rat urinary bladder carcinogenesis when ad-
ministered together with BBN in the drinking water to
rats™® and did not show any promoting activity in our
medium-term bioassay system using BBN.* The results
of the present study were thus consistent with our previ-
ous observations regarding the influence of catechol on
urinary bladder carcinogenesis. It was found that struc-
tural isomers of catechol, such as resorcinol and hydro-
quinone, also did not promote the development of pre-
neoplastic urinary bladder changes induced by BBN,

A clear correlation between ability to promote lesion
development and capacity for induction of DNA synthe-
sis was found in the present work. The fact that pro-
pylparaben neither enhanced DNA synthesis nor pro-
moted BBN-initiated rat urinary bladder carcinogenesis
indicates possible inter-species difference since our previ-
ous study showed that this chemical increased the label-
ing index of hamster urinary bladder epithelium.'”

The present investigation is a continuation of a large
series of investigations utilizing BBN as the ini-
tiator.'**" This experimental model of urinary bladder
carcinogenesis has revealed promoting activity of many
environmental chemicals, particularly sodium salts,23"
in association with increased urinary pH. While the
antioxidants, BHA, BHT and TBHQ did not influence
urinary components, they did exert promoting potential
in urinary bladder carcinogenesis.”” The nature of pro-
motion by TBMP is presumably similar to that exerted
by these other related compounds, although the exact
urinary metabolite derived from antioxidants with a ter#
butyl substituent which could be responsible for their
promoting activity remains unidentified. Although the
strength of TBMP as an antioxidant is unknown, BHA,
TBHQ, hydroquinone and catechol all have strong anti-
oxidant activity as evaluated by the active oxygen
method.* Therefore, in view of the differing effects of
these compounds in the urinary bladder, promotion by
TBMP seems more likely to be atiributable to its
structural characteristics than directly to its antioxidant
properties.
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