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Abstract

Placental glutathione S-transferase (GST-P) immunohistochemical activity in polycyclic aromatic hydrocarbon (PAH)-induced
hamster buccal pouch mucosa (HBPM) was investigated. Equimolar concentrations of 3,4-benzo[a]pyrene (BP), benz[a]anthracene
(BA) and 20-methylcholanthrene (MC) in mineral oil solution were applied three times per week for up to 20 weeks to bilateral
pouches of the hamsters. Control pouches were treated with 7,12-dimethylbenz[a]anthracene (DMBA), turpentine and mineral oil,

respectively. A signi®cant increase in the number of GST-P foci in the dysplastic pouches was found when compared with the
hyperkeratotic and hyperplastic pouches after 5 weeks' DMBA treatment. The average numbers of GST-P positive stainings were
signi®cantly higher in DMBA-treated groups than in BP-, BA- and MC-treated groups killed at 5, 20, 30 and 40 weeks. No GST-P

positivity was found in any pouches treated with turpentine and mineral oil observed at various periods. These results highlight the
carcinogen-speci®city of GST-P chemically induced in HBPM and indicate that induction of GST-P in pouch mucosa is linked with
the carcinogenic potency of PAHs. The present study underpins the hypothesis that GST-P chemically induced in HBPM is an early

marker of ongoing squamous cell carcinogenesis. # 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Glutathione S-transferases (GSTs) of rat and human
are the products of a multigene family. Rat GSTs com-
prise at least 12 distinguishable classes of isoenzymes,
the most extensively characterised of which is the pla-
cental class (GST-P) [1]. Cytosolic human GSTs, div-
ided into four classes, called a, m, p [2] and y [3], have
been identi®ed in various organs. Human GST p is
related to rat GST-P in enzymatic and immunologic
properties. A well-established function of GSTs is their
carcinogen-metabolising ability by catalysing the con-
jugation of potentially mutagenic electrophilic substrates
with glutathione, thereby enhancing the elimination of
the potentially deleterious compounds as water soluble
molecules [4].

Polycyclic aromatic hydrocarbons (PAHs) are well-
known complete chemical carcinogens capable of tu-
mour initiation, promotion and progression [5]. PAHs

are metabolised to reactive intermediates that bind to
DNA to exert their carcinogenic actions [6].

The hamster buccal pouch mucosa (HBPM) is one of
the most widely accepted experimental models of oral
carcinogenesis [7] which closely resembles human
lesions [8]. Previous studies [9,10] have documented
enhanced levels of GST-P in HBPM treated with 7,12-
dimethylbenz[a]anthracene (DMBA), which belongs to
the group of PAHs. However, it is speculated that GST-P
expression may be associated with the strong toxic e�ect
of DMBA and not be carcinogenic speci®c. Further-
more, to the best of our knowledge, the induction of
GST-P in PAH-treated pouches, other than DMBA,
has not been studied. Therefore, in the current study,
GST-P expression in HBPM treated with equimolar
concentrations of three much less toxic carcinogenic
PAHs (benz[a]anthracene (BA), 1,4-benzopyrene (BP),
20-methylcholanthrene (MC)) [11] was investigated;us-
ing DMBA as the positive control. The possibilities of
GST-P expression in HBPM upon treatment with
turpentine [12], a non-carcinogenic in¯ammatory
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hyperplasiogenic agent, and the application of mineral
oil, a non-toxic chemical, were also evaluated. The aim
was to examine the hypothesis that GST-P chemically
induced in HBPM is an early marker of ongoing squa-
mous cell carcinogenesis. If our hypothesis is correct,
induction of GST-P in this animal model should be
carcinogen-speci®c and the frequency of GST-P expres-
sion in PAH-exposed HBPM corresponds with the car-
cinogenic potency of PAHs.

2. Materials and methods

2.1. Hamsters and treatments

BP, BA, MC and DMBA procured from Sigma
Chemical Company (St. Louis, Missouri, U.S.A.), as
well as turpentine, purchased from Stevens Chemical
Company (Christchurch, New Zealand), were of the
highest purity commercially available. The protocol
ensured humane practices. Two hundred and forty non-
inbred young (6 weeks old) male Syrian golden ham-
sters (purchased from National Science Council Animal
Breeding Centre, Republic of China), weighing app-
roximately 100 g at the commencement of the experi-
ment, were randomly divided into six groups, each
containing 40 animals. The animals were maintained
under constant conditions (22�C, 12:12 h light/dark
cycle) in an air-conditioned animal house. They were
fed with standard laboratory pellets and tap water ad
libitum. After allowing 1 week to acclimatise to the new
surroundings, equimolar concentrations (20mM in
mineral oil) of BP (40 hamsters), BA (40 hamsters),
MC (40 hamsters) and DMBA (40 hamsters) solutions
were painted three times per week (09.00 h on Monday,
Wednesday and Friday) to the medial walls of both
buccal pouches with six strokes of a no. 4 sable-hair
brush which had been wiped against the side of the
container containing the solution [8]. Bilateral pouches
of a group of 40 animals were treated three times per
week with turpentine (50% v/v in mineral oil), whereas
another group of 40 animals was similarly treated with
mineral oil.

At the end of 5 weeks (3 days following the last
treatment), 10 animals from each group were withdrawn
randomly from the painting and euthanised by a lethal
dose of diethyl ether at the same time (09.00 h) of the
day to avoid the in¯uence of diurnal variation. The kil-
led hamsters were ®xed in a surpine position with pins.
The bilateral pouches were exposed by dissection, cut
from their oral openings to their caudal ends along the
middle of their lateral walls and examined grossly. Sub-
sequently, both pouches were excised and placed on
card papers to prevent distortion of the specimens.

The application of the chemicals to the remaining
hamsters in each group continued until 20 weeks. At 20

weeks, treatment with the chemicals was terminated and
10 animals from each group were killed with procedures
identical to those described above. The remaining 20
animals in each group were maintained without further
treatment, 10 of which from each group were subse-
quently killed at 30 weeks. The last 10 animals from
each group were ®nally killed at 40 weeks.

Four specimens of approximately 1 cm in length were
taken from each pouch. They were routinely processed
for light microscopy. They were ®xed in 10% neutral
bu�ered formalin solution, dehydrated in ascending
alcohols, cleared in xylene and embedded in para�n.
Serial sections (4 mm thick) of each specimen were then
cut. One section was prepared for GST-P immunohis-
tochemistry, while another was used for haematoxylin±
eosin staining. Therefore, four slides from each pouch
and eight slides from each animal were used for GST-P
immunostaining.

2.2. Immunohistochemical staining of GST-P

Immunohistochemical staining of GST-P isoenzyme
was performed, as previously described [10], by the
avidin±biotin±peroxidase complex (ABC) technique
according to Hsu et al. [13]. Polyclonal antibodies of rat
GST-P were raised on rabbits [14] and obtained from
Biotrin International Laboratory (Dublin, Ireland; Cat.
no. BIO23 Yp(r)). The antisera do not cross-react with
GST a or GST m isoenzymes but show strong cross-
reaction with human and mouse p isoenzymes (infor-
mation from manufacturer). The total number of GST-P
positive foci for each animal was the sum of the number
of stained foci from the eight representative slides from
both treated pouches. Negative controls were included
by substituting the antisera with pre-immune rabbit
sera. The signi®cance of di�erence between the average
numbers of GST-P stained foci in the various groups
was assessed using the two-tailed Student's t-test for
paired data.

3. Results

3.1. Gross observations

Pouches treated with BP, BA and MC were grossly
¯at and tumour free after 5 and 20 weeks of treatment.
Observation without further treatment up to 40 weeks
showed that pouches treated with BP, BA and MC for
20 weeks were still grossly free of tumour formation.
A thickened mucosa with a rough surface and whitish
granular appearance was observed in the pouches trea-
ted with DMBA for 5 weeks. Extensive tumour forma-
tion with a 100% tumour incidence developed in the
pouches treated with DMBA for 20 weeks. Weight loss,
malnutrition and sometimes cachexia were noted in
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many DMBA-treated animals at the end of 20 weeks of
exposure to the carcinogen when compared with the
other experimental groups. Gross examinations of all
pouches treated with mineral oil and turpentine revealed
no obvious changes at various periods.

3.2. Histopathology

No carcinomas, but occasionally dysplasias, were
noted in the histological sections of the pouch tissues of
hamsters treated with BP, BA and MC for 5 and 20
weeks, as well as in hamsters treated with BP, BA and
MC for 20 weeks and then maintained without further
treatment, and killed at 30 and 40 weeks. Hyperkeratoic,
hyperplastic and dysplastic pouches were seen after
5 weeks' DMBA treatment. After 20 weeks' DMBA
application, invasion of tumour cells into the underlying
connective tissue was observed. No apparent histologi-
cal changes were observed in all the pouches treated
with mineral oil for 5 and 20 weeks, as well as in the
pouches treated with mineral oil for 20 weeks and then
observed without further treatment for up to 30 and 40
weeks. Epithelial hyperplasia and hyperkeratosis were
noted in the pouches treated with turpentine for 5 and
20 weeks, but regression was noticed in the pouches
treated with turpentine for 20 weeks and then without
further treatment and subsequently killed at 30 and 40
weeks.

3.3. GST-P immunohistochemistry

The possible patterns of GST-P positivity in the
PAH-treated pouch mucosa area are shown in Fig. 1. A
positive focus may vary from a single cell to a cluster of
a various number of cells without the interruption of
unstained cells.

GST-P positivity of BP-, BA- and MC-treated pou-
ches (killed at 5, 20, 30 and 40 weeks) was most likely to
be multiple single positive cells, located randomly in the
mucosa (Fig. 2a±c). A cluster of positive-stained cells
was occasionally observed near the basal layer (Fig. 2a±
c). Both cytoplasmic (Fig. 2b) and nuclear staining

(Fig. 2a±c) were observed. The average numbers of
GST-P stained foci were signi®cantly higher in the BP-,
BA- and MC-treated groups killed at 20, 30 and 40
weeks than those observed at 5 weeks [Table 1(*);
P<0.05, Student's t-test]. The mean numbers of GST-P
stained foci did not vary signi®cantly in BP-, BA- and
MC-treated hamsters killed at 20, 30 and 40 weeks
[Table 1(Ð**Ð); P>0.05, Student's t-test]. The average
numbers of GST-P positive staining among the ham-
sters treated with BP, BA and MC for 5 weeks were
similar to each other (Table 1, &). Additionally, all the
mean numbers of GST-P stained foci within the BP-,
BA- and MC-treated hamsters killed at 20, 30 and 40
weeks were close to each other (Table 1, &).

Fig. 1. A line drawing to illustrate the various patterns of placental

glutathione S-transferase (GST-P) stained foci in the polycyclic aro-

matic hydrocarbon (PAH)-treated pouch mucosa (black shaded areas

represent GST-P positivity). A positive focus, randomly located in a

pouch mucosa, may vary from a single cell to a cluster of a various

number of cells without the interruption of unstained cells.

Fig. 2. (a) Placental glutathione S-transferase (GST-P) positivity in a

pouch treated with 3,4-benzo[a]pyrene (BP) for 20 weeks. The foci

chie¯y comprised multiple single positive cells located randomly in the

mucosa. A small cluster of several cells could also been seen near the

basal layer (%*-) (avidin±biotin±perioxidase complex (ABC) stain,

�100). (b) GST-P positivity in a pouch treated with benz[a]anthracene

(BA) for 20 weeks. Three adjacent foci were observed near the basal

layer (%*-). Both cytoplasmic and nuclear stainings could be

observed (ABC stain, �100). (c) GST-P positivity in a dysplastic

pouch treated with 20-methylcholanthrene (MC) for 20 weeks. The

foci comprised multiple nuclear staining cells distributed randomly

within the pouch mucosa. A small focus could also been seen near the

basal layer (%*-) (ABC stain, �40).
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Both cytoplasmic and nuclear staining were observed
in the DMBA-treated pouches (Fig. 3a±d) with the pat-
terns of positive foci similar to previous ®ndings [9,10].
GST-P positivity was induced in the hyperkeratotic
(Fig. 3a), hyperplastic (Fig. 3b) and dysplastic (Fig. 3c)
pouches after 5 weeks' DMBA treatment. There was a
signi®cant increase in the number of GST-P foci in the
dysplastic pouches when compared, respectively, with
the hyperkeratotic and hyperplastic pouches after
5 weeks' DMBA application (Table 2). Additionally,
there were signi®cant increases in the average number of

GST-P positive stainings in DMBA-treated hamsters
killed at 20, 30 and 40 weeks as compared with 5 weeks'
DMBA treatment [Table 1(*); P<0.05, Student's t-test].
No signi®cant alterations in the average numbers of

Table 1

The average numbers of placental glutathione S-transferase (GST-

P) stained foci per hamster in 7,12-dimethylbenz[a]anthracene

(DMBA), 3,4 benzo[a]pyrene (BP), benz[a]antharacene (BA) and

20-methylcholanthrene (MC)-treated groups

* Statistical signi®cance (P<0.05, Student's t-test) existed in the

average numbers of GST-P positive foci in the DMBA-treated ham-

sters killed at 20, 30 and 40 weeks when compared with hamsters killed

at 5 weeks; note also that the average numbers of GST-P positive foci

in the non-DMBA-treated groups observed at 20, 30 and 40 weeks

were signi®cantly higher than those observed at 5 weeks (P<0.05,

Student's t-test).
# Statistical increase existed when the average numbers of GST-P

positive foci in the DMBA-treated hamsters were compared with the

non-DMBA (BP, BA and MC)-treated hamsters killed at 5 weeks

(P<0.05, Student's t-test). Note also that statistical increases exist

when the average numbers of GST-P positive foci in the DMBA-treated

hamsters were compared with the non-DMBA-treated hamsters killed

at 20, 30 and 40 weeks (P<0.05, Student's t-test).

Ð**Ð: statistically insigni®cant (P>0.05, Student's t-test). Values

of means within boxes were similar to each other.
aMean�standard deviation.

Table 2

The average numbers of placental glutathione S-transferase (GST-P)-

stained foci per hamster in hyperkeratotic, hyperplastic and dysplastic

pouches after 5 weeks of 7,12-dimenthylbenz[a]anthracene (DMBA)

treatment

Pouches Average no. of GST-P foci

Hyperkeratotic 22�9*a

Hyperplastic 34�10

Dysplastic 66�14*

* Statistical increase was noted when compared with hyperkeratotic

hyperplastic pouches (P<0.05, Student's t-test).
aMean�standard deviation.

Fig. 3. (a) Placental glutathione S-transferase (GST-P) positivity in a

hyperkeratotic pouch treated with 7,12-dimethylbenz[a]anthracene

DMBA for 5 weeks. Two foci involved the lower portion of the pouch

mucosa could be seen. Multiple single cells with nuclear staining were

also observed in the upper portion of the mucosa avidin±biotin±perox-

idase complex (ABC stain,�100). (b) GST-P positivity in a hyperplastic

pouch treated with DMBA for 5 weeks. There was a positive focus

involved the whole layer but spared the keratin layer, which contained a

few positive cells (ABC stain,�100). (c) GST-P positivity in a dysplastic

pouch treated with DMBA for 5 weeks. A large focus involved the

upper portion of the mucosa could be seen. A smaller, weaker stained,

focus was also observed near the basal layer (%*-) (ABC stain,�100).
(d) GST-P staining in an invasive squamous cell carcinoma in a pouch

treated with DMBA for 20 weeks (ABC stain, �100).
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GST-P stained foci in DMBA-treated hamsters were
observed at 20, 30 and 40 weeks [Table 1(Ð**Ð);
P>0.05, Student's t-test], whereas statistically signi®-
cant increases were noted when the mean numbers of
GST-P positive foci in the DMBA-treated groups were
compared with the BP-, BA- and MC-treated groups
observed at 5, 20, 30 and 40 weeks [Table 1(#); P<0.05,
Student's t-test]. No GST-P positivity was seen in any
pouches treated with turpentine and mineral oil
observed at 5, 20, 30 and 40 weeks. The control sections,
where the antisera were replaced with preimmune rabbit
sera, demonstrated negative ®ndings.

4. Discussion

Enhanced levels of GST-P in DMBA-treated HBPM
have been shown in previous studies [9,10]. However,
the elevated expression may be associated with the
strong toxicity of DMBA. The present study is a very
important extension of the previous work [9,10] as it
further supports and clari®es the suggestion that the
induction of GST-P in HBPM is carcinogenic speci®c;
underpinning the hypothesis that GST-P chemically
induced in HBPM is an early marker of ongoing squa-
mous cell carcinogenesis. Additionally, these data are
also compatible with the results of our previous studies
[15,16] of placental GST on human oral (pre)malignant
lesions.

To the best of our knowledge, the induction of GST-P
by PAHs, besides DMBA, has not been previously
demonstrated in HBPM. Of the four PAHs evaluated in
the present study, DMBA induced a considerable
quantity of GST-P foci in HBPM as compared with BP-,
BA- and MC-treated pouch mucosa. Therefore, the
current results not only demonstrate that GST-P is
induced by PAHs other than DMBA in HBPM, but
also indicate that the frequency of GST-P induced in
PAH-exposed HBPM corresponds with the carcino-
genic potency of PAHs.

Our results revealed that the induction of GST-P
stained foci after 20 weeks' treatment was independent
of the painting period: the average numbers of GST-P
stained foci already approached plateau values after 20
weeks' DMBA treatment as well as BP, BA and MC
treatments. This may be attributed to the ``saturation
e�ect'' that almost all the keratinocytes in HBPM have
already responded to the carcinogenicity of DMBA, BP,
BA and MC [10].

The induction of GST-P by PAHs, as shown in the
present study, could increase the ability of pouch kera-
tinocytes to resist the burden of PAHs; reducing the risk
of carcinoma development. However, the role of GST-P
in models of chemical carcinogenesis may be its permis-
sive e�ect on cell cycle activity and downregulation of
apoptosis; allowing proliferation of the initiated cells

[17]. Therefore, GST-P may alternatively confer an
anticarcinogenic defence mechanism on the normal
pouch keratinocytes on exposure to PAHs and provide
a protection against the carcinogenic potency of PAHs.
However, the same isoenzyme, GST-P, induced in
HBPM, may at least in part, render the initiated pouch
keratinocytes more vulnerable to the clonal expansion
[17].

It is worth noting that GST-P was expressed in the
lesions of hyperkeratosis and epithelial hyperplasia after
5 weeks' DMBA treatment but did not appear in the
histologically similar lesions resulting from treatment
with turpentine. This intriguing feature may further
highlight the carcinogen-speci®city of GST-P chemically
induced in HBPM. The exact mechanism of the action
of turpentine is still obscure. However, it has been
described as a chemical irritant [18]. Our results con-
®rmed that turpentine would be an appropriate hyper-
plasiogenic agent in HBPM; consistent with a number
of previous studies [13,19,20] and also compatible with
the cutaneous hyperplasia induced in the turpentine-
treated mouse skin [18].
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