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ABSTRACT

Cell kinetics of reversible and persistent forestomach lesions induced
by the genotoxic agent /V-methyl-Ar'-nitro-jV-nitrosoguanidine (MNNG)

and/or the nongenotoxic antioxidant butylated hydroxyanisole (BHA)
was investigated. A total of 184 male F344 rats were divided into four
groups: Group 1 given an initial single gastric intubation of MNNG
received 2% BHA diet from the third wk to the 26th wk and then basal
diet; Group 2 receiving 2% BHA without IV1NNG initiation; Group 3
given MNN<. alone; and Group 4 serving as a nontreated control. Rats
were sequentially sacrificed at 6, 16, 26. 30, and 46 wk. Bromodeoxyuri-

dine was administered either as a single Â¡.p.injection (100 mg/kg of body
weight) l h before killing or continuously via an osmotic minipump (120
Mg/h) for 1, 3, or 7 days prior to sacrifice, in each case labeled cells being
detected by immunohistochemistry. Squamous cell hyperplasia (SCH)
and basal cell hyperplasia (BOI), each characterized by different phe-

notypic keratin expression, were induced in Groups 1 to 3. After with
drawal of BHA, rapid regression of SCH and extremely slow regression
of BCH were observed. Papillomas and squamous cell carcinomas devel
oped irreversibly in Groups 1 and 3, BHA significantly (/' < 0.01)

enhancing the incidence of SCC in Group 1. Flash and continuous
bromodeoxyuridine labeling revealed SCH to consist of cells of high
mitotic activity and short life span, whereas BCH consisted of cells with
low mitotic activity and long life span. In addition, highly labeled areas
were observed in SCH after cessation of BHA feeding in Group 1 without
regression, and similar lesions were also evident in Group 3. The results
suggest that rapid regression of SCH and slow regression of BCH reflect
different cell kinetic patterns and that highly labeled areas after release
from stimulating agents might be preneoplastic changes related to cancer
development.

INTRODUCTION

Forestomach epithelium is one of the most sensitive tissues
for mutagenic chemical carcinogens (1). However, BHA' which

does not possess mutagenic activity (2-4) also can induce
squamous cell carcinomas in the forestomach of rats (5-7) and
hamsters (7, 8), presumably by a different causal mechanism.
Withdrawal of BHA administration at stages prior to tumor
development is associated with reversibility of exophytic prolif
eration (simple and severe hyperplasia) (9), while endophytic
proliferative lesions composed of basal cells (basal cell hyper
plasia) persist (10, 11).

Theoretically, reversible hyperplasia should depend on extra
neous growth stimulation, while preneoplastic or neoplastic
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lesions are autonomous, proliferation being to some extent
independent of exogenous stimulation. In order to clarify the
biological differences between reversible and persistent changes
in forestomach carcinogenesis, the proliferation kinetics of
different lesions including squamous cell hyperplasia and basal
cell hyperplasia as assessed after single and continuous admin
istration of BrdUrd (12), and phenotypic expression of keratin
(13), proteins were investigated immunohistochemically.

MATERIALS AND METHODS

Animals and Treatment. A total of 184 male F344 rats, 5 wk old at
the commencement, were purchased from Charles River Japan, Inc.,
Atsugi, Japan. The animals were housed 4 or 5 to a plastic cage on
wood chip bedding and maintained in an air-conditioned room under
conditions of controlled temperature (22 Â±2'C) and humidity (55 Â±

5%) with a 12-h light-dark cycle. The experiment was started after 1
wk of acclimation, the animals being divided into 4 groups. Group 1
was given MNNG (Aldrich Chemical Co., Inc., Milwaukee, WI) (150
mg/kg of body weight) by a single gastric intubation and then fed a diet
(Oriental M.; Oriental Yeast Co., Tokyo, Japan) containing 2% BHA
(for additive use from Wako Pure Chemicals, Ltd., Osaka, Japan) from
the beginning of the third wk to the end of the 26th wk after which
they were placed on a basal diet. Group 2 was given 2% BHA in the
same way as Group 1 without prior MNNG administration. Group 3
was given MNNG as in Group 1 without BHA administration and
Group 4 served as the nontreated control. Rats in each group except
Group 4 were sequentially sacrificed at the end of wk 6, 16, 26, 30, and
46, and in Group 4, they were sacrificed at the end of wk 6, 26, and 46.

For quantitative analysis of proliferating cells in forestomach epithe
lium, 3 or 4 rats from each group received an i.p. injection of BrdUrd
(Sigma Chemical Co., St. Louis, MO) (100 mg/kg of body weight) l h
prior to sacrifice. For quantitative analysis of cellular migration of
forestomach epithelial cells in each lesion, cumulative labeling with
BrdUrd was carried out at wk 26 and 46. Three to four rats from each
group were given BrdUrd by an Alzet Model 2001 miniosmotic pump
(Alza Corporation, Palo Alto. CA) continuously for 1, 3, and 7 days
prior to their sacrifice. Miniosmotic pumps, delivering 120 Â¿igof
BrdUrd/h, were implanted s.c. into their backs. Immediately upon
death, excised stomachs were cut into about 8 strips. Some sections
were fixed in 10% buffered formalin solution for routine staining with
hematoxylin-eosin, and others were fixed in ice-cold acetone for im-
munohistochemical demonstration of BrdUrd and keratins.

Pathological Observation and Quantitative Analysis. HistolÃ³gica!
changes in the forestomach were diagnosed according to the following
criteria, (a) Squamous cell hyperplasia, characterized by an absolute
increase in the number of epithelial cells of all layers, often with
hyperkeratosis, was classified into M-SCH (<0.5 mm) and S-SCH
(>0.5 mm) categories, depending on the thickness of epithelium (13).
S-SCH usually demonstrated multilayers of dead cells over the surface.
(b) Papillomas showed marked papillary proliferation with slight cel
lular atypia. (c) BCH were characterized by endophytic proliferation of
basal cells in solid or branching forms, and (d) SCC demonstrated
invasion of submucosa! layers by atypical epithelial foci, the cells of
which show various degrees of atypia with pearl formation. To avoid
the influence of regional differences in lesion development, the areas of
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Table 1 Incidence of neoplastic forestomach lesions in each group

6wk 16 wk 26 wk 30 wk 46 wk

Group
No. of No. of No. of No. of No. of

rats Papilloma SCC rats Papilloma SCC rats Papilloma SCC rats Papilloma SCC rats Papilloma SCC

1(MNNG â€”BHA)2
(BHA)3
(MNNG)4
(control)101010500000000999301200121312127(a)Â°0306

(a)(c)00012127 (a)07 (a)01312121211<b)Â«J)8(b)(c)0(d)
05
10

0
" Significantly different as compared with Group 2 values at P< 0.01 (a) or P< 0.001 (b): significantly different as compared with Group 3 values at P< 0.01 (c)

or P < 0.05 (d).
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Fig. 1. Sequential changes in histological areas of each squamous cellular
lesion in each group. O, M-SCH; Â©.S-SCH; â€¢,papillomas and squamous cell
carcinomas. Points, mean; bars, SD. In . I. Group 1. given an initial single gastric
intubation of MNNG, received 2% BHA from the third wk to the 26th wk of the
experiment; in B, Group 2 was given 2% BHA without MNNG initiation; in C.
Group 3 was given MNNG alone.
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Fig. 2. Sequential changes in histological areas of basal cell hyperplasias in
each group. Group 1. given an initial single gastric intubation of MNNG, received
2% BHA from the third wk of the experiment (D D); Group 2 was given 2%
BHA without MNNG initiation (D n); Group 3 was given MNNG alone
(D O). Points, mean; bars, SD.

each lesion type in all histological sections (both formalin- and aceton-
fixed strips) were measured using a color video image processor (VIP-
21C; Olympus-Ikegami Tsushin Co., Tokyo. Japan). Labeling indices
of forestomach epithelium and SCH were calculated after counting at
least 2000 cells, including all of the cells from the basal layer to the
surface. Labeling indices of BCH were calculated after counting all of
the component cells.

For statistical analysis, data concerning incidences of lesions were
analyzed for significance with the x2 test. Other data were analyzed by
pairwise comparisons using the 2-tailed Mest.

Immunohistochemistry. The avidin-biotin-peroxidase complex
method (15) was used to demonstrate binding of antibodies against
BrdUrd and keratins. Before immunostaining of BrdUrd, the sections
were treated with 4 N HC1 for 20 min at 3TC, neutralized with 0.2 M
boric acid-borate buffer at pH 7.6, and incubated with 0.04% actinase
(Kaken Kagaku. Tokyo, Japan) for 3 min at 37Â°C.Tissue sections were

initially treated with mouse monoclonal antibody against BrdUrd (Dak-
opatts, Copenhagen, Denmark) diluted at 1:400. For immunostaining
of keratins, polyclonal antikeratin (TK: detecting M, 41,000-65,000;
1:100; Dakopatts) and monoclonal antikeratins (KL 1: M, 55,000-
57,000; 1:200; Immunotech. Marseilles, France; and PKK 1:A/,40,000,
45,000, and 52,500; 19, 18, 8, and 1:200; Labsystem, Helsinki, Finland)
were used. PKK l keratins required 0.04% actinase digestion for 3 min
at 37Â°Cfor demonstration. As controls, normal mouse serum was used

in place of BrdUrd, and KL 1 or PKK l antibodies and normal rabbit
serum were used in place of TK. All sections were counterstained with
hematoxylin for microscopic examination.

RESULTS

Histopathological Findings. There were no significant differ
ences in body weights and histopathological changes between
rats, with or without miniosmotic pumps, in either control or
experimental groups. Incidences of papillomas and SCC ob
served in each group are summarized in Table 1. Sequential
changes in the histological areas of lesion types in the respective
groups are also summarized in Figs. I and 2.

In Group 1 (MNNG â€”BHA), histological areas of S-SCH
(Fig. 1) regressed rapidly with a shift to M-SCH. BCH were
observed within areas of M-SCH, S-SCH, papillomas, and SCC
and, after release from BHA, were also evident in otherwise
normal-appearing forestomach epithelium. Histological areas
of BCH increased with exposure to antioxidant and slowly
decreased after cessation of treatment. On the other hand,
papillomas and SCC were found from wk 16 and increased with
time without apparent regression throughout the experiment.

In Group 2 (BHA alone), during the BHA feeding, M-SCH
developed to form S-SCH with an increase in histological areas
of SCH with time. However, within 4 wk after release from
BHA, all S-SCH had disappeared, and only a few M-SCH were
found. By the end of the experimental period, SCH were no
longer evident. BCH were diagnosed from wk 6 and increased
with time until wk 26, from which point a slow decrease was
observed. No SCC or papillomas were found.

In Group 3 (MNNG alone), incidences of M-SCH were

319

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/318/2443458/cr0510010318.pdf by guest on 19 M

ay 2023



REGRESSION OF FORESTOMACH LESIONS

Fig. 3. Sequential changes in labeling in
dices of the following lesion types assessed by
flash and continuous BrdUrd administration
for 1. 3, and 7 days at wk 26 and 46. A, normal-
looking squamous epithelium; O, M-SCH; Â©,
S-SCH; Q, BCH. Points, mean; bars. SD. The
development of lesions not indicated in each
figure was insufficient for calculation of label
ing indices. Group I. given an initial single
gastric intubation of MNNG received 2%
BHA from the third wk to the 26th wk of the
experiment; Group 2 was given 2% BHA with
out MNNG initiation; Group 3 was given
MNNG alone. A, Group 1 at wk 26; B. Group
1 at wk 46; C. Group 2 at wk 26; D, Group 2
at wk 46; E, Groups 3 and 4 at wk 26; F,
Groups 3 and 4 at wk 46.

7 Days

7 Days

7 Days 7 Days

relatively high at each time point investigated, although histo
lÃ³gica!areas were significantly smaller than in Groups 1 and 2.
Slight reversibility of M-SCH to normal-appearing epithelium
was observed from wk 6 to 16. S-SCH were found at a very low
incidence and area. Only small areas of BCH were apparent
with no significant alteration with time. Papillomas were found
at low incidences from wk 16, and one SCC was found at wk
46.

In Group 4 (nontreated controls), no M-SCH, S-SCH, SCC,
or papillomas were observed.

Immunohistochemistry of BrdUrd. Flash labeling indices for
each lesion type at the end of BHA feeding (at wk 26) and at
wk 46 are indicated in Fig. 3. In normal and normal-looking
epithelium, flash labeled cells were located in the basal layer
arranged along the basement membrane, and there were no
intergroup differences at any time point. In M- and S-SCH,

labeled cells were located within one to two basal layers of the
squamous epithelium (Fig. 4A). The average labeling indices of
M-SCH (11.1 Â±2.4, n = 25) at wk 6, 16, and 26 during BHA

feeding in Groups 1 and 2 were significantly higher (P < 0.01)
than those (8.4 Â±1.9, n = 12) of M-SCH at wk 30 and 46 after
withdrawal of BHA, although there were no significant differ
ences between each time point. In BCH, labeled cells were
located around the marginal layer along the basement mem
brane. Labeling indices (3.1 Â±0.8, n = 4, Group 1, and 2.4 Â±
0.6, n = 4, Group 2) of BCH at wk 26 during the BHA feeding
were significantly (P < 0.02) decreased to 1.5 Â±0.5, n = 4
(Group 1) and 1.1 Â±0.5, n = 4 (Group 2) after no BHA
treatment. In addition, labeling indices for BCH were signifi
cantly lower (P < 0.01 to 0.001) than those of normal epithe
lium, M-SCH, S-SCH, papillomas, and SCC at all experimental

periods for all groups. In papillomas, labeled cells tended to be
found in the lower half of the epithelial layers. In squamous
cell carcinomas, although most labeled cancer cells were ob
served in the marginal areas adjacent to surrounding tissues,
some labeled cells were distributed throughout the lesions.

Sequential changes in labeling indices for each lesion type
after continuous BrdUrd administration for 1, 3, and 7 days at
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Fig. 4. Immunohistochemical staining for UrdÃ,rd incorporation in S S( 11with multilayers of kcratinized dead cells in Group 2 at wk 26. In I. flash-labeled cells
are located within basal cell layers I to 2. x 150. In B, after 1 day of BrdUrd continuous administration, cells in the lower one third of the S-SCH are labeled, x 150.
In C, after 3 days of BrdUrd continuous administration, almost all cells are labeled, x 150.
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Fig. 5. Cells in the basal layer of squamous epithelium are labeled, but only a
few cells in the basal cell hyperplasia are labeled after continuous administration
of BrdUrd for 1 day in Group 2 at wk 46. Immunohistochemical staining for
BrdUrd. x 150.

wk 26 and 46 are also indicated in Fig. 3. In normal and M-

SCH tissues, after 3 days of continuous administration of
BrdUrd, squamous cells in the lower two-thirds of the epithe
lium were labeled, and after 7 days, all epithelial cells were
labeled except for a few nonlabeled cells located in the basal
layer. In S-SCH, after 1 day of BrdUrd continuous administra

tion, cells in the lower one third were labeled, and after 3 days
almost all cells were already labeled (Fig. 4, B and C). In BCH,
after 1 day of continuous BrdUrd administration, only a few

Fig. 6. Continuous administration of BrdUrd for Ã•days reveals an area (arrows)
of high BrdUrd incorporation in M-SCH in Group 1 at wk 26. Immunohisto
chemical staining for BrdUrd. X 150.

labeled cells were primarily distributed at the periphery (Fig.
5), and even after 7 days, under 20% of the cells were labeled.
Slightly dysplastic areas with particularly high rates of BrdUrd
incorporation were occasionally found in M-SCH (Fig. 6) and
demonstrated almost 100% labeling after 3 days of BrdUrd
administration, like S-SCH. These dysplastic areas were only
found in Groups 1 and 3 that were treated with MNNG from
wk 6 and not in Group 2. Areas with high rates of BrdUrd
incorporation were only extremely rarely found in BCH in all
experimental groups. Sequential changes in labeling indices for
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Fig. 7. Immunohistochemical staining for keratins in squamous epithelium
with basal cell hyperplasia in Group 1 at wk 46. In A, TK is positive in both
squamous epithelium and basal cell hyperplasias. x 150. In B. KL l is positive in
the upper layers of squamous epithelium but very weak in the basal layer of
squamous epithelium and basal hyperplasia. x 150.

papillomas and squamous cell carcinomas were similar to those
observed for M-SCH. However, the tumors were found to
consist of mixtures of areas with high rates of BrdUrd incor
poration, resembling the dysplastic areas to M-SCH, and areas
with only slight labeling. Cancers showed more irregular pat
terns of BrdUrd incorporation than did the papillomas.

Imrnunohistochemistry of Keratins. Normal forestomach ep
ithelium was found to be reactive to TK, KL 1, and PKK l with
staining intensities being comparatively higher in the upper
layers of epithelium than in the basal region. Basally located
epithelial cells demonstrated a particularly weak reaction with
KL l and almost lacked PKK l (Fig. 7). Similar phenotypic
expression of keratins was observed in M-SCH, S-SCH, and
papillomas. SCC tumor cells demonstrated varying parakera-
tinization. The TK and, to a lesser extent, KL l reactions were
strongly positive in SCC cells located in the apical side of
papillary proliferations and in the central parts of cancer nests
which had invaded into the submucosa, and they were slight to
negative in basally located cells. PKK l keratins were weakly
present in only a few of the TK strongly positive cells. In BCH,
while TK was moderately to slightly positive, staining for KL
1 and PKK l was extremely weak or negative (Fig. 7) as in the
basal layers of normal forestomach epithelium.

DISCUSSION

In the present study, BHA treatment after initiation with
MNNG enhanced the development of forestomach cancers (P

< 0.01). Although no cancers were observed after the relatively
short-term (32 wk) treatment with BHA alone, it has been
shown that some antioxidants including BHA are complete
carcinogens for the forestomach of rodents, also exerting en
hancing activities on forestomach carcinogenesis (5, 14, 16-
18). In contrast to genotoxic carcinogens, however, whose
reactive forms interact with nucleic acids in their target organs
with or without metabolic activation, the mechanisms of action
of the nongenotoxic (negative result by Ames test) BHA (2-4)
are still obscure. Carcinogenic doses of antioxidants are rather
high (5) compared with those for genotoxic chemicals such as
4- or 8-nitroquinoline, MNNG, or methylnitrosourea which
also induce carcinomas in the forestomach (18-22), and contin
uous administration is required. This is in contrast to the single
administration of MNNG which is sufficient to induce both
papillomas and squamous cell carcinomas. Continuous cell
proliferation caused by chronic irritation has thus been pro
posed as responsible in some way for the induction of forestom
ach tumors by antioxidants (5).

BHA induces two types of hyperplasia, i.e., SCH and BCH
(11). In the present study, each form showed different pheno
typic expression of keratins immunohistochemically as well as
differences regarding persistence/reversibility. Thus, in Group
2, SCH induced by BHA demonstrated complete reversibility
within 4 wk after its withdrawal. On the other hand, BCH
regressed much more slowly. Theoretically, the regression rate
would be expected to be governed by the mitotic activity and
life span of the cells, and even tumors comprising cells with
high mitotic levels would regress, if the life span of individual
cells were extremely short. In this study, flash and continuous
labeling with BrdUrd clearly demonstrated that normal fore-
stomach epithelium is derived from basally located cells which
undergo upward migration (23). Although there are difficulties
in estimation of exact transit times and turnover rate in squa
mous epithelium (24-26), the present results would suggest a
life span of approximately 1 wk for the forestomach squamous
epithelial cells. As a similar life span was observed for M-SCH,
the mucosal thickening is presumably simply due to larger
numbers of proliferating cells.

In contrast, the life span of cells comprising S-SCH areas
was estimated to be about 3 to 4 days and therefore considerably
shorter than that of normal epithelium and M-SCH. This
shorter life span of S-SCH might be due to a disturbance of
nutrition from capillaries. The capacity of capillaries to main
tain epithelial cells is limited (27), and cells located at the apex
might have difficulty in receiving nutrition and oxygen. Indeed,
multilayers of keratinized dead cells were observed over the S-
SCH, and therefore, there is a possibility that the programmed
life span of cells in S-SCH is similar to that in M-SCH.

An interesting finding in the present study was that, in clear
contrast to the rapid cell kinetics of M- and S-SCH, BCH
demonstrated only slow growth. Thus, from the data for con
tinuous and flash labeling with BrdUrd, BCH cells are charac
terized by both low proliferation activity and long life span.
The observed slow regression rate of BCH may in part be due
to these cell kinetics. Whereas cells located in the basal layers
of normal forestomach epithelium generally showed high label
ing indices, in the BCH case, paradoxically, after continuous
BrdUrd administration, incorporation was only limited in the
basal zone. This is surprising, given the finding that the com
ponent cell population demonstrated the same phenotypic
expression of keratins as did normal basal cells. However, it
has been suggested that some basal layer cells, named postmi-
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totic maturing cells, having completed their reproductive cycle
simply wait for an appropriate time to migrate (27, 28). BCH
might therefore consist of populations of these cells, in some
sense arrested from further differentiation. Further studies are
necessary to clarify the biological nature of basal cell hyperpla-

sias.
Two types of papillary or nodular hyperplasias are distin

guishable on the basis of differences in patterns of epithelial
proliferation in urinary bladder carcinogenesis (29). One (type
A) shows a regular distribution of labeled cells limited to the
lower epithelial layers, and the other (type B) contains local
areas of proliferation distributed irregularly throughout both
the basal and surface layers. Type B PN hyperplasia has been
considered as that most likely to develop into papillomas and
cancers. Similarly, in M-SCH of only the MNNG-treated
groups (Groups 1 and 3), slightly dysplastic areas with elevated
rates of BrdUrd labeling were found, although dysplastic areas
with elevated rates of BrdUrd labeling in S-SCH might not be
distinguishable due to extremely high labeling indices of S-
SCH. Therefore, by analogy these dysplastic areas with high
mitotic activities might be of particular importance to cancer
development in the forestomach. On the other hand, dysplastic
areas with high mitotic activities were not found in BCH, and
basal cell carcinomas resembling BCH were not induced. The
present experimental conditions might have been unsuitable for
induction of basal cell carcinomas.
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