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ABSTRACT

Adult ovariectomized Sprague-Dawley rats were administered a single
initiating dose of 200 mg diethylnitrosamine (DEN)/kg, i.p. 17a-ethy-
n\ U-sirailiol (!â€¢'.!â€¢'...)was then chronically administered to the rats by means

of s.c. Silastic implants at an estimated dose of 90 MgEE2/kg/day. Hepatic
â€¢Y-glutamyltranspeptidase-positivefoci were evaluated after 20-60
(+20,+30,...,+60) weeks of chronic IK, treatment and after 20 or 30
weeks of IT- followed by 20 or 30 weeks with no EE2 |(+20,-20),
(+30,-20), (+30,-30)| to determine the effects of withdrawal of the
promoting agent on the persistence or reversibility of these focal lesions.
Our results show that â€¢y-glutamyltranspeptidase-positivefoci are no
longer dependent on exogenous II- administration for their continued
growth in initiated animals given II.- chronically for 20 weeks. In DEN-
initiated, EE2-promoted animals the number of foci per ce (N,) seen at
20 weeks increased over the next 20 weeks in the absence of further II-
treatment, but was not statistically different than N, for continued EE2
treatment. The proportion of total liver volume occupied by foci ( I,) was
0.0054 (+30), 0.0191 (+30.-20), and 0.0135 (+50). The (+30,-20) K,
was significantly different than that for (+30) (/' < 0.01). Hepatocellular
adenomas and carcinomas were detected in DEN-initiated and EE2-
promoted animals as early as 30 weeks. Hepatic tumor incidence contin
ued to increase after withdrawal of EE2 in initiated animals which had
received only 30 weeks of promotion. Within the framework of our
studies, the promoting effects of EE2 do not appear to be reversible by
withdrawal of EE2 after 20 weeks of treatment. It may be that events or
factors which were estrogen dependent in the early stages of promotion
are now constitutive.

INTRODUCTION

There is increasing evidence that prolonged oral contracep
tive use in women is associated with the development of both
benign and malignant neoplasms of the liver (1-3). Animal
models to investigate the processes and mechanisms involved
in hepatic neoplasia have been developed in several laboratories
(4-6). These studies provide support for the hypothesis that the
process of experimental chemical hepatocarcinogenesis can be
divided into at least two stages, initiation and promotion,
analogous to the two-stage model for skin (7). In the two-stage
model of hepatocarcinogenesis, initiation is considered to be
rapid and irreversible. In contrast, promotion is thought to be
a complex process, perhaps including several events, and re
quiring repetitive or prolonged exposure to the promoting agent
(8). The process of promotion is also thought to be reversible,
at least in the early stages (7, 8). Promotion of hepatocarcino
genesis by estrogens has been demonstrated in rats (9-11).
Evaluation of the tumor-promoting activity of EE2,2 the major
estrogenic component of several current oral contraceptive for-
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mulations, is being conducted in our laboratory (12, 13).
Numerous cellular alterations can occur between initiation

and the appearance of neoplasia including the development of
hyperplastic nodules and focal areas characterized by histo-
chemical demonstration of abnormal concentrations of en
zymes such as adenosine triphosphatase, glucose-6-phospha-
tase, and GGT. Since they are not necessarily morphologically
distinct from surrounding tissue, these focal areas are collec
tively termed enzyme-altered foci. Several laboratories have
investigated the reversible nature of these changes. There are
studies which have confirmed the reversible nature of both
hyperplastic nodules and EAF upon withdrawal of the carcin
ogen or promoting agent (14-17). However, in other systems,
the persistence of EAF has been demonstrated, even when the
promoter is removed (18-20). In light of the uncertainty exist
ing over the reversible nature of presumptive preneoplastic
lesions, the studies reported here are designed to evaluate the
reversibility of GGT-positive EAF within the framework of our
experimental model of hepatocarcinogenesis in the rat. This
model uses a single necrogenic dose of DEN for initiation
followed by chronic EE2 treatment for promotion.

MATERIALS AND METHODS

Chemicals. Silastic medical grade tubing (1.47 mm inner diameter x
1.96 mm outer diameter) and Silastic medical adhesive (Type A) for
preparation of capsules were obtained from Dow Corning Corporation,
Midland, MI. Cholesterol was obtained from Stearaloids, Inc., Wilton,
NH. 7-Glutamyl-4-methoxy-2-naphthylamide from Vega Biochemi-
cals, Tuscon, AZ, was used as a substrate for GGT histochemistry.
Ketamine HC1 (Ketaset) was obtained from Bristol Laboratories, Syr
acuse, NY, and xylazine (Rompun) from Haver-Lockhart, Shawnee,
KA. All other chemicals were supplied by Sigma Chemical Co., St.
Louis, MO.

Animals and Experimental Design. Female Sprague-Dawley rats (CD
strain; Charles River Breeding Laboratories, Kingston, NY) were ovar
iectomized under ether anesthesia 56 days after birth to remove the
major source of endogenous estrogens. Rats were housed four per cage
in a controlled environment (ambient temperature, 22*C Â±1*C; humid

ity, 50% Â±10%; light-dark cycle, 12 h/12 h) and provided standard rat
chow (NIH-31; Zeigler Brothers, Gardner, PA) and water ad libitum.
Values of V which appear in the figures represent the total number of
animals in each treatment group and represent two or more separate
experiments. Animals used in these experiments were treated by a
standardized handling and dosing procedure to assure validity of his
torical grouping.

Animals were treated with DEN at a dose of 200 mg DEN/kg i.p.
or 0.85% S at 70 days of age. On day 80 and every 28 days thereafter,
Silastic capsules containing 8 mg of a ground and homogenized mixture
of crystalline EE2 and cholesterol (7-9% EE2) or ground, crystalline C
as control were implanted s.c. at the back of the neck under keta-
mine:xylazine (1.00:0.16; 0.1 ml/100 g body weight, i.m.) anesthesia.
Therefore the treatment groups were: S/C, S/EE2, DEN/C, and DEN/
EE2. Assuming complete and consistent delivery of EE2 from the
capsules over a 28-day period, this would result in a dose of 90 /Â¿gEE2/
kg/day. At sacrifice blood was withdrawn by cardiac puncture. Blood
was allowed to clot and serum was separated by centrifugation. Serum
Kl-: concentrations were determined by a standard radioimmunoassay
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IRREVERSIBILITY OF GGT-POSITIVE FOCI

procedure by Dr. Delwood C. Collins, Emory University, Atlanta, GA,
and Dr. Paul I. Musey, Atlanta University, Atlanta, GA, using EE2-
specific antibody developed by these investigators. The standard curve
was prepared from an ethanolic solution of purified EE2 (1.238 ng/ml)
and dried under nitrogen. An aliquot (100 M') of stripped serum was
added to each standard tube. Unknown serum samples (100 /Â¿I)and
standards in triplicate were extracted three times with anesthesia grade
ether. The extracts were dried in vacuo, then redissolved in 0.1 M
phosphate buffered saline, pH 7.2. Resuspended samples and standards
were then incubated overnight at 4Â°Ctogether with [3H]EE2 (s.a., 55

Ci/mmol) and EE2-specific antibody (1:2000). One percent dextran T-
70-coated charcoal (0.5% Norit) in phosphate buffered saline was added
to incubation mixture for 30 min at 4Â°C,and the mixture was then

centrifuged at 1000 x g for 10 min. The supernatant containing the
bound steroid was decanted and radioactivity in this fraction was
determined by liquid scintillation spectrometry. The amount of EE2
present in serum samples was calculated from the standard curve (range,
6-250 pg; 50% displacement at 35 pg; sensitivity and minimum de
tectable amount, 6 pg/ml). Cross-reactivity of the EE2-specific antibody
was less than 3.5% for 17/3-estradiol and other estrogens and progestins
tested. Animals were sacrificed at 10-week intervals after continuous
treatment with EE2 for 20-60 weeks (+20, +30, +40, +50, and +60).
Rats to be withdrawn from EE2 were treated continuously for either 20
or 30 weeks, capsules removed, and then animals were sacrificed 20 or
30 weeks later [(+20,-20), (+30,-20), (+30.-30)]. The number of
animals in each group appears in Figs. 1-4. At sacrifice, uteri were
removed and weighed, and livers were observed for gross lesions,
removed and weighed. A section of the left lateral lobe of each liver
was fixed in 10% formalin for routine hematoxylin and eosin staining
and histopathological evaluation using criteria currently recommended
by the National Toxicology Program (21). A representative sample of
each left lateral lobe was cut and fixed in cold 95% ethanol in prepa
ration for demonstration of GGT activity. These samples were paraffin
embedded and sectioned at 6 /JIM. Staining for GGT activity was
performed by a modification of the method of Rutenberg et al. (22).
Area of sections analyzed was approximately 50 mm2 per rat. A
minimum of eight hepatocytes was required for a GGT-positive lesion
to be considered a focus. Therefore, an apparent increase in the number
of foci with time may occur due to the growth of small foci (less than
eight hepatocytes) over time. Smaller foci may also be obscured by the
diffuse GGT-positive staining observed in periportal areas. This stain
ing is considered characteristic of estrogen administration. The inten
sity of focal GGT staining varied among animals but was not correlated
to length of treatment with !â€¢'!â€¢'..nor to its continuation. Animals in

withdrawn groups often demonstrated foci of equal staining intensity
to those receiving continuous treatment. Photographically enlarged
prints were made of each histochemically stained section. GGT-positive
foci on the prints were confirmed by light microscopy of the original
sections and traced on the print. Each photograph was digitized using
a HiPad digitizer (Houston Instruments, Austin, TX) connected to an
Apple He computer (Apple Computer, Inc., Cupertino, CA) with a
software package (Optomax, Inc., Holiis, NH) to yield areas of the
sections and foci in mm2. These data were subjected to quantitative

stereological analysis (23, 24) using a stereology program provided by
Chemical Industry Institute of Toxicology, Research Triangle Park,
NC, to determine the number of GGT-positive foci per cm3 of liver (N,)

and the proportion of liver volume occupied by foci (I J. Statistical
analysis of sterological data was done using Student's t test.

RESULTS

The average serum level, Â±SD, of EE2 produced by the
estimated capsule dose of 90 /Â¿g/kg/dayto ovariectomized rats
was 65 Â±24 pg EE2/ml (N = 4). This is within the range of
serum EE2 values reported for women using oral contraceptives
(25, 26). Within 1 week after removal of capsules the average
serum level of EE2 fell rapidly to 9.2 Â±6.5 pg/ml which was
within the range of values (8.8 Â±11.3 pg/ml) for S/C (control)
animals and Ml-'...concentrations remained in this range for the

duration of the study.

Average body weight for ovariectomized S/C and DEN/C
animals increased from 240 Â±15 g at initiation to 556 Â±65 g
and 445 Â±103 g, respectively, 40 weeks later. Body weights of
ovariectomized IT' >animals increased at a much slower rate

than those of cholesterol-treated animals. DEN/EE2 animals
weighed 265 Â±53 g by 40 weeks. This suppression of body
weight gain by estrogen is not surprising. Ovariectomy, removal
of the source of endogenous estrogens, results in an increased
body weight. Body weight of age-matched (1 year old) nonovar-
iectomized females was 320 Â±42, N = 6. When EE2 treatment
was stopped after 20 weeks, the rats in the S/EE2 and DEN/
EE2 groups gained weight rapidly so that by the end of the
study the average weights for these animals approached those
of the S/C and DEN/C groups, respectively. The average
weights were: S/EE2 (+20,-20), 487 Â±113 g and DEN/EE2
(+20,â€”20),437 Â±38 g. Similar results were observed in animals
treated for the (+30,-20) and (+30,-30) studies.

Liver weights normalized to body weights also reflected the
effect of EE2 withdrawal (Table 1). The percentage of liver
weight to body weight in the DEN/EE2 (+20) or (+40) groups
was significantly higher than that of the DEN/C (+20) or (+40)
groups. However, liver weight per body weight in the DEN/
EE2 (+20,-20) group was similar to that of DEN/C rats.

Data on uterine weights indicated a strong uterotropic re
sponse to estrogen administration at both 20 and 40 weeks of
treatment as compared to DEN/C (+20) and DEN/C (+40)
animals, and these values also decreased significantly as ex
pected when estrogen administration was ended (Table 1). The
fact that uterine weights per body weight did not return to the
level of DEN/C animals is possibly due to permanent changes
in uterine tissue as a result of prolonged stimulation by estro
gen. At sacrifice, the uteri of EE2-withdrawn animals appeared
collapsed or deflated, possibly reflecting the prolonged utero
tropic response that had occurred during the 20 weeks of EE2
exposure. In contrast, uteri of animals that had not received
EE2 were atrophie. The administration of DEN alone appeared
to have no significant effect on either liver or uterine weight
per body weight when compared to S/C animals at the time
points examined. Results similar to those in Table 1 for the
(+20,-20) animals were seen in both (+30,-20) and (+30,-30)

studies.
GGT-positive Foci. The average number of GGT-positive foci

per cm3 (TVÂ»)increased between 20 and 40 weeks of continuous

EE2 treatment in initiated animals from 109 [DEN/EE2 (+20)]
to 193 [DEN/EE2 (+40)] (Fig. 1). When EE2 administration
was stopped after 20 weeks the average number of foci per cm3

continued to increase over the next 20 weeks, reaching a value

Table 1 Normalized organ weights
Ovariectomired rats were given a single dose of DEN (200 mg/kg i.p.). Ten

days later Silastic capsules containing II were implanted s.c. to produce a
chronic dose of 90 Â»ig/kg/dayfor either 20 weeks (+20), 40 weeks (+40), or 20
weeks, after which capsules were removed and animals remained off treatment
for 20 more weeks (+20.-20). Results are expressed as mean Â±SD. N values are
shown in parentheses.

Treatment

Liver weight

body weight
(x IO2) Uterine weight

body weight
(xlO4)

S/C(+20)S/C
(+40)DEN/C
(+20)DEN/C
(+40)DEN/EEj
(+20)DEN/EEj

(+40)
DEN/EE, (+20,-20)2.5

Â±0.2(6)2.2
Â±0.2(8)2.6
Â±0.2(4)2.3
Â±0.2(4)4.0
Â±0.3"(4)3.8
Â±0.3" (4)

2.8Â±0.2c-''<4)2.5

Â±0.6(6)1.6
Â±0.3(8)2.0
Â±0.3(4)2.2
Â±0.8(4)33.7
Â±12.4Â°(4)23.7
Â±6.2* (4)

5.0 Â±0.6" (4)

Â°Significantly different (P < 0.05) from DEN/C (+20).
* Significantly different (P < 0.05) from DEN/C (+40).
' Significantly different (P < 0.05) from DEN/EEj (+20).
' Significantly different (P < 0.05) from DEN/EE2 (+40).
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Fig. I. Effect of duration and withdrawal of EEj treatment on the number of

GGT-positive foci per cm3 in DEN-initiated rats. Ovariectomized rats were given

a single dose of DEN (200 mg/kg i.p.). Ten days later Silastic capsules containing
II. were implanted s.c. to produce a chronic dose of 90 Â»ig/kg/dayfor either 20
weeks (+20), 40 weeks (+40), or 20 weeks, after which capsules were removed
and animals remained off treatment for 20 more weeks (+20.-20). Livers were
processed and analyzed for GGT-positive foci as described in "Materials and
Methods." The resulte are expressed as mean Â±SD. Numbers in parentheses,

animals per group.

of 216 [DEN/EE2 (+20,-20)J. Although the mean values of N,
for DEN/EE2 (+40) and DEN/EEj (+20,-20) are approxi

mately twice the mean value of W, for DEN2/EE2 (+20), they
are not significantly different from WÂ»for DEN/EE2 (+20) due
to the large variability in Nv values. There was no change in N,
seen past 40 weeks in the DEN/EE2 group. N, for both S/C
and SII. treatments was essentially zero for all time points
examined (data not shown).

The time course of the proportion of total liver volume which
is made up of GGT-positive foci (Kv) in animals receiving
continuous promotion is depicted in Fig. 2. l\ for both S/C
and S/EE2 groups was essentially zero at all time points ex
amined over the course of 40 weeks of continuous EE2 admin
istration, At 20 weeks, Kvfor the DEN/C group was slightly
greater than that of the DEN/EE2 group. However, V, for
DEN/EE2 animals increased significantly between 20 and 40
weeks. F, for the DEN/EE2 (+40) group was approximately
eight times Fv for the DEN/EE2 (+20) group. In contrast, little
change in Fv for the DEN/C animals was observed between 20
and 40 weeks. Upon withdrawal of the promoting agent after
20 weeks of continuous treatment, the volume of foci per
volume of liver continued to increase in initiated animals, and
yv in the DEN/EE2 (+20,-20) group was seven times greater

than y, for DEN/EE2 (+20) (Fig. 3A). This increase, though
nearly as large as that seen in the DEN-initiated animals treated
continuously for 40 weeks, was not significant due to the large
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Fig. 2. Time course of the proportion of total liver volume occupied by GGT-

positive foci in ovariectomized rats initiated with DEN and treated chronically
with EEj. Treatment groups were S/C (saline, cholesterol capsule), S/EE2 (saline,
continuous EE2), DEN/C (DEN, cholesterol capsule) and DEN/EE2 (DEN,
continuous EE2). Livers were processed and analyzed for GGT-positive foci as
described in "Materials and Methods." At least four animals per treatment group
were sacrificed at 10- and 20-week time points. The number of animals per group
at 30 and 40 weeks were as follows: (+30): S/C, 18; S/E, 11; D/C, 11; D/E, 15;
(+40): S/C, 13; S/E, 12; D/C, 7; D/E, 12. Results are expressed as mean Â±SD.

variability in Vvvalues. For this reason, another set of experi
ments was performed in which DEN-initiated animals were
treated with the same dose of EE2 continuously for 30 weeks
(+30) or 50 weeks (+50), or continuously for 30 weeks then
withdrawn for 20 weeks (+30,-20). Data revealed that F,
increased between (+30) and (+50), and that V, (+30,-20) was
similar to Fv (+50) and was significantly higher than V, (+30)
(Fig. 3B).

Time Dependency of Foci Size. There appeared to be a regres
sion of the largest foci immediately after 11 was withdrawn in
treated animals, but by 5 weeks after withdrawal foci of these
sizes were present in a pattern similar to that observed at +20
weeks (Fig. 4). Furthermore, the size of foci occurring in
animals increased over the next 15 weeks in the absence of
continued EE2 administration. It appears that GGT-positive
foci continued to grow in the absence of further II, treatment
nearly as well as if EE2 administration had been continued.

Histopathology. Table 2 is a compilation of the histopathol-
ogy data from at least three experiments in which the dose of
estrogen was 90 ng EE2/kg/day. After 20 weeks of continuous
administration only foci of cellular alteration were seen. At
both (+20) and (+40) time points the variety and incidence of
foci were greater in DEN/EE2 animals than in the other three
treatments groups. In comparing the DEN/EE2 (+20,-20)
treatment to the DEN/EE2 (+40) treatment, clear cell and
basophilic foci occur in both but with a greater incidence in the
former. Eosinophilic foci, which were quite frequent in DEN/
EE2 (+40) animals, were not present in DEN/EE2 (+20.-20)
animals. There were no hepatocellular carcinomas in any treat
ment group at 40 weeks. At this time, hepatocellular adenomas
occurred only in DEN-initiated rats receiving continuous EE2.
Hepatic tumor incidence increased in initiated-promoted rats
with continuous EE2 treatment, and this increase was statisti
cally significant between 50 and 60 weeks (Table 3). Further,
this increase did not seem to be dependent on EE2 administra
tion after 30 weeks. Tumor incidence continued to increase
after withdrawal of EE2 in those initiated animals receiving
only 30 weeks of promotion.
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Fig. 3. Effect of duration and withdrawal
of EE2 treatment on the proportion of liver
volume occupied by GGT-positive foci. Results
are expressed as mean Â±SD. In I. a, signifi
cantly different from K, (+20), P = 0.01. (See
Fig. I for details.) In B, treatment was similar
to that in I except that duration of treatment
with EE2 was for 30 weeks (+30) or 50 weeks
(+SO) or for 30 weeks, followed by 20 weeks
without EE2 (+30.-20). a, significantly differ
ent from V, (+30), P = 0.01.
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Fig. 4. Time dependency of foci size in ovariectomized rats initiated with
DEN and chronically treated with EE2. Details of procedure are as in Fig. 1,
except that additional time points for !â€¢I ..withdrawal are included: 20 weeks of
EEj followed by either 1 (+20,-1), 3 (+20.-3), or 5 (+20,-5) weeks without EE2
before sacrifice. GGT-positive foci were classified by size after analysis described
in "Materials and Methods." The size classes are defined by a log scale of

maximum diameters (microns) by the series: size class 1, antilog 1.8; size class 2,
antilog 1.9; ... size class IS, antilog 3.2 (31). One integral step increase in size
class is equivalent to a doubling of focal volume. Percentage values indicate the
percentage of animals in each treatment group exhibiting foci of a given size
category. Data represent four animals per group for (+20), (+20,-1), (+20.-3),
and (+20.-5) time points. For (+20.-20) time points, N values are: S/C, 3; S/
EE2, 5; DEN/C, 3; and DEN/EE2, 7. For (+40), N values are: S/C, 8; S/EE2, 7;
DEN/C, 4; and DEN/EE2, 5. B, S/C; Â®,S/EE2, withdrawn; Â®,DEN/C; O,
DEN/EE2; â€¢DEN/EE2, withdrawn.

DISCUSSION

We have shown that in ovariectomized rats initiated with a
single necrogenic dose of DEN and treated chronically with
EE2 for as few as 20 weeks, GGT-positive foci are not dependent
on further exogenous EE2 administration for their continued
growth. Therefore, it appears that within the framework of our
study the promoting effects of EE2 are not reversible by with
drawal of the promoting agent after a critical length of contin
uous exposure. The rate of growth of GGT-positive foci was
slow in the early weeks of promotion. However, a pronounced
increase in size of GGT-positive foci occurred between 20 and
40 weeks and this phenomenon appeared to be estrogen inde-

Table 2 Summary of histopathological findings in liver sections from DEN-
initiated, EEi-promoted ovariectomized rats

Ovariectomized rats were given a single dose of DEN (200 mg/kg. i.p.) or S
as control. Ten days later, Silastic capsules containing I:i... or C control were
implanted s.c. to produce a calculated dose of 90 pg EE2/kg/day for 20 or 40
weeks. Some animals were withdrawn from II.. after 20 weeks and sacrificed 20
weeks later ((+20.-20) for S/EE2 and DEN/EEj); S/C and DEN/C (+20.-20)
received cholesterol only. At sacrifice, livers were removed promptly, weighed,
and sections of the left lobe fixed in neutral buffered formalin and processed for
routine hematoxylin and eosin staining. Evaluation of stained sections was
performed by the criteria of Maronpot et al. (21). Values represent the percentage
of animals in each treatment group demonstrating the specified lesion.

Promotion
(wk)+20+40+20.-20TreatmentgroupS/CS/EE2DEN/CDEN/EE2S/CS/EE2DEN/CDEN/EE2S/CS/EE2DEN/CDEN/EE2/1121014181212193537Clearcell90502968677433033100FociEosino-philic00Ã¼14008630000Basophilic0007000500014Adenomas0000000210000

Table 3 Hepatic tumor incidence
Values represent the number of animals with hepatic tumors per number of

animals in treatment group at each time point. Values in parentheses indicate
specific tumor diagnosis: A, hepatocellular adenoma; and C, hepatocellular car
cinoma. For treatment and time designations, see "Materials and Methods."

Duration oftreatmentTreatmentS/C

S/EE2
DEN/CDEN/EE2+300/22

0/16
2/16
<2A)
6/31

(SA, 1C)+500/18NA'

1/6
(lA)
2/7
(2A)+600/13

0/3NA9/1

l*'c

(7A.2C)+30.-200/51/5(1A)+30.-300/53/3'(3A)
" NA, data not available.
* Significantly different from DEN/EE2 (+30) by Fisher's exact test, P =

0.0004.
' Significantly different from DEN/EE2 (+50) by Fisher's exact test, P = 0.05.
' Significantly different from DEN/EE2 (+30) by Fisher's exact test, P =

0.0140.

pendent. In support of our findings Farber and Cameron (27)
and Sclmlic Hermann (28) caution that the reversibility of
promotion may only apply to the very earliest stages of the
promotion process. Our data also demonstrate that the inci-

2331

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/9/2328/2431185/cr0470092328.pdf by guest on 19 M

ay 2023



Â«REVERSIBILITY OF GGT-POSITIVE FOCI

dence of hepatic tumors in DEN/EE2 animals withdrawn from
EE2 treatment after 30 weeks continues to increase and by 60
weeks reaches a value similar to that for DEN-initiated animals
on continuous EE2 treatment. Therefore, it appears that the
continued increase in the volume of liver occupied by GGT-
positive foci is associated with a later increase in tumor inci
dence in DEN-initiated rats withdrawn from EE2 treatment.

In the course of chemical hepatocarcinogenesis, literally
thousands of alterations can develop within the liver, many of
them only detectable microscopically by special histochemical
staining techniques. Some of the earliest lesions to appear are
EAF. In our studies we have chosen to quantitate GGT-positive
foci as a measure of preneoplasia for two reasons. First, by
analysis of the occurrence and convergence of various enzyme
markers within single EAF in their two-stage model for hepa
tocarcinogenesis using DEN as the initiator and phÃ©nobarbital
as the promoter, Pilot and colleagues have determined that at
least 80% of foci detected by any of a large number of histo
chemical markers are GGT-positive. Furthermore, it appears
that the presence of these foci are predictors of hepatocellular
carcinomas (15, 19, 20). Second, GGT has been used success
fully as a single histochemical marker of preneoplastic changes
in similar investigations of hepatocarcinogenesis using EE2 as
a promoter (11, 29).

Our data demonstrate irreversibility of GGT-positive foci
within a two-stage model relying on a necrogenic dose of DEN.
There are at least three other possible combinations to consider:
(a) reversibility without necrosis; (b) reversibility with necrosis;
and (c) irreversibility without necrosis. Rabes et al. (30) have
reported reversibility upon cessation of the carcinogen in a
model using a daily nonnecrogenic dose of DEN. In support of
the second possibility studies utilizing early hepatic necrosis or
degeneration demonstrated that EAF disappeared on cessation
of the carcinogen or promoter [phÃ©nobarbital(15) and choline-
deficient diet (16)]. In contrast, persistence of EAF has been
observed in treatment regimens not producing early necrosis
[single, nonnecrogenic dose of DEN, no promoter (18); partial
hepatectomy, single, nonnecrogenic dose of DEN, phÃ©nobar
bital (19)]. So while it is reported that EAF in liver can be
persistent or can disappear upon cessation of carcinogen or
promoting regimen, no generalization can be made concerning
the correlation of early hepatic necrosis and the reversible
nature of preneoplastic EAF.

In our study, there did not appear to be a continued increase
in either number or size of GGT-positive foci resulting from
DEN initiation alone between +20 and +40 weeks (data on
number not shown). Goldsworthy et al. (19) postulated that the
increase in both number and size of GGT-positive foci observed
in female DEN-only animals during the course of their study
might be due to endogenous hormones acting as promoter. As
our animals were ovariectomized, these findings taken together
would suggest a primary role for ovarian estrogen in the contin
ued growth of EAF observed in their DEN-initiated rats.

Our observation that GGT-positive foci continue to increase
in size upon withdrawal of EE2 (after 20 weeks of treatment)
may indicate that the dependence of these altered hepatocytes
on estrogen for growth and proliferation has been bypassed. A
possible mechanism for this is suggested in the work of Kasid
et al. (31) which demonstrated that acquisition of an activated
\-Ha-ras oncogene by MCF-7 human breast cancer cells could
transform this normally estrogen-dependent cell line into one
which no longer required estrogen. It is possible that within the
first 20 weeks of EE2 administration to DEN-initiated animals,
activation of a protooncogene has occurred. The resulting gene

product could supply, in a constitutive manner, signals or
factors which are estrogen dependent in normal hepatocytes.
In this respect, it has been demonstrated by Danielpour and
Sirbasku (32) that autocrine growth factors secreted by estro
gen-independent MTW9/PL mammary tumor cells could pro
vide the necessary growth requirement to estrogen-dependent
and -responsive MTW9/PL cells in the absence of estrogen
itself. A suggested mechanism in our model is as follows: (a) in
the early phase of EE2 promotion, estrogen is necessary for the
growth of hepatic GGT-positive foci and this process may be
mediated by estrogen receptors which are present in liver (33,
34). Furthermore, this growth could be mediated by an estro
gen-regulated product of a protooncogene; (b) activation of this
protooncogene occurs during promotion and eliminates the
need for EE2 for the continued growth of GGT-positive foci.
Those foci not possessing the activated protooncogene at 20
weeks of promotion regress when estrogen is withdrawn (Fig.
4). Our laboratory has demonstrated an increase in hepatic
EGFR in EE2-treated rats.3 Similarly, Mukku and Stancel (35)
have reported an estrogen-stimulated increase in EGFR levels
in the rat uterus. It may be that EGFR is one of the factors
responsible for the growth of GGT-positive foci in our model,
and that events which cause constitutive production of EGF
actions in the later phases of promotion lead to the estrogen-
independent growth of hepatic GGT-positive foci.

Several lines of evidence support the idea of a multistage
model of carcinogenesis (36). Initiated cells are thought to
develop into neoplastic cells through the stages of promotion
and progression. Mechanisms for these latter two stages are
not well defined, but may involve the concerted activation of
certain protooncogenes. We are currently evaluating liver tu
mors derived from our two-stage model for the presence of
transforming genes. We are also examining the potential role
of hepatic estrogen receptor-mediated events in estrogen-me
diated hepatocarcinogenesis. In our operational model, pro
motion may consist of an estrogen receptor-mediated, estrogen-
dependent phase, while later progression to neoplasia is estro
gen independent, due to activation of certain protooncogenes.
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