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(1â€”3),although there are data suggesting that they can also act as
initiators via induction of oxygen radical DNA damage (4, 5). Several
studies found that treatment with PP enhanced the number, size, and
time of onset of hepatic tumor development from preneoplastic le
sions induced by genotoxic carcinogens. These studies included tumor
production in livers initiated by a single dose of aflatoxin B1 followed
by continuous dietary nafenopin administration (2); livers treated with
a single dose of DEN followed by treatment with clofibrate (6),
WY14,643 (7), or perfluorooctanoic acid (8); and livers with nodules
induced by the Solt-Farber resistance protocol and treated with
nafenopin (9, 10), perfluorooctanoic acid, or 2,4,5-trichlorophenoxy
acetic acid (8, 10).

A particularly interesting phenomenon in PP promotion of hepato
carcinogenesis is that a short-term treatment with PP consistently
results in a decrease in the number and size of preneoplastic lesions
identified by either GGT or rGSTP1-1 staining, whereas longer term
treatment produces more and larger tumors from livers with the same
preneoplastic lesions (2, 6, 7, 9). These observations suggest that PP
treatment results in two apparently contradictory effects: inhibition of
a certain subpopulation of hepatic preneoplastic lesions and promo
tion of another subtype of lesions. Cattley and Popp (7) demonstrated
that treatment with WY14,643 for 11 weeks resulted in a significant
decrease in ATPase-deficient foci induced by DEN followed by PB
treatment, whereas further treatment with this PP resulted in an
increase in liver neoplasms. Kraupp-Grasl et a!. (2) also demon
strated that nafenopin treatment decreased â€œtigroidfociâ€•but pro
moted a subtype of foci characterized by weak diffuse basophilia
in aflatoxin B1-initiated rat livers. However, there is evidence that
preneoplastic lesions can change phenotypic characteristics in re
sponse to short-term PP treatment (6, 11â€”14)but retain their ability
to progressto liver cancer (6). For example, Hosokawa et a!. (6)
demonstrated that tumors treated with clofibrate could be GOT
positive or negative or composed of both types of cells, suggesting
that preneoplastic cells could lose GGT expression but maintain
their potential to progress to cancer.

An increase in DNA synthesis is a prominent feature of hepatic
preneoplastic lesions (15); cell proliferation is itself mutagenic (16)
and plays an essential role in the multistage process of carcinogenesis
(15â€”17).Thus, determination of DNA synthesis activity in hepatic
preneoplastic lesions is not only a useful marker for identification of
preneoplastic lesions (especially when GOT and rOSTP1-1 overex
pression is absent) but also a functional parameter with regard to the
potential of the lesions to progress to cancers. To further characterize
PP liver tumor promotion, we developed a double labeling technique
that allows the determination of DNA synthesis activity in the same
clonal population of cells in individual hepatic hyperplastic nodules
both before and after Cip treatment. In combination with the deter
mination of GOT and rOSTP1-1 expression status, we observed that
treatment with PB, a model liver tumor promoter used in this study as
a positive control, resulted in a significant increase in the number, and
the ratio between the numbers, of GOT- and rGSTP1-1-positive
nodules/cm2. However, PB treatment had only a minor effect on DNA

[methyl-3H]thymidine; GOT, y-glutamyltranspeptidase; rGSTP1-1, rat glutathione
S-transferase P1-i; LI, labeling index.

ABSTRACT

Previous studies have demonstrated that short-term treatment with a

peroxisome proilferator (PP) decreased the size and number of genotoxic
carcinogen-induced hepatic hyperplastic lesions identified by y-glutamyl
transpeptidase (GGT) or glutathione S-transferase P1-i (rGSTP1-1)
staining. However, longer-term PP treatment of animals bearing similar
hepatic hyperplastic lesions produced an increase in both the size and
number of liver tumors. To characterize the hepatic hyperplastic lesions
which are inhibited or promoted by PP, a unique double labeling tech
nique was developed to determine the relative rate of cell division (e.g.,
DNA synthesis) In rGSTP1-1-positive nodules before and after ciprofi
brate (Cip) treatment. rGSTP1-1-positive nodules were induced with the
Solt-Farber resistance protocol (diethylnitrosamine-2-acetylamiaoflu
orene partial hepatectomy). Eleven weeks after diethylnitrosamine haiti
atlois, 3 groups ofrats were maintained on a control chow diet or switched
to a powdered chow diet containing 0.025% Cip or 0.05% phenobarbital
(PB) for the last 8 days of the experiment. A minipump implanted in the
abdominal cavity released [methyl-3H]thymidlne continuously for 72 h
and was then removed paler to Clp or PB treatment. A second minipump
was then implanted which released bromodeoxyuridineto the abdominal
cavity 5 days after the start of Clp or PB administration and lasted for 72

h until the termination of the experiment. Both the [methyl-3H]thymidine
and bromodeoxyuridlne labeling indices (Us) were determined in the
same group of cells within individual rGSTP1-1-positive nodules in the
right posterior lobes of livers. PB treatment increased both the average
number of persistent GGT-posltive nodules and the ratio of persistent
GGT-positive to rGSTP1-1-posltive nodules/cm2. In contrast, Clp treat
ment greatly decreased the average number and area of persistent GGT
positive nodules, as well as the ratio between persistent GGT-positive and
rGSTP1-1-positive nodules/cm2. Cip treatment also resulted in a 40%
decrease in the average LI in the rGSTP1-1-positlve nodules. In some
rGSTP1-1-posltive nodules, the LI was decreased from >40% prior to Cip
treatment to <5% afterward, suggesting that Cip treatment intemipted
progression in these nodules. Such drastic changes in the LI before and
after treatments were not observed in either PB- or vehicle-treated (con
trol) animals. A number ofsmafl nodules with a high bromodeoxyuridlne
LI but with no or very few [methyl-3H]thymidlne-labeled nuclei and
negative GGT and rGSTPI-1 staining were detected only In the Cip
group. These later subtypes of nodules may represent precursors of liver
cancers with either negative or positive GGT/rGSTP1-1 phenotype fol
lowing hang-term PP treatment Thus, Cip treatment resulted In two
apparently opposing effects: (a) inhibition of cell division in most estab
lished GGT/rGSTP1-1-positive hyperplastic nodules; and (b) promotion
of cell division in certain other small GGT/rGSTP1-1-negative lesions.
Our data further strengthen the notion that there are fundamental dif
ferencesbetween mechanismsof liver tumor promotion by PP and PB.

INTRODUCTION

pPs3 are a class of tumor promoters which are thought to enhance
the development of liver cancers from preexisting preneoplastic cells
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synthesis activity in rGSTP1-1-positive nodules. In contrast, Cip
treatment for 8 days drastically decreased DNA synthesis activity as
well as GOT expression in a subpopulation of rGSTP1-l-positive
nodules induced by a Soft-Farber protocoL Cip treatment also resulted
in a number of small nodules with very high DNA synthesis activity
but which expressed neither GOT nor rGSTP1-l. Our data further
demonstrate that Cip has a dichotomous effect on preneoplastic foci,
promoting the growth of one subpopulation of preneoplastic lesions
while suppressing the growth of other subgroups of lesions.

MATERIALS AND METHODS

Reagents. 2-Acetylaminofluorene, BrdUrd, DEN, and PB were obtained
from Sigma Chemical Co. (St. Louis, MO). [3H]cflhid(70 Ci/mmol) was
purchased from Moravek Biochemicals (Brea, CA), and 3,3'-diaminobenzi
dine tetrahydrocifioride was purchased from Aldrich Chemical Co. (Milwau
kee, WI). Mouse IgO conjugated with peroxidase or alkaline phosphatase and
rabbit IgG Vectastain ABC kits were supplied by Vector Laboratories (Burl
ingame, CA). Rabbit antisera to rat rGSTP1-l were obtained from Bioprep Co.
(Dublin, Ireland). Cip was a generous gift from Sterling Drug Co. (Rensselaer,
NY). Rabbit antisera to rat CYP2B1t2 and rat CYP4A were @ftsfrom Des.A.
Parkinson (Uthversity of Kansas Medical Center, Kansas City, KS) and R. T.
Okita (Washington State University, Pullman, WA), respectively.

Animals and Treatment. Seven-week-old male F344 rats (Charles River
Laboratories, Wilmington, MA) were kept on a standard rat chow diet (Wayne
Lablox). The rats were subjected to a Solt-Farber initiation/promotionprotocol
at the age of 8 weeks, as deSCrIbedpreviously (18). Osmotic minipumps
(Model 2ML1; Aizet Co., Palo Alto, CA) which released [3HldThd(50 p@Ci/l0
1@1/h)were implanted i.p. 74 days after DEN initiation. The minipumps were
removed 3 days later and 3 groups of 7 rats each were either kept on control
chow diet or switched to the powdered form of the same rat chow diet
containing either 0.05% PB or 0.025% Cip for the last 8 days of the experi
tent. Five days after startingthe experimentaldiets, the second minipumps
were implanted i.p. to release BrdUrd (15 mg/nil phosphate-buffered saline,
150 p@g/l0@&1/h)continuously,and the rats were sacrificed by CO2 narcosis3
days later. The time of implantation and removal ofthe minipumps or sacrifice
of the rats was controlled so that the minipumps remained in all rat abdominal

cavitiesforl2h(Fig. 1).
Immunohistology and Autoradlography. Three blocks of 2-3-mm-thick

liver tissue from each of the rightanterior,rightposterior,and caudatelobes
were fixed in acetone at 4Â°Covernight The liver blocks were embedded in low
melting point paraffin (m.p. 44Â°C)with the procedure described previously
(19). Six successive 7-gun-thicksectionswereprepared.Section 1 was stained
forGOTactivityby themethodofRutenburget aL(20) as modifiedby Ogawa
et aL (21). Section 2 was stained with rabbit antiserato rGSTP1-l using an
avidin-biotin-peroxidase complex method (19). The same staining method was
used to lightly stain rGSTP1-l in section 3, and then the slides were processed
forautoradiographywithanestablishedmethod(22). Theemulsionslides were
exposed at 4Â°Cfor 4 weeks and then developed and counterstained with
hematoxylin. Section 4 was used to demonstrate rGSTPI-l as well as BrdUrd
with a double staining procedure. iQSTP1-l was characterized by a brownish
staining within the nodules, whereas BrdUrd was evident as a red dye over the
nuclei. The sections were then counterstained with methyl green. Section 5
from PB and Cip groups was stained with rabbit antisera to rat CYP2B1/2 or
CYP4A, respectively. Section 5 from randomly selected rats in the untreated
control group was also stained with either ofthese 2 antibodies. Section 6 from
randomly selected rats was processed to demonstrate GOT enzyme activity,
BrdUrd, and [3H]dmd incorporation sequentially. The sections were stained

for GOTactivity,followed by stainingwith mouse anti-BrdUrdIgO, andthen
processed for autoradiography.

Quantitatlon of rGSTP1-1-posltlve NOdUles. All the rGSTP1-l-positive
nodules 0.05 mm2 or larger in all 3 sections from each liver were measured
with a computer-assistedimage analyzer(Videometiic 150; AmericanInno
vision, Inc., San Diego, CA) as described previously (19). The video discrim
ination was set so that all the uniformly stained rGSTP1-l-positive nodules
could be detected@However, about 5-10% of nodules in each group were
stained unevenly with iGSTP1-l, making accurate quantitation of all nodules
difficult However, there was only about a 10%variationin these unevenly
stained rQSTP1-l-positive nodules from time to time when the computer
bufferwas reset, and only 5-10% of the total nodules examinedhad uneven
staining. Thus, the variability introduced by rescuing the buffer is less than 1%
ofthe totalmeasurementof all rGSTP1-l-positivenodules.The â€œbufferâ€•is the
image discrimination threshold that is set to define the boundary between the
image of interest and the surrounding tissue. Because of differences in back
ground staining intensities that inevitably occur with different slides and
sections, the buffer must be reset for each slide.

The measurement of individual sQSTP1-l-positive nodules was used as the
area measurement of corresponding persistent GOT-positive nodules in the
successive section.

Us In rGSTP1-1-posltiveNOdUles.TheBrdUrdU wasdeterminedin all
rGSTP1-l-positive nodules which had at least 200 parenchymal nuclei in
section 4 ofthe right posterior lobes in which both BrdUrd and rGSTP1-l were
demonstrated. At least 500 parenchymal nuclei were examined in all of the
large rGSTP1-l-positive nodules, and all the nuclei were examined for the
rGSTP1-l-positive nodules which contained more than 200 but less than 500
identifiable nuclei.

The [3HJdThdU was determined by autoradiography in the third sequential
sectionofthe rightposteriorlobes,whichwerealso stainedwithrGSTP1-l and
counterstained with hematoxylin. All ofthe parenchymal nuclei with at least 6

times the average number of silver grains determined over 2000 nuclei in the
surrounding tissue were counted as [3H]dmd-labeled nuclei. One purpose of
this study was to compare the BrdUrd and [3H]dThd Us in the same group of
cells within indiVidUalrGSTP1-l-positive nodules. Liver sections were aligned
under the microscope such that the [3H]dThd U was determined in the same
area where the BrdUrd LI was determined.

CYP2B1/2 and CYP4A Immunoproteins In rGSTP1-1-posltlve Nod
iiles. The staining pattern of CYP2B1/2 and 4A immunoprotein(s) in all the
rGSTP1-l-positive nodules in the right posterior lobes was evaluated accord
ing to the methods described previously (19). Nodules which expressed a
putters indistinguishable from the surrounding tissue were scored as â€˜@O,â€•while
nodules which demonstrated an apparent decrease in staining intensity were
scored as â€œ-.â€œNodules which stained slightly less than the surrounding tissue

were scoredas â€œâ€”/0.â€•
Statistics. A Student I test was used to determine significant differences in

the number, size, and U of rOSTP1-l-positive nodules/cm2 and the signifi
canoe of the correlation between the [3H]dThdand BrdUrd Us in rGSTP1-l-
positive nodules. Significant differences between the correlation of [3H]dmd
and BrdUrd Us in rGSTP1-l-positive nodules were determined by the Z test.

RESULTS

Gross Appearance of Hepatic Hyperplastic NOdUles. Livers
with hepatic hyperplastic nodules from untreated control and PB
groups had the typical appearance of livers 3 months after the treat
ment with the Solt-Farber resistance protocol, as described previously
(23). Nodules 1â€”6mm in diameter could be observed throughout the
livers. Some nodules were white, had discrete boundaries, and pro

Fig. 1. Scheme ofexpetimental design. V, DEN, 0
200 mg/kg, i.p.; V, two-thirds partial hepatectomy;
it, 2-acetylaminofluorene,5 or20mg/kg,i.g.;0,
control rat chow diet; U, powdered rat chow diet
containingo.025%ciprofibrate;lii, powderedchow
diet containing 0.05% PB; @,minipump releasing
[3}IJdThcI;0. minipump releasing BrdUrd. Lg., in
â€”C.

2 3 11 l2weeks
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Table 1 Measurement of rGSTPJ-1-positive and persisteat GUT-positive nodules in 3 groups ofliversGroupNo.

of
ratsPersistent

GOT-positiverGSTP1-1-positiveb
Ratio

(%)NoJcm2mm@/cm2mm2/Hi-INNo/cm2mm2/cm2mm2/HHNâ€•Control72.7
Â±2.16.4 Â±6.32.1 Â±1.127.3 Â±10.624.8 Â±17.60.8 Â±0.48.6 Â±4.6PB

Cip7 74.3
Â±33C

0.3 Â±0.2â€•12.9
Â±17.2

0.8 Â±1.Oe2.2
Â±1.6

3.1 Â±3.526.4
Â±5.2

23.8 Â±10.826.2
Â±21.5

19.2 Â±13.30.9
Â±1.0

0.7 Â±0.315.2
Â±9.7

1.9 Â±2.3â€•

Table 2 GGTcrpression pattern in therGSTPJ-1-positive nodules withdifferent levels ofBrdUrdLI in the right posteriorlobesBrdUrd

LI @20%BrdUrd LI <20%Total

no.
of nodulesNo.

of persistent
nodules (%)No.

of remodeling
nodules(%)Total

no.
of nodulesNo.

of persistent
nodules (%)No.

of remodeling
nodules(%)18

13
417

(94.4)
12 (92.3)

1 (25.0)'@1

(5.6)
1 (7.7)
3 (75.0)54

49
521

(1.9)a
7 (143)b
053

(98.1)
42 (85.7)
52(100.0)

INHIBITION OF CELL PROLIFERATION BY CIPROFIBRATE

a@ hepatic hyperplastic nodules.

b aatio between the numbers of persistent (KiT-positive and rGSTP1-1-positive nodules.

C Significantly different from the Cip group at P < 0.01.

d Significantly different from the control group at P < 0.01.
e Significantlydifferentfromthe controlgroupatP <0.05.

average number and size of the rOSTP1-1-positive nodules/cm2
tended also to decrease following Cip treatment, but the differ
ences were not statistically significant (Table 1; Fig. 2).

There was a strong correlation between GOT expression and DNA
synthesis activity in untreated control rGSTP1-1-positive nodules.
Seventeen of the 18 rOSTP1-1-positive nodules with a BrdUrd LI

20% demonstrated uniform GOT staining (an expression pattern
often used as a marker of persistent nodules), whereas only 1 of the 54
nodules with a lower BrdUrd LI (<20%) demonstrated a GOT ex
pression pattern consistent with persistent nodules (Fig. 3, Control
group; Table 2). Because persistent GOT-positive nodules are thought
to be precursors of liver cancers, whereas the remodeling nodules are
thought to be in a â€œredifferentiationâ€•process (24), these data suggest
that a LI of 20% is a useful functional parameter to divide the
rGSTP1-1-positive nodules into subgroups with different potential to
progress to cancer. This somewhat arbitrary value was used to divide
subpopulations of preneoplastic lesions into â€œpromotedâ€•or â€œnonpro
motedâ€•groups in the analysis of the promotional effect of Cip and PB.
It is recognized that some uniformly GOT-positive nodules at this
stage of development (12 weeks postinitiation) may undergo remod

jected from the liver surface; whereas the majority had a light brown
color similar to that of the surrounding tissue, with less discrete or
even obscure boundaries. However, almost all of the nodules in the
Cip-.treated livers had an appearance typical of remodeling nodules
(22, 24); they did not project from the liver surface and appeared as
brown-white patches with irregular boundaries which merged with the
surrounding tissue.

Quantitation of rGSTP1-1 and GGT-positive Nodules. The his
topathology of rGSTP1-1 and GOT staining of persistent and
remodeling hepatic hyperplastic nodules were the same as de
scribed in detail previously (18, 19, 22â€”25).Consistent with pre
vious observations from this (19, 26) and other laboratories (27),
PB treatment resulted in a 59% increase in the average number of
persistent GOT-positive nodules/cm2, and a 171% increase in the
ratio between the numbers of persistent GOT- and rOSTP1-1-
positive nodules/cm2 (Table 1). In contrast (but consistent with the
gross appearance), the Cip-treated livers demonstrated dramatic
decreases in the average number (1 1% of control) and area/cm2
(12% of control) of persistent GOT-positive nodules and in
the ratio between the average numbers of persistent GOT- and
rGSTP1-1-positive nodules (22% of control) (Table 1; Fig. 2). The

1@

z@4

â€œ4

Fig. 2. Size distribution of persistent GOT- and
rGSTP1-1-positive nodules. The diameters of the
nodules were derived from the area units with the
assumption that the profiles of all the nodules were
spherical. Cont, control.

0.25- 0.4- 0.8- 1.2- 1.6- 2.0- 2.4- 2.8-
Diameter of the nodules (mm)

Group

Control
PB
Cip

a Significantly different from nodules with BrdUrd U 20% at P < 0.001.

b Significantly different from control group at P < 0.05.
C Significantly different from control group at P < 0.01.
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Totelno. examinedAv.LIRatsNodules(@HJdThd

LIBrdUrd LIAbsolute differenceRelative difference(%)77215.6

Â±16.310.2 Â±13.4â€”5.5 Â±5.4â€”34.676214.2
Â±13.210.1 Â±10.9â€•â€”4.1 Â±7.0â€•â€”28.975614.2
Â±13.36.1 Â±5.9â€•â€”8.7 Â±12.6â€”57.0

.E

@40

20

0

40

20

0

20

ote@@8Â°-1---
20 40

E3H]TdR-labeling index (%)

Fig. 3. Correlation between BrdUrd(BRDU)and [3H]dThd(J3HJTdR)Us of rGSTP1-
1-positive nodules in the right posterior lobes of three groups of livers. 0, remodeling
nodules; 0, persistent GOT-positive nodules. a, the correlation between BrdUrd and
[3H]dThd Us of rGSTP1-1-positive nodules is statistically significant (P < 0.01); b, the
correlation between BrdUrd and [3H]dmd Us of rGSTP1-1-positive nodules is statisti
cally significant (P < 0.05); c, the correlation between BrdUrd and [3HJdThd LIs
of rGSTP1-1-positive nodules is significantly different from that of the control group
(P < 0.01); d, the correlation between BrdUrd and [3H]dmd Us of rGSTP1-1-positive
nodules is significantly different from that of PB group (P < 0.01).

INHlB@ON OF CELL PROLIFERA11ONBY CIPROFIBRATE

cling at a later time and thus are not truly persistent. Thus, the term
â€œpersistentâ€•as used here reflects the nodule phenotype at the time of
observation and is consistent with the use of this term by Enomoto et
a!. (22) and Tatematsu et aL (24), who used this term to discriminate
from remodeling nodules as early as 5 weeks after DEN initiation.

Nodular expression of GOT appeared to be enhanced by PB but
inhibited by Cip treatments. PB treatment resulted in a significantly
higher percentage of persistent GOT-positive nodules with a BrdUrd
LI lower than 20% (Fig. 3, PB group; Table 2). In contrast, only 1 of
the 4 rOSTP1-1-positive nodules in the Cip group with a BrdUrd LI
of @â€˜2O%showed the GOT expression pattern of a persistent nodule,
and none of the 52 nodules with a BrdUrd LI of <20% demonstrated
this GOT expression pattern (Fig. 3, Cip group; Table 2). These
differences are statistically significant.

[3HJdThd and BrdUFd Us in rGSTP1-1-positive Nodules.
[3H]dThd and BrdUrd LIs were determined in the same nodular cell
populations. [3H]dThd was given to the rats for 72 h prior to Cip or
PB treatments, and BrdUrd was given to the same rats 5 days after the
beginning of the treatments and lasted for the final 72 h of the
experiment. Thus, the difference between [3H]dmd and BrdUrd LIs
reflects the difference in DNA synthesis activity in the same nodular
cell population before and after Cip and PB treatments. Previous
studies have found that the increase in cell proliferation resulting from
the administration of many hepatic mitogens, including Cip (28) and
PB (29), peaks at the second or third day of treatment, and DNA
synthesis activity returns to the mean control level within 4 or 5 days,
even with continued treatment. Thus, the second minipump was
implanted in the rat abdominal cavity S days after the initiation of Cip
and PB treatments to avoid recording this early phase of DNA
synthesis activity.

Linear regression analysis revealed that BrdUrd and [3H]dThd LIs
were highly correlated (Fig. 3, Controlgroup) in the untreated control
rGSTP1-1-positive nodules, and the average LI determined at the end
of the implant period was decreased by about 35% relative to the LI
determined initially (Table 3). Among the 24 rGSTP1-1-positive
nodules with a [3H]dThd LI 20%, 3 had a BrdUrd LI equal to or
higher than the [3H]dThd LI, whereas 21 nodules had a BrdUrd LI
lower than the [3HldThd LI (Fig. 3, Control group; Table 4).

There were no significant differences in the average nodular
[3H]dThd or BrdUrd LIs between PB and untreated control groups
(Table 3). Linear regression analysis demonstrated that the correlation
between [3H]dThd and BrdUrd LIs in PB-treated rOSTP1-1-positive
nodules was statistically significant but not significantly different
from that of the control group (Fig. 3, PB group).

Cip treatment resulted in a substantial decrease in DNA synthesis
activity in the majority of the rOSTP1-1-positive nodules. Although
[3H]dThd and BrdUrd Us were significantly, albeit weakly, corre
lated, the slope of the regression line for the Cip group was signifi
cantly different from that in both the control and PB groups (Fig. 3,
Cip group). The average BrdUrd LI following Cip treatment was
decreased by 40% relative to the control BrdUrd LI and was decreased
by 57% relative to the initial [3H]dmd LI (Table 3). None of the 16
rGSTP1-1-positive nodules with a [3H]dThd LI @20%demonstrated

60

40

Table 3 BrdUrd LI and (3HJdThd LI in rGSTPJ-1-positive nodules in the right posterior lobes of3 groups of livers

Group
Control
PB
Cip

aSignificantlydifferentfromthe CipgroupatP <0.05.
b Significantly different from the control group at P < 0.05.
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Table 4 LI change in rGSTPI-1-positive nodules with [3HJdThd LI@ 20%No.

ofNodules

with [3HJdThd U@ 20%Total

no. ofNo. of nodules withNo. of nodules with a BrdUrdLIGrouprats
examinednodulesBrdUrd U@ [3H]dmd LI (%)20% less than [3H]dmd U(%)Control724/72â€•3

(12.5)1(4.2)PB

Cip7 720/62 16/565
(25.0)

0 (0.0)1
(5.0)

9 (56â€¢3)b.c

a.
@1

INHlB@ONOF CELLPROLIFERATIONBY CIPROFIBRATE

aTotalnumberof rGSTPI-1-positivenoduleswith [3HldThdLI@ 20%/totalnumberof rGSTP1-1-positivenodulesexamined.
b Significantly different from control group at P < 0.01.
C Significantly different from PB group at P < 0.01.

an increase in LI, whereas 3 of 24 in the control group and 5 of 20 in
the PB groups demonstrated an increase in LI (Table 4). Fifty-six
percent (9 of 16) of the rGSTP1-1-positive nodules with a [3HJdThd
LI @20%in the Cip group demonstrated a decrease in LI of @20%,
whereas only about 5% of the nodules with the same [3H]dThd LI in
control (1 of 24) and PB (1 of 20) groups, respectively, had a similar
change in LI (Table 4). The Cip-induced inhibition of cell prolifera
tion was remarkably high in some rOSTP1-1-positive nodules; two
nodules with a [3H]dmd LI >40% had a BrdUrd LI of <5% (Fig. 3,
Cip group).

Distribution of [3H]dmd- and BrdUrd-labeled nuclei in non
rGSTP1-1-positive Areas. BrdUrd-labeled nuclei were observed
throughout the lobules in control and PB-treated livers, but it appeared
that more BrdUrd-positive nuclei were located around the periportal
areas, especially in Cip-treated livers.

An unusual type of focal BrdUrd labeling was observed in some

areas of the liver that was distinct from the rGSTP1-1-positive nod
ules in all 3 groups of livers. Multiple clusters of BcdUrd-labeled
nuclei could be seen throughout the focal areas. These areas also
contained groups of [3H]dThd-labeled nuclei, suggesting that they
existed prior to PB or Cip treatment. Because the hepatocytes were
arranged in a pattern similar to that of hyperplastic nodules and were
distinct from the normal hepatic architecture, these focal areas might
actually be rGSTP1-1-negative nodules or remodeling nodules which
have lost their rOSTP1-1 expression.

A prominent feature in the Cip-treated livers was the observation
of another type of small BrdUrd-labeled nodule (Fig. 4). These
nodules expressed neither OGT nor rOSTP1-1 and demonstrated no
apparent alteration in cytology and cellular arrangement. Identifica
tion of these GOT- and rGSTP1-1-negative nodules, 20â€”60hepato
cytes in diameter, was totally dependent on the high BrdUrd U,

Fig. 4. A small GGT- and rGSTP1-1-negative nodule iden
tified by high BrdUrd LI (filled arrow). Large open arrow, a
rGSTP1-1-positive nodule; small open arrow, bile duct. Stained
with antibodies to rGSTP1-1 and BrdUrd and counterstained
with methyl green. X 40.

with some as high as 40%. Because they contained very few if any
[3HJdThd-labeled nuclei, these small nodules (foci) appeared to de
velop during Cip treatment.

CYP2B1/2 and 4A Immunoproteins in the rGSTP1-1-positlve
Nodules. Because staining of CYP2B1/2 and CYP4A in untreated
control livers was very faint and Cip- and PB-treated livers expressed
little CYP2B1/2 and CYP4A, respectively, only the expression pattern
of CYP2B1/2 in PB-treated rOSTP1-1-positive nodules and CYP4A
in Cip-treated nodules was evaluated.

Consistent with previous observations (19, 26), hepatocytes in
zones 2 and 3 were stained intensely with antisera to CYP2B1/2 in
PB-treated surrounding tissue, whereas zone 1 hepatocytes were ba
sically negative. In agreement with a previous study (19), 56% of the
rGSTP1-1-positive nodules demonstrated a staining pattern with this
antibody similar to that of the surrounding tissue (pauern 0), whereas
only 13% of these nodules had a decrease in expression of CYP2B1/2
(pattern â€”)in which a variable number of single or small clusters of
positive hepatocytes were scattered among the majority of negatively
stained hepatocytes (19, 26). Thirty-one % of these nodules were
stained slightly less than the zone 2 and 3 hepatocytes (pattern â€”/0)
in the surrounding tissue (Table 5).

Hepatocytes in all 3 zones in Cip-treated surrounding tissue were
stained positively with antisera to CYP4A, although hepatocytes in
zone 3 demonstrated a more intense degree of staining. Fifty-two of
the 56 rGSTP1-1-positive nodules in this group demonstrated a stain
ing pattern indistinguishable from that of the surrounding tissue, and
only 4 stained less intensely than the surrounding tissue (Table 6).

Consistent with a previous study (19), in the PB-treated rGSTP1-
1-positive nodules, there was a strong inverse correlation between the
expression of CYP2B1/2 and nodule growth as reflected in the â€œav
erage areaâ€•parameter and DNA synthesis activity (Table 5). The
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Table5 Comparisonofsize@BrdUrdand [3HJdThdUs amongrGSTPI-1-positive
nodules expressing different patterns of CYP2BJ/2 in the right posterior lobes of the

livers in PB group

CYP2B1/2

Content Pattern â€” Pattern â€”/0 Pattern 0

No. of nodules (%)a 8 (13) 19 (31) 35 (56)
Nodular areas' 6.28 Â±4.93' d 2.59 Â±2.47 139 Â±1.54
[3HJdThd U (%) 24.54 Â±9.57â€• 18.85 Â±16.14e 8.77 Â±9.12
BrdUrd LI (%) 21.71 Â±9.49â€• 14.42 Â±12.34/' 4.79 Â±6.38

a Sixty-two nodules in 7 caudate lobes of livers were examined.

b Expressed as mm2/nodule.

C Significantly different from the CYP2B1/2 â€”/0 rGSTP1-1-positive nodules at

P < 0.05.
d Significantly different from the CYP2B1/2 0 rGSTP1-1-positive nodules at P < 0.01.
eSignificantlydifferentfromtheCYP2B1/20 GSTP1-1-positivenodulesatP <0.05.
1Significantly different from the CYP2B1/2 0 rGSTP1-1-positive nodules at P < 0.01.

Table 6 Comparison of size, BrdUrd LI and [3HJdThd LI among rGSTPJ-1-positive
nodules expressing different patterns of CYP4A in the right posterior lobes of the

livers in Cip group

CYP4A

Content Pattern â€”/0 Pattern 0

No. of nodules (%)a 4 (7.14) 52(92.86)
Nodular areab 2.29 Â±1.24c 0.93 Â±0.96
[3H]dmd U (%) 24.64 Â±6.40â€• 14.34 Â±13.43
BrdUrd U (%) 18.40 Â±7.47'@ 5.48 Â±5.04

a Fifty-six nodules in 7 right posterior lobes of livers were examined.

b@ as mm@/noduIe.
C Significantly different from the CYP4A 0 rGSTPI-1-positive nodules at P < 0.05.

d Significantly different from the CYP4A 0 rGSTP1-1-positive nodules at P < 0.01.

average area of the rOSTP1-1-positive nodules with very low expres
sion of CYP2B1/2 (â€”)was 2.4 or 4.5 times greater than the nodules
expressing slightly reduced (â€”/0)CYP2B1/2 or normal (0) deleted
CYP2B1/2, respectively. Nodules which exhibited any reduced cx
pression of CYP2B1/2 (â€”and â€”/0)had a greatly enhanced rate of cell
proliferation as determined by both [3H]dThd and BrdUrd LIs, rela
tive to nodules in which CYP 2B1/2 expression was indistinguishable
from the surrounding tissue (0) (Table 5).

A similar relationship between CYP4A expression and nodular size
and DNA synthesis activity was also observed in the Cip-treated
rGSTP1-1-positive nodules. Although relatively few, the 4 rGSTP1-
1-positive nodules which expressed low amounts of CYP4A (â€”/0)
were on average 2.5 times larger than the 52 nodules which expressed
normal amounts of CYP4A. The [3H]dThd and BrdUrd LIs in the four
â€”/0CYP4A nodules were 1.7 and 3.4 times greater, respectively, than
the nodules which expressed CYP4A at a level equivalent to sur
rounding tissue (Table 6).

DISCUSSION

A unique double labeling technique was developed in this study to
investigate the effects of Cip and PB on DNA synthesis activity in
rOSTP1-1-positive nodules induced by a Solt-Farber protocol. This
technique included continuous delivery of [3H]dThd for 72 h prior to
8 daysof administrationof Cip or PB, followed by administrationof
BrdUrd for 72 h 5 days after the start of the treatments. A strong
correlation between these two labeling indices in the untreated control
rOSTP1-1-positive nodules demonstrated that this technique was able
to record nodular DNA synthesis activities in the same group of
nodular cells at two different points in time. However, it is recognized
that concurrent cell death (apoptosis) and proliferation in these lesions
may preclude an unambiguous interpretation of differences between
these two labeling indices.

In the large majority of nodules, the rate of cell proliferation as
measured by the BrdUrd LI was lower than that measured by
[3H]dThd labeling administered 8 days earlier. These observations

INHIBITIONOF CELL PROLIFERATIONBY CIPROFIBRATE

may reflect the fact that 12 weeks after DEN initiation only 9% of the
rGSTP1-1-positive nodules exhibited phenotypic characteristics con
sistent with those of persistent nodules, including sustained or in
creased DNA synthesis activity. The majority of nodules were under
going remodeling, a poorly understood redifferentiation process
which results in the loss of nodular characteristics and a return to an
apparently normal liver phenotype, including a very low DNA syn
thesis activity (24). One possible explanation for the higher labeling
rate observed with [3HJdThd could be that residual [3HJdThd may
have been present in the abdominal cavity and/or tissues after removal
of the minipump, thus extending the actual period of labeling beyond
the 72 h. In contrast, the period of BrdUrd labeling could not have
been >72 h because the animals were sacrificed at that time.

Consistent with previous observations from this laboratory (19), our
data demonstrated that PB treatment tended to increase the number of
persistent GOT-positive nodules and the ratio between OOT- and
rOSTP1-1-positive nodules/cm2 but did not alter the average size or
effect on nodular DNA synthesis activity significantly.

A significantly larger percentage of rOSTP1-1-positive nodules
with a BrdUrd LI below 20% demonstrated a GGT expression pattern
of persistent nodules in the PB group relative to the control group,
suggesting that PB enhanced GOT expression in some nodules of this
subgroup of rGSTP1-1-positive nodules which otherwise might have
a GGT expression pattern of remodeling nodules. Schulte-Hermann et
al. (30) also reported that PB treatment increased the number of
GOT-positive foci in rat livers by enhancing GOT expression in a
subpopulation of hepatic preneoplastic lesions. Thus, the increase in
the number of GOT-positive nodules and the ratio between GOT- and
rOSTP1-1-positive nodules/cm2 by PB treatment in this study may
have resulted largely from mechanism(s) other than an increase in cell
proliferation. In addition to enhanced GOT expression, as suggested
by this and previous studies (30), other mechanisms, such as a
decrease in cell death (31) and/or prevention of remodeling of per
sistent GGT-positive nodules (27), may have contributed to the in
crease in persistent GOT-positive nodules observed in livers from
PB-treated animals.

Some of the most interesting observations in this study were the
inhibition of the nodular DNA synthesis rate and the decrease in
number and size of both rOSTP1-1- and GOT-positive nodules,
produced by Cip treatment. Although a decrease in both number
and size of genotoxic carcinogen-induced GOT- and rOSTP1-1-
positive nodules following PP treatment has been reported previ
ously, the same PP treatment eventually resulted in a higher
incidence and earlier onset of hepatocellular carcinoma in the
livers bearing the same preneoplastic lesions (2, 6, 7, 9). Because
several genes, including those for GOT and rOSTP1-1 (12), are
altered by the PP, it is possible that the apparent decrease in the
number and size of GOT- and rOSTP1-1-positive nodules is simply
the result of the inhibition of GOT and rOSTP1-1 expression, and
not an actual regression of the lesions. If this were true, these
nodules may actually be present but unidentifiable by either rO
STP1-1 or GOT staining and thus available for PP-mediated pro
motion and progression to hepatocellular carcinomas, as suggested
by Hosokawa et al. (6). Although it is possible that some of the
lesions may have lost their GOT- and rOSTP1-1-positive pheno
type and yet remain as targets for PP promotion, our data demon
strate that both GOT expression and cell proliferation are sup
pressed by Cip treatment in the majority of the rOSTP1-1-positive
nodules. Suppression of DNA synthesis by Cip was extremely
effective; the LI was decreased from >40% to <5% in some
rOSTP1-1-positive nodules. Because DNA synthesis is a critical
phenotypic characteristic of preneoplastic lesions with regard to
neoplastic progression, Cip may effectively interrupt the progres
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sion to cancer of a significant subset of rGSTP1-1-positive
nodules.

Several rOSTP1-1-positive nodules did not appear to be affected by
Cip; the GGT expression pattern of a persistent nodule was evident,
and the LI after Cip treatment was comparable to that before Cip
treatment. It is possible that this small group of persistent GOT
positive nodules may be stimulated to progress to cancer via Cip
treatment, maintaining the positive GOT phenotype. Interestingly,
Farber et aL (32) also observed a subgroup of nodules induced by the
same Solt-Farber resistance protocol which retained a GOT expres
sion pattern of persistent nodules, even though many others underwent
remodeling at a faster rate than controls in response to clofibrate
treatment. Several rGSTP1-1-positive nodules with a GOT expression
pattern of remodeling nodules maintained a LI of approximately 20%,
even though DNA synthesis activity was substantially decreased by
Cip. These nodules might retain the potential to be promoted to
cancers by PP treatment. It has been demonstrated that liver cancers
resulting from DEN initiation followed by clofibrate treatment are
composed of both GOT-positive and GOT-negative cells (6).

Although Cip treatment greatly decreased DNA synthesis activity
in most rOSTP1-1-positive nodules, a small subgroup of unusual foci
were identified solely from the very high BrdUrd LI; these foci
exhibited no GOT or rOSTP1-1 staining and appeared histologically
normal. These foci contained very few, if any, [3HJdThd-labeled
nuclei, suggesting that they had very low or no DNA synthesis activity
prior to Cip treatment. One possibility is that these foci did contain
[3H]dThd-labeled nuclei but the [3H]dmd was diluted by multiple
rounds of cell division in response to Cip mitogenic stimulation.
However, we believe this is very unlikely because in some rOSTP1-
1-positive nodules with a high BrdUrd LI (50%), over 25â€”50silver
grains were visible over the majority of the positively labeled nuclei.
These small nodules may have existed prior to Cip administration
because focal cell proliferation induced by PP usually occurs only
after a longer period of treatment (33, 34). In livers from animals
treated with genotoxic carcinogens, there are usually some hyperplas
tic lesions which demonstrate negative GOT (35) and/or rOSTP1-1
(1 1) staining. It is very possible that these small GOT- and rOSTP1-
1-negative nodules are precursors of liver cancers with a similar
negative phenotype for GOT and/or rGSTP1-1 because these lesions
demonstrated the highest increase in DNA synthesis activity in re
sponse to Cip treatment. These results are consistent with the obser
vations of Kraupp-Grasl et aL (2, 3, 11, 36) and Marsman et aL (37),
who demonstrated that PP treatment promoted a class of lesions which
had a weak basophilic appearance and expressed neither GOT nor
rOSTP1-1 but either had no effect on or even suppressed the growth
of other subtype(s) of lesions in aged or carcinogen-treated rat livers.

Consistent with a previous study from this laboratory (19), there
was a positive correlation between the expression status of CYP4A
and CYP2B1/2 and the size and LI of the rGSTP1-1-positive
nodules in Cip and PB groups, respectively. The mechanism un
derlying this association remains to be explored, although we
hypothesized previously that expression of CYP2B1/2 and
CYP3A1 might be an important factor in determining other nodular
phenotypic characteristics (e.g., GOT expression and DNA syn
thesis) in individual nodules (19) and this hypothesis might be
extended to include the expression of CYP4A.

In summary, we have demonstrated that 8 days of treatment with
Cip resulted in a substantial decrease in the rate of nodular DNA
synthesis and the number of persistent GOT- and rOSTP1-1-positive
nodules induced by a Solt-Farber resistance protocol, suggesting that
Cip treatment interrupted the process of tumor progression in these
nodules. Cip treatment also resulted in a subgroup of small lesions
with a very high cell proliferation rate but which did not express either

GOT or rOSTP1-1. This group of lesions may be the precursors of
hepatocellular carcinoma with the same phenotypes produced by
prolonged PP treatment. In contrast, PB treatment for the same period
of time resulted in only a minor effect on the nodular DNA synthesis
rate but increased the number of persistent GOT-positive nodules and
the ratio of persistent GOT- to rOSTP1-1-positive nodules. Our data
suggest fundamental differences between subpopulations of hepatic
preneoplastic lesions which respond differently to PP and PB treat
ment and may reflect different fundamental mechanisms of liver
tumor promotion by PP and PB.
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