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ABSTRACT

The expression of four cytochrome (cyt.) P-450 Â¡soenzymeshas been
studied in preneoplastic and neoplastic lesions during the course of
nitrosamine-induced hepatocarcinogenesis in the female Wistar rat. Fol
lowing exposure to diethylnitrosamine (50 or 100 ppm in the drinking
water) for 10 days, animals were taken sequentially, and the livers were
analyzed for the evolution of adenosine triphosphatase deficient focal
lesions. These lesions were subdivided into different phenotypes with
regard to their cyt. P-450 isoenzyme expression using serial frozen
sections. Our results demonstrate that about 40% of the adenosine
triphosphatase-deficient lesions show concomitant alterations in their
cyt. P-450 isoenzyme contents. Of these lesions, islets which are char
acterized by decreased levels of at least three cyt. P-450 isoenzymes
show a dramatic increase in their volumetric fraction of liver tissue with
progression of time. Although only very few lesions express this pheno-
type, the contribution to the volumetric fraction of islet tissue raises from
about 2% at 10 weeks to about 60% at 35 weeks after cessation of
diethylnitrosamine treatment. By contrast, lesions which express less
than two alterations in cyt. P-450 isoenzyme levels develop relatively
slowly. Similar results were obtained when animals were exposed contin
uously to diethylnitrosamine for a period of up to 8 weeks. Following
treatment of islet-bearing animals with phÃ©nobarbital,an induction of
cyt. P-450 isoenzymes and NADPH-cyt. P-450-reductase was observed
within preneoplastic and neoplastic lesions. This induction was most
pronounced in large, expansively growing nodules, a type of lesion which
displayed decreased levels of these enzymes in livers of animals not
treated with phÃ©nobarbital.The elevation of the cyt. P-450 isoenzymes
disappeared within 2 to 3 weeks after cessation of inducer treatment.

Our results indicate that a high proportion of rapidly growing lesions
has assumed a constitutive deficiency in cyt. P-450 isoenzyme expression
during nitrosamine-induced hepatocarcinogenesis. This deficiency, how
ever, is not an irreversible quality, since individual cyt. P-450 isoenzymes
can be markedly induced by treatment with an enzyme inducer like
phÃ©nobarbital.Thus, the observed decrease in cyt. P-450 expression
during development of malignancy does not result from alterations in the
cyt. P-450 encoding structural genes but may rather be related to abnor
malities in the function of regulatory systems of a higher order which
may play a central role in the maintenance of cell homeostasis.

INTRODUCTION

Following exposure of experimental animals to carcinogens,
the manifestation of liver tumors is preceded by the early
appearance of phenotypically altered cell populations which are
generally regarded as preneoplastic progenitor cells (1-3).
These cell clones can be distinguished from the surrounding
normal cells by morphological, biochemical, and histochemical
criteria [recently reviewed by Peraino et al. (4)]. Detailed studies
on phenotypic alterations in preneoplastic cells and tumors
have been concerned with two major groups of enzymes, those
involved in carbohydrate metabolism (2, 5-7) and those in-
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volved in carcinogen metabolism. Of the latter group, enzymes
which play a predominantly inactivating role, e.g., microsomal
epoxide hydrolase, various glutathione transferases, and UDP
glucuronyltransferase have been found to be increased in pre
neoplastic and benign neoplastic lesions (8-12). On the other
hand, the preferentially carcinogen-activating monooxygenases
show decreased levels and activities in hyperplastic nodules and
hepatomas of different growth rates (13-16). A differential
expression of individual cyt. P-4503 isoenzymes has been shown

in early preneoplastic lesions (12, 17).
The enzyme alterations observed in preneoplastic and neo

plastic lesions reflect abnormalities in the regulatory state of
these cells which may be related to either cell differentiation or
cell growth. Studies assaying more than one enzyme within
individual foci indicate that the growth rate of enzyme altered
lesions correlates directly with their phenotypic complexity
levels (18-20). Thus, the analysis of enzyme alterations can be
used to discriminate and characterize islet subpopulations with
differing neoplastic potential and fate. Our previous investiga
tions on the expression of drug-metabolizing enzymes during
nitrosamine-induced hepatocarcinogenesis suggested that the
analysis of different cytochrome P-450 isoenzymes may well
serve this purpose (12). That study, however, did not provide
detailed information on the occurrence of multiple alterations
in cytochrome P-450 isoenzyme expression within individual
foci and nodules. We therefore analyzed in the present study
the development of preneoplastic and neoplastic lesions with
different phenotypic complexity levels in the expression of four
cyt. P-450 isoenzymes during diethylnitrosamine-induced hep
atocarcinogenesis in the rat.

MATERIALS AND METHODS

Materials. Goat anti-rabbit IgG antibody labeled with horseradish
peroxidase was obtained from Medac (Hamburg, Federal Republic of
Germany), and 3,3'-diaminobenzidine-tetrahydrochloride was from

Polysciences (Warrington, PA). Nitro blue tetrazolium hydrochloride
was purchased from Merck (Darmstadt, Federal Republic of Germany),
while NADPH was obtained from Boehringer (Mannheim, Federal
Republic of Germany). All other chemicals were of the highest grade
available from commercial sources.

Purification of Proteins and Preparation of Antibodies. Two pheno-
barbital-inducible isoenzymes of cyt. P-450 (PB, and PB2), two 3-
methylcholanthrene-inducible forms of cyt. P-450 (MC, and MCj),
NADPH-cyt. P-450 reducÃase,and microsomal epoxide hydrolase were
purified from livers of male Sprague-Dawley rats as previously de
scribed (21-23). Data on the inducibility and substrate specificities of
the different cyt. P-450 isoenzymes and on the specificity of the anti
bodies have been reported elsewhere (24). From NH2-terminal analysis
PB, appears structurally related to the PB, reported by Waxman and
Walsh (25). PB2 is a novel protein different from the PB-induced
proteins reported by other laboratories but structurally related to P-
450h described by Ryan et al. (26). MC, and MC2 appear to be those
proteins reported as forms P-450d and P-450c, respectively (27). The

3The abbreviations used are: cyt. P-450, cytochrome P-450; DEN, diethylni
trosamine; PB, phÃ©nobarbital-sodium;MC, 3-methylcholanthrene.
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CYTOCHROME P-450-ALTERED LESIONS DURING HEPATOCARCINOGENESIS

epoxide hydrolase denotes the microsomal epoxide hydrolase mEHb
with broad substrate specificity diagnosiically including benzo(a)pyrene
4,5oxide (28, 29). Antisera to these enzymes were raised in rabbits
(21 ) and used without further purification for the immunohistochemical
demonstration of the different carcinogen-metabolizing enzymes.

Treatment of Animals and Removal of Organs. Female Wist Â¡irrats of
about 70 g were obtained from the Zentralinstitut TÃ¼rVersuchstiere
(Hannover, Federal Republic of Germany) and kept on a standard diet
(Aliromin pellets; Altromin, Lage, Federal Republic of Germany) and
water ad libitum with a daily light and dark cycle of 12 h each. Animals
were allowed to acclimatize to their environment for at least 1 week
prior to the start of the experiments. DEN was given in the drinking
water (50 or 100 ppm) for 10 days (limited DEN administration). Total
carcinogen uptake was estimated from the daily intake values to be 125
and 200 mg/kg, respectively. In an additional experiment, DEN was
given by stomach tube (10 mg/kg, in drinking water) on 5 consecutive
days/week for a period of up to 8 weeks (chronic DEN administration).
Groups of animals were taken sequentially and the livers were analyzed
for the evolution of enzyme-altered focal lesions. In additional experi
ments, some of the DEN-treated animals were given PB either chroni
cally (500 ppm in the diet) or on 3 consecutive days prior to sacrifice
(80 mg/kg/day, per stomach tube).

The abdomen of rats was opened under ether anesthesia and livers
were carefully removed. The large median lobe was excised and imme
diately frozen at â€”40V.Ten-*/m serial sections with an average area of
about 2 cm2 were prepared at -15V on a cryostat microtome and used

for enzyme and immunohistochemical staining procedures. Each sec
tion was stained for one histochemical marker.

Enzyme and Immunohistochemistry. ATPase activity was demon
strated according to the method of Wachstein and Meisel (30). The
slides were counterstained with hemalum. NADPH-dependent reduc
tion of nitro blue tetrazolium and immunohistochemical demonstra
tions of the different drug-metabolizing enzymes were performed as
previously described (12). Glycogen content was demonstrated by the
periodic acid-Schiff reaction (31). The slides were lightly counterstained
with toluidine blue (0.1% in acetate buffer, pH 5.0).

Classification of Histochemical Phenotypes and Quantitative Anal
yses. The sections stained histochemically for ATPase and the cyt. P-
450 isoenzymes l'H,. PH... MC,, and MC2 were projected sequentially

onto a sheet of vellum. Transections of foci which showed alterations
in the expression of the particular enzyme under investigation were
traced using a different color for each staining. In general, focal lesions
were regarded as being altered if the staining intensity within the focus
was clearly distinguishable from the staining intensity of the surround
ing normal tissue. After all sections had been traced, ATPase-deficient
lesions were classified from the superimposed images as histochemical
phenotypes as follows (ATPase deficiency was used as a marker to
identify carcinogen-induced lesions): (a) phenotype A, lesions deficient
in ATPase-activity only; (ft) phenotype B, ATPase-deficient lesions
with increased levels of cyt. P-450 PB,; (c) phenotype C, ATPase-
deficient lesions with decreased levels of one cyt. P-450 isoenzyme
(usually MCi); (d) phenotype D, ATPase-deficient lesions with de
creased levels of two cyt. P-450 isoenzymes (usually MCi and MC2);
(<â€¢)phenotype E, ATPase-deficient lesions with decreased levels of at
least three cyt. P-450 isoenzymes (usually MCi, MC2, and PB2). Since
the decrease in cyt. P-450 PB] levels was frequently very low and
therefore difficult to analyze, lesions with decreased levels of all four
cyt. P-450 isoenzymes were also classified as phenotype E. (/) phe
notype F, lesions of this phenotype were observed only in livers of
phenobarbital-induced animals and were characterized by a simultane
ous increase of cyt. P-450 PB, and PB2 and NADPH-cyt. P-450

reducÃase.
Following classification, lesions of each of the different histochemical

phenotypes were digitized separately by means of a manual optic picture
analyzer (MOP AM 03; Kontron, Munich, Federal Republic of Ger
many). The resultant data were used to quantitate the number per cm3

liver tissue and the relative volume of each phenotype according to the
method of Campbell et al. (32). As a basis for these calculations, the
outlines of the focal transections observed in the staining of the marker
enzyme ATPase were used. We are aware that the choice of a marker

staining may lead to either an underestimation or overestimation of the
number and volume of individual foci, if the transections in the parallel
stainings are not identical in size to the marker enzyme. However,
under our experimental conditions the stainings for the various enzymes
were homogeneous in the majority of lesions investigated; the choice
of the marker enzyme ATPase is therefore not expected to significantly
influence the absolute values of number and volume of the different
histochemical phenotypes. In those cases with inhomogeneity in the
parallel stainings, lesions were classified as being changed with respect
to the particular enzyme under investigation only if more than 50% of
the area of the transection expressed this alteration. Furthermore,
lesions with a diameter of less than 80 firn were excluded from these
calculations to ensure that transections of each focus appear within all
histochemically stained sections of one series.

Statistical Analysis. Data on islet numbers of the different phenotypes
were compared by the Wilcoxon signed rank test (33). For comparison
of the growth rates of lesions of the different phenotypes, data on
increases with time in the relative islet volume were transformed double
logarithmically (log time versus log volume) and subjected to linear
regression analysis (34). Differences between the growth rates were
tested for significance by comparing the slopes of the respective regres
sion lines by an F test (34).

RESULTS

The development of lesions of the different histochemical
phenotypes following limited DEN exposure is given in Fig. 1.
The data on foci number (expressed per cm3 liver tissue) dem

onstrate that throughout the total observation period of 35
weeks quite a high proportion of the ATPase-deficient lesions
show no alterations in the expression of any of the different
cyt. P-450 isoenzymes (phenotype A). Islets which display
increased levels of cyt. P-450 PBi (phenotype B) appear pref
erentially at the initial observation period of 10 weeks after the
start of the experiment and decrease with progression of time.
The number of lesions which are characterized by decreased
levels of one or more cyt. P-450 isoenzymes, especially of
phenotypes D and E, is relatively low at all periods of investi
gation.

The analysis of the relative volume of liver tissue occupied
by the different phenotypes revealed that islets of the pheno
types A to D develop slowly. Lesions with decreased levels of
at least three cyt. P-450 isoenzymes (phenotype E), however,
show a dramatic increase in their volumetric fraction of liver
tissue with progression of time after carcinogen treatment
(Fig.l). Although this phenotype contributes to the total num
ber of lesions by less than 7%, the contribution to the relative
islet volume rises from 2% at 10 weeks to about 60% at 35
weeks (Table 1). This finding clearly indicates that lesions of
phenotype E possess a growth potential which strongly exceeds
that of the other phenotypes. This is also substantiated by the
size class distributions of the different phenotypes (Fig. 2).
While islets of phenotypes A to D appear exclusively at size
class diameters between 80 and 630 urn, the higher diameter
size classes (between 795 and 3163 /Â¿m)are occupied only by
lesions of phenotype E. Lesions within this high size class range
can mainly be referred to as expansively growing hepatic nod
ules. Since the number of these nodules was relatively small in
the present investigation, we analyzed the phenotypic complex
ity levels of additional nodules, which were available to us from
other current experiments performed in our laboratory. Al
though these experiments differ with respect to the carcinogens
used (e.g., W-nitrosodimethylamine or /V-nitrosodicthanola-
mine instead of DEN), it is noteworthy that the majority of the
nodules (18 of 20) observed under these treatment conditions
was also characterized by decreased levels of at least three cyt.
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2000-

Câ€” â€”D-

phenotypes

phenotypes
Fig. 1. Development of different histochemical phenotypes following limited DEN exposure. DEN (50 or 100 ppm) was given in the drinking water for 10 days.

Since there were no obvious differences between both treatment groups, the values obtained were combined. Points, value from one animal; columns, mean values of
three animals. Time (weeks) gives the observation period after the start of DEN treatment. Carcinogen-induced lesions were identified by use of the known marker
ATPase and classified as described in "Materials and Methods." Statistical analyses of the data were also performed as described in "Materials and Methods." Since

data on the numbers of islets of the different phenotypes showed no obvious changes with time, values of all periods of investigation were pooled for each phenotype
and analyzed for differences by the Wilcoxon signed rank test. By these analyses, the number of lesions of phenotype E was found to be significantly lower than that
of the phenotypes A (P = 0.002), B (P - 0.015), and C (P = 0.015). No significant difference was found with respect to phenotype D (P = 0.286). Data on the
volumetric fraction of islet tissue of the different histochemical phenotypes were subjected to linear regression analysis. Using double-logarithmically transformed
data, these analyses revealed a significant increase in the relative islet volumes of the phenotypes A, D, and E (P< 0.01), the slopes being 1.2,2.4, and 4.1, respectively.
The slopes for phenotypes B and C ( P > 0.05) were calculated as 0.5 and 0.4, respectively. By comparison of the different phenotypes, the regression line of phenotype
E was found to differ significantly from those of the phenotypes \(P- 0.003), B (P = 0.001), and C (P = 0.012), while no significant difference at the 5% level was
observed with respect to phenotype D (P = 0.067).

P-450 isoenzymes. This observation further supports the find
ing of an increased growth potential of lesions of phenotype E.

During the course of chronic DEN administration, islets of
phenotype B (increased levels of cyt. P-450 PBi) were not
observed. The development of the other phenotypes was in
principle similar to that described for limited carcinogen ex
posure, although the increase in the relative volume of islet
tissue occupied by phenotype E, ranging from 13.9% at 38 days
to 32.6% at 64 days after the start of the experiment, was less
pronounced (Table 2). By contrast, the values obtained for
number and volume of lesions of phenotype C and D were

somewhat higher than those following limited DEN applica
tion.

The observation of a preferential increase in the relative
volume of liver tissue occupied by lesions of phenotype E may
indicate that these lesions have assumed a more advanced
neoplastic character. This assumption is substantiated by the
observation of a reduced glycogen content (Fig. 3) which is
characteristic of advanced neoplastic lesions (2, 5). In accord
ance with previous findings, the decrease in cyt. P-450 isoen-
zyme levels was found to be paralleled by a deficiency in
NADPH-cyt. P-450 reducÃaseexpression, while the levels of
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CYTOCHROME P-450 ALTERED LESIONS DURING HEPATOCARCINOGENESIS

Table 1 Relative contributions of different histochemical phenotypes to total islet number and volume following limited DEN administration
Phenotypes"

A B C D E
Total no. of Total islet _

Time foci ana- Total islet volume % of total % of total % of total % of total % of total % of total % of total % of total % of total % of total
(wk)* lyzed' no./cm3'' (%f islet no. islet volume islet no. islet volume islet no. islet volume islet no. islet volume islet no. islet volume

1Ãœ15253516620817116012111375113811880.41780.69321.39853.303457.964.376.667.137.546.945.020.233.19.27.715.442.912.412.011.37.014.75.56.913.310.36.93.01.74.87.06.84.210.914.66.10.37.03.23.82.119.521.559.5

" For classification and experimental details see "Materials and Methods."
* Observation period after start of limited DEN administration.
' Total number of foci used for classification of islet phenotypes by analysis of serial liver sections from three animals.
d Values on a three-dimensional base were calculated according to Campbell et al. (32).

3163-

1996-

1260-

795-

80-

phenotype A
B
C
D
E

nil
i

l io i i 15 ' ' 25 ' ' 35 1

time(weeks)

Fig. 2. Size class distributions of different histochemical phenotypes following
limited DEN exposure. Bars, range of size classes occupied by lesions of the
different phenotypes within livers of three animals. For classification of pheno
types and experimental details see legend to Fig. 1.

the microsomal epoxide hydrolase mEHb were still increased.
Our results demonstrate that the development of malignancy

during nitrosamine-induced hepatocarcinogenesis is associated
with a constitutive deficiency in cyt. P-450 isoenzyme expres
sion. This observation raises the question as to whether this
deficiency is an irreversible feature of the neoplastic cell popu
lation in liver. We therefore treated islet-bearing animals with
the enzyme-inducing agent phÃ©nobarbitalwhich is known to
induce the cyt. P-450 isoenzymes PB, and PB2 and the
NADPH-cyt. P-450 reducÃasein normal cells of the central and
midzonal region of the liver acinus (22). Following PB-treat-
ment, an induction of these enzymes was also observed in
preneoplastic and neoplastic lesions. Interestingly, this induc
tion was most pronounced in large, expansively growing nod
ules (Fig. 4). While a simultaneous increase in the levels of the
cyt. P-450 isoenzymes PB, and PB2 was never observed in

nodules of animals treated with DEN only, an elevation of both
isoenzymes was found in about 70% (11 of 16) of the nodules
in livers of PB-treated animals. This finding suggests that the
expression of cyt. P-450 isoenzymes within neoplastic nodules
can be highly stimulated by administration of phÃ©nobarbital.
Further support for this assumption is obtained from the ob
servation that lesions with decreased levels of at least three cyt.
P-450 isoenzymes (phenotype E), which markedly contributed
to the total volume of lesions in animals treated with DEN only
(see Table 1), are completely absent in livers of animals treated
with PB on 3 consecutive days prior to sacrifice (Table 3). In
these PB-treated animals, the disappearance of lesions of phe
notype E is counterbalanced by the appearance of lesions with
increased levels of the cyt. P-450 isoenzymes PB, and PB2
(referred to as phenotype F). This effect is most obvious with
regard to the volumetric fraction of lesions of phenotypes E
and F (Table 3). Similarly, only very few lesions of phenotype
E are found in livers of animals treated continuously with PB,
while the number and especially the volumetric fraction occu
pied by lesions of phenotype F is comparatively high (Table 3).
Following withdrawal of phÃ©nobarbital,lesions of phenotype F
disappeared within 2 to 3 weeks: only one of 10 nodules
observed within 4 animals expressed slightly elevated levels of
the cyt. P-450 isoenzymes PB, and PB2. This finding demon
strates that the elevation of these isoenzymes in expansively
growing nodules can be regarded as a transient (reversible)
response to phÃ©nobarbitalwhich is dependent on the presence
of the enzyme-inducing stimulus of this compound.

DISCUSSION

In the present study we analyzed the phenotypic complexity
of preneoplastic and neoplastic lesions with regard to the
expression of four different cyt. P-450 isoenzymes during ni
trosamine-induced hepatocarcinogenesis. As a marker for iden
tification of carcinogen-induced lesions we chose the focal loss
of canalicular ATPase, which has been proven in earlier studies
to be very suitable for this purpose (1). Using serial liver

Table 2 Relative contributions of different histochemical phenotypes to total islet number and volume during chronic DEN administration
Phenotypes"

A B C D E
Total no. of Total islet â€”

Time foci ana- Total islet volume % of total % of total % of total % of total % of total % of total % of total % of total % of total % of total
(days)* lyzed' no./cm3'' (%)d islet no.' islet volume' islet no.' islet volume' islet no.' islet volume' islet no.' islet volume' islet no.' islet volume'

38SO6480963411660171734940.82211.365012.835053.753.454.637.228.022.600000027.221.717.230.820.619.816.019.017.718.132.025.03.15.910.513.919.432.6

" For classification and experimental details see "Materials and Methods."
" Observation period after start of chronic DEN administration.
' Total number of foci used for classification of islet phenotypes by analysis of serial liver sections from one representative animal.
" Values on a three-dimensional base were calculated according to Campbell et al. (32).
' Gross visual examination of a further two animals per group revealed similar results.
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MC1 MC2

NBT Red. mEHb

Fig. 3. Immunohistochemical demonstration of four cyt. P-450 isoenzymes (PB,. PBÂ¡.MC,, and MCj), NADPH-cyt. P-450 reducÃase(Red.), and microsomal
epoxide hydrolase (ml:.llh) in serial sections through a hepatic nodule of an animal treated with DEN only. DEN (10 mg/kg by stomach tube) was administered on 5
days/week for a total period of 8 weeks. Investigation was done 11 weeks after cessation of carcinogen treatment. NBT, NADPH-dependent reduction of nitro blue
lelrazolium (activity staining of NADPH-cyt. P-450 reducÃase);PAS, periodic acid-Schiff reaction (staining for glycogen conlenl); ATPase, aclivily staining for
canalicular adenosine Iriphosphalase. x 28.

sections, each stained for a different cyt. P-450 isoenzyme, we
subdivided the ATPase-deficient lesions into five groups of
phenotypes which differed characteristically with respect to
their numbers and growth rates. Following limited DEN ex
posure, a predominant proportion of the ATPase-deficient le
sions showed no alterations in any of the different cyt. P-450
isoenzymes. Of the cyt. P-450-altered lesions, foci with in
creased levels of cyt. P-450 PB, appeared preferentially in the

initial period after DEN treatment and became less frequent
with progression of time. In experiments with continuous DEN
exposure, foci with increased levels of cyt. P-450 PB, were not

observed. The reason for this discrepancy remains unclear. One
possibility could be that this enzyme is depressed due to the

toxic effects produced by the carcinogen under the conditions
of continuous nitrosamine exposure. This assumption is sub
stantiated by the finding of slightly increased levels of cyt. P-
450 PB, within some of the lesions in livers of animals that
had been removed from chronic DEN exposure 10 weeks prior
to sacrifice (data not shown). The number of lesions with
decreased levels of one, two, or three cyt. P-450 isoenzymes
was relatively low at all periods of investigation.

To obtain information on the growth potential of the various
lesions, we analyzed the volumetric fraction of islet tissue
occupied by each phenotype. These analyses revealed that le
sions with fewer than two alterations in cyt. P-450 expression
develop relatively slowly. On the other hand, a dramatic in-
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PAS

Fig. 4. Immunohistochemical demonstration of four cyt. P-450 isoenzymes (PB|, PBj, MCi, and MC2), NADPH-cyt. P-450 reducÃase(Red.), and microsomal
epoxide hydrolase (mEHt) in serial sections through a hepatic nodule of a phÃ©nobarbitaltreated rat. Following DEN treatment (100 ppm in the drinking water) for
10 days, the inimal was continuously exposed to phÃ©nobarbital(50(1 ppm in the diet) until sacrifice. Investigation was done 27 weeks after start of DEN treatment.
Ml/'. NADPH-dependent reduction of nitro blue tetrazolium (activity staining of NADPH-cyt. P-450 reducÃase);PAS, periodic acid-Schiff reaction (staining for

glycogen content); ATPase, activity staining for canalicular adenosine triphosphatase. x 9.

crease in the volumetric fraction occupied by lesions with de
creased levels of at least three cyt. P-450 isoenzymes was

observed with progression of time after DEN treatment. Since
the number of these lesions did not change significantly within
the total observation period, this increase is entirely due to an
enhancement of individual islet size and is thus indicative of a
high growth potential of these lesions.

Although it is not clear at present whether or not the enzyme
alterations observed in preneoplastic and neoplastic cells are
causally related to the process of malignant transformation, the
analysis of enzyme alterations appears to be a good tool with

which to discriminate and characterize islet subpopulations
with differing neoplastic potential and fate (12, 35). Recent
investigations showed that preneoplastic lesions are monoclo
nal in origin (36, 37) and grow faster than surrounding normal
cells (38, 39). The finding of a preferential increase in the
volumetric fraction of islets with decreased levels of at least
three cyt. P-450 isoenzymes therefore clearly demonstrates that
these lesions possess a selective growth advantage which may
well correlate with an increased neoplastic potential. This con
clusion is substantiated by the absence of the ability to store
glycogen, a feature which has been shown to be characteristic
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Table 3 Effect of phÃ©nobarbitalon the relative contributions of different histochemical phenotypes to total islet number and total islet volume
Phenotypes"

PBtreatment3
days'

3days'Continuous^

Continuous^Time

(wk)*10

251029Total

no. of
foci ana

lyzed'55

107182174Total

islet
no./cm3''1108

12153468

3105Total

islet
volume
(%)"0.6636

1.67031.3993

16.4485A-D%

of total
isletno.93.9

81.794.0

96.1%

of total
isletvolume81.7

53.674.5

10.7%

of total
isletno.0

01.00.5E%

of total
islet volume0

08.32.1%

of total
isletno.6.1

18.35.03.4F%

of total
isletvolume18.3

46.417.2

87.2
" For classification and experimental details see "Materials and Methods."
* Observation period after start of DEN treatment ( 100 ppm in the drinking water; 10 days).
' Total number of foci used for classification of islet phenotypes by analysis of serial liver sections from two animals.
J Values on a three-dimensional base were calculated according to Campbell et al. (32).
' DEN-treated animals were given PB (80 mg/kg/day) on 3 consecutive days prior to sacrifice.
'DEN-treated animals were given PB (500 ppm in the diet) continuously until sacrifice. Since continuous application of phÃ©nobarbitalstrongly enhances the

growth of preneoplastic lesions, the values of total number and total volume of islets differ from the corresponding values with limited PB treatment.

of advanced neoplastia cells (2, 5). The observation of a consti
tutive deficiency in the monooxygenase system of mouse liver
tumors (40) indicates that a decrease in cyt. P-450 expression
may be a general feature of neoplastic cells which occurs irre
spective of the mode of tumor induction and the experimental
systems used.

A link between the expression of drug-metabolizing enzymes
and the proliferative potential of preneoplastic cells has been
drawn by Farber and his colleagues. These authors suggested
that a decrease in monooxygenase activity combined with in
creased levels of detoxifying phase II enzymes (41, 42) will
allow preneoplastic cells to escape from toxic environmental
effects, thus leading to a selective proliferation of these cells (3,
41, 43). This hypothesis gives a reasonable explanation for the
extremely rapid growth of nodular lesions in experimental
systems which are associated with chronic toxicity. Besides this
mechanism of an indirect growth stimulation, however, altera
tions in the endogenous regulation of cell proliferation may
also be operative, leading to an autonomous growth of preneo
plastic cells. The selective outgrowth of cyt. P-450 deficient
lesions during hepatocarcinogenesis would then be related to
alterations in regulatory systems which affect both the expres
sion of the monooxygenases and the growth-controlling com
ponents of the preneoplastic cell population. In this case, the
decrease in cyt. P-450 isoenzyme levels would not be an oblig
atory prerequisite for growth but rather a phenotypical indica
tion of alterations in the regulation of homeostasis within
preneoplastic and neoplastic cells.

It is known from a variety of studies that the regulation of
cell homeostasis can be modulated by application of enzyme-
inducing xenobiotics. In normal liver, for example, the admin
istration of phÃ©nobarbitalleads to the stimulation of adaptive
liver growth and synthesis of various enzymes including cyt. P-

450 (44,45). These adaptive responses are fully reversible upon
withdrawal of the inducer. PhÃ©nobarbitaland other inducers of
the monooxygenase system (17, 40, 46) can also stimulate the
expression of different cyt. P-450 isoenzymes within preneo
plastic and neoplastic lesions which express these enzymes only
at low levels prior to inducer treatment. This inducibility clearly
demonstrates that the observed decrease in cyt. P-450 expres
sion during development of malignancy does not result from
an irreversible block in enzyme synthesis, possibly due to alter
ations in the cyt. P-450 encoding structural genes but may
rather be related to changes in the constitutive regulation of
these enzymes.

Although the nature of the abnormalities in the regulatory
program of preneoplastic and neoplastic cells is unknown, there
are some indications that alterations in cell differentiation may

be involved (47-49). This belief is substantiated, for example,
by the observation of strongly reduced cyt. P-450 levels and
activities both in dedifferentiated, fast growing hepatomas and
in fetal liver as compared to normal adult or regenerating liver
(16). Similarly, the loss of microsomal epoxide hydro lÃ¤sein
malignant carcinoma (8) and the reexpression of fetal proteins
like a-fetoprotein (50, 51) point towards alterations in the
differentiation state of neoplastic cells. Since the expression of
monooxygenase components can be regarded as one of the
major functions of normally differentiated liver cells, analysis
and comparison of distinct cyt. P-450 isoenzyme patterns dur
ing hepatocarcinogenesis and ontogenesis may help to gain
further insight into the regulatory principles which are distorted
during the process of neoplastic transformation.
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