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ABSTRACT

Four novel nontransformed epithelial cell lines, isolated from fetal or
adult mouse liver, were tested: (a) to determine the profile of xenobiotic
metabolizing enzymes; (b) to evaluate the inducibi lit> of the poh substrate
(cytochrome P-450-dependent) monooxygenase system by various classes
of inducers; and (c) to assess the capacity of the cells to metabolize
structurally different procarcinogens. With regard to the phase I pathway,
the cells expressed various P-450 (class IA, IA2, III). Ill I, IIIA) and
flavin adenine dinucleotide-containing monooxygenase-dependent bio-
transformation enzyme activities at levels (in lines C2.8 and C6) com
parable with those present in murine adult liver preparations. The expres
sion of various P-450s was demonstrated also by immunoprecipitation
assays using rabbit polyclonal antibodies. For the phase II pathway, cells
expressed substantial levels of glutathione 5-transferase, glutathione 5-
epoxide transferase, and UDP-glucuronosyltransferase. Low expression
of epoxide hydrolase was observed. Induction of P-450 function by sodium
phÃ©nobarbital,/9-naphthoflavone, isosafrole, ethanol, and pregnenolone
loa-carbonitrile, monitored using specific P-450-linked activities, was
considerably elevated (over 5-fold in class IIB with the C2.8 and C6 cell
lines). The most competent C2.8 and C6 cell lines were able to activate
benzo(o)pyrene, cyclophosphamide, dimethylnitrosamine, diethylstilbes-
trol, and 2-naphthylamine as shown by the significantly increased fre
quencies of mitotic gene conversion, mitotic crossing-over, and point
[reverse] mutation in the diploid I)- strain of Saccharomyces cerevislae
after 4 [cyclophosphamide], 24 [benzo(a)pyrene,2-naphthylamine, di
methylnitrosamine] or 48 [diethylstilbestrol), h of exposure in the pres
ence of 3 x 10' cells/flask. The degree of conservation and the inducihility

of representative oxidative and postoxidative reactions in the novel epi
thelial cell lines C2.8 and C6, together with their ability to activate a
wide spectrum of procarcinogens, offers a means to study the potential
of chemicals for inducing DNA damage in short-term genotoxicity testing.
In addition the cells may be suitable for analyzing the metabolic dispo
sition of compounds and the multistage process of carcinogenesis.

INTRODUCTION

The adverse biological effects of most carcinogens and/or
mutagens depend on their metabolism to various reactive inter
mediates. Mutagenesis assays therefore require the inclusion of
a metabolic activation system in order to detect the genetic
activity of such bioactivated chemicals and several different
activation systems have been developed which include the
widely used subcellular microsome preparations (postmito-
chondrial supernatant or microsomal fraction and a NADPH
generator) and hepatocyte systems of high yield and viability
that more closely resemble the in vivo situation (reviewed in
Refs. 1 and 2). Isolated hepatocytes provide a more sophisti-
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cated model of hepatic metabolism and may be used to inves
tigate a variety of aspects of drug biotransformation under
physiological conditions (3-5). In addition, they represent a
suitable means for the development of in vitro alternatives to
animal experimentation.

Most rodent and human cell lines provide an attractive and
extensively used model for the study of the relationships among
drug metabolism, carcinogenicity, and toxicity (6-9). However,
since they are commonly derived from malignant tissues, the
balance between phase I and phase II metabolizing enzyme
activities may not conform to the normal in vivo pattern (10).
Primary monolayer cultures, on the other hand, lose their
capacity for activation, including both oxidative (especially class
IIB P-450s) and postoxidative reactions (11-15) limiting their
use particularly in experiments in which longer periods of
metabolism are required (16-18). Such disadvantages could be
overcome by using freshly isolated hepatocytes, but, in addition
to the tediousness of their routine preparation, new sources of
biological material are required each time (16, 19).

Although cell-mediated carcinogen activation has received
growing attention in the last few years and assays have also
been developed measuring genotoxic effects such as DNA
breakage (20) and unscheduled DNA synthesis (21) directly in
hepatocytes themselves, each model possesses specific limita
tions for genotoxicity testing. An ideal cellular system would
be constituted by nontransformed continuous cell lines with an
intrinsic balance between oxidative and postoxidative reactions
similar to that of intact mammalian liver cells.

Four novel murine nontransformed liver epithelial cell lines
have been isolated in our laboratory. The morphology, growth
properties, and the biochemical and functional characteristics
of these cell lines will be reported in great detail elsewhere.4

The present investigation was designed to measure the ability
of these novel cell lines to express phase I and phase II metab
olizing enzyme activities, to evaluate the inducibility of the
microsomal monooxygenase system by a variety of P-450 in
ducers, and to assess the capability of these cell lines to activate
procarcinogens in a "classical assay" for genotoxicity using the

diploid D7 strain of Saccharomyces cerevisiae. Five chemicals
were processed, representative of metabolism by different P-
450 classes: CP5 (IIB); B(a)P (IA); 2-NA (IA2*) (*2-NA is
metabolized by an "allelic variant"1 of class IA2) (P3P-450 in

the mouse, induced by IS (22); DMNA (IIE1); and DST (IIIA).
The potential of these cell lines in toxicological studies and in
other fields of biomedicai research is discussed.

4 Manuscript in preparation.
s The abbreviations used are: CP, cyclophosphamide; APD, aminopyrine Â¿V-

demethylase; B(a)P. benzo(a)pyrene; DMEM. Dulbecco's modified Eagle's me
dium; DMNA, dimethylnitrosamine; DST. diethylstilbestrol; EH, epoxide hy-
drase: G6P, glucose 6-phosphate: G6P-DH, glucose-6-phosphate dehydrogenase;
GSET. glutathione S-epoxide transferase; GST. glutathione S-transferase: IS,
isosafrol; 2-NA, 2-naphthylamine; tf-NF, /i-naphthofiavone; PB, sodium phÃ©no
barbital; PCN, pregnenolone 16Â«-carbonitrile: PRD. pentoxyresorufin O-dealky-
lase; SAFO, safrole oxide; staph-A, staphylococcal protein A; FAD, flavin adenine
dinucleotide.
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MOUSE HEPATOCYTIC LINES ACTIVATING PROCARCINOGENS

MATERIALS AND METHODS

Chemicals

0-NF was purchased from EGA-Chemie (Steinheim. Albuch, Federal
Republic of Germany); PB and IS were from Fluka AG (Buchs, Swit
zerland); NADP+, 1-naphthol, G6P, 7-ethoxyresorufin, NADPH, and
l-chloro-2,4-dinitrobenzene were from Sigma Chemical Co. (St. Louis,
MO); G6P-DH was from Boehringer (Mannheim, Federal Republic of
Germany); thiobenzamide was from Aldrich Chemical Co. (Federal
Republic of Germany); pentoxyresorufm and ethoxyresorufin were
from Molecular Probes (Eugene, OR); PCN was from SocietÃ Italiana
Chimici (Roma, I); SAFO (98% purity) was synthesized in our labora
tory from safrole and perbenzoic acid and crystallized at 0Â°C(23);

acetaminophen (paracetamol) and phenacetin were obtained from Bro-
cacef BV (Maarsen, The Netherlands); A'-butyroyl-p-aminophenol (No.

1887; K & K) was purchased from ICN Pharmaceuticals, Inc. (Costa
Mesa, CA); rabbit polyclonal antibodies prepared from rat P450IA1,
rat P450IIB1, rat P450IIE1, and purified P-450 standards were pur
chased from OXYgene Dallas Products (Dallas. TX). All other chemi
cals and solvents were of analytical grade purity.

Cell Lines

Four epithelial cell lines have been obtained from the liver of three
17-day-old fetal mice (lines C6, C2.8, and Cll) and a 1-month-old
mouse (line AL). Inbred mice were purchased from The Jackson Lab
oratory, Bar Harbor, ME. Minced liver tissue was digested with trypsin
(1:250, for 15 min, at 37Â°C)(Microbiological Associates, Bethesda,

MD) in serum-free DMEM (GIBCO, Grand Island, NY). Dispersed
cells in suspension and residual organ fragments were washed once by
centrifugation (for 5 min at 350 x g) and treated again with trypsin
and then with DNase I (Sigma) and soybean trypsin inhibitor (Sigma)
(80 Mg/ml and 0.52 mg/ml, respectively, for 15 min at 37Â°C).The cells,

resuspended in DMEM supplemented with 20% fetal calf serum (Flow
Laboratories, Rockville, MD), 10% trypticase soy broth (BBL Micro
biological System; Becton-Dickinson Co., Cockeysville, MD), penicillin
(50 units/ml) and streptomycin (50 Mg/ml) were incubated in a plastic
tissue culture flask (Falcon, Oxnard, CA) in a humidified environment
containing 7% CO2 in air at 37Â°Covernight. Lethally irradiated (7500

R) cells of the human nonadherent monocytic cell line CM-S (24) were
added as a feeder cell system, at an equal concentration of approxi
mately 10* cells/ml. After 1 week the nonadherent CM-S cells were

removed by washing and the adherent liver cell cultures were fed with
fresh medium that was changed twice every week thereafter. After
approximately 6 weeks from initiation, the adherent cells of each flask
were detached (with 0.12% trypsin and 0.02% EDTA for 15 min at
37Â°C)and subcultured to initiate two new cultures. With successive

passages of the cells in culture, epithelial cells attached and formed
growing monolayer sheets composed of 100-500 aggregated cells partly
attached. By limiting cell dilution with DMEM supplemented only with
10% fetal calf serum and antibiotics, growth of these foci gave rise to
cultures of a predominant epithelial cell population. A striking obser
vation was the inadequacy of this culture system to sustain long term
growth of fibroblastoid cells. Individual foci of pure epithelial cells were
isolated by the use of a glass cylinder, according to the method of Puck
et al. (25). The cells of a single focus within each cylinder were treated
with the trypsin-EDTA solution and subcultured to initiate a pure
epithelial cell population that reached confluency averaging approxi
mately 1.0-1.5 x IO6 cells/25-cnr flask in less than 8 days. By this

method two cell lines (C6 and Cll) were obtained. After removal of
the culture medium, confluent monolayers were washed twice with
phosphate-buffered saline, and cells were scraped off the flask with a
rubber policeman and centrifuged (for 10 min at 2000 rpm).

All enzymatic determinations on the four lines were performed,
under linearity conditions, in cell homogenates obtained by sonicating
the cells for 30-40 s at 70% duty cycle with a cell disrupter. Assays in
murine or human livers were performed in total homogenate obtained
by homogenizing the tissues in a Potter-Elvehjem homogenizer with a
Teflon pestle, at 4 ml/g in 0.05 M Tris-HCl buffer (pH 7.4) containing

1.15% KC1 (w/v). For immunological demonstration of P-450, total
cell homogenates and microsomal preparations were made from at least
1x10" semiconfluent cells.

Morphology. Morphological observations were made by light mi
croscopy on an inverted microscope and under phase contrast. For
scanning electron microscopy, monolayer epithelial cells were fixed
with 2% glutaraldehyde in 0.2 M cacodylatÂ»buffer, pH 7.3 (for l h at
4Â°C);washed with 0. l M cacodylate buffer; and postfixed in cacodylate-

buffered 2% osmium tetroxide. After dehydration in graded ethanols,
samples were dried in a critical point dryer. After mounting on stubs,
specimens were coated with gold-palladium in a cool sputter coater.

Tumorigenic Properties. The tumorigenic properties of the four cell
lines were tested as follows. For each cell line, five male BALB/c mice
were inoculated s.c. at single sites with IO1 cells/mouse. Tumor for

mation at the site of inoculation was checked for up to a latency time
of 7 months. None of the lines, tested at various cell passages, ever
originated tumors in syngeneic animals.

Determination of Some Phase I Drug-metabolizing Enzyme

APD Activity. This was determined by quantitation of CH2O release,
according to the method of Mazel (26). The total incubation volume
was 3 ml composed of 0.5 ml of a solution in water of 50 ITIM
aminopyrine and 25 mivi MgCl2, 1.48 ml of a solution of 0.60 mM
NADP+ and 3.33 mM G-6-P in 50 mM Tris-HCl (pH 7.4), 0.02 ml of
G6P-DH (1.0 unit/ml), and one 1 ml of sample (3.Omg of liver protein).
After 5 min of incubation at 37Â°C,the yellow color developed by the

reaction of the released HCHO with the Nash reagent was read at 412
nm and the molar adsorptivity of 8000 (27) was used for calculations.

p-Nitroanisole O-Demethylase Activity. This was determined as for
APD (28). The total incubation volume was 4 ml composed of 1.5 ml
of a solution in water of 3 mMp-nitroanisole containing 0.22% MgCl2 â€¢
6H2O, 1.48 ml of the NADP+ and G-6-P solution, 20 n\ of G6P-DH,

and 1 ml (3.0 mg of liver protein) of sample.
Ethylmorphine /V-Demethylase Activity. This was determined as for

APD except that the substrate was 5 mM ethylmorphine in a final
volume of 3 ml.

NADPH-Cytochrome c ReducÃaseActivity. The determination is
based on the reduction rate of the cytochrome c at 550 nm essentially
according to the method of Bruce (29) with the following modifications:
(a) carbon monoxide was used as inhibitor of cytochrome c oxidase
(cytochrome aa.,) present as contaminant in the S9 fractions; (Â¿>)reac
tion was started when cytochrome c was added in the assay.

p-Nitrophenolhydroxylase Activity. This was determined adding the
following reagents in a final volume of 2 ml: 100 n\ p-nitrophenol in
50 mM Tris-HCl buffer (pH 7.4), 5 mM MgCl2 and a NADPH-
generating system consisting of 0.4 mM NADP+, 30 mM isocitrate, 0.2

unit of isocitrate dehydrogenase, and 0.5 mg of proteins (sample). After
10 min at 37Â°Creactions were terminated by the addition of 0.5 ml 0.6

N perchloric acid. The precipitated proteins were removed by centrifu
gation; 1 ml of the resultant supernatant was mixed with 1 ml of 10 N
NaOH. Immediately the absorbance at 546 nm was measured and the
4-nitrocatechol concentration determined utilizing an extinction coef
ficient of 10.28 nM~' cm~' (31).

Ethoxycoumarin O-Deethylase Activity. Incubation performed at
37Â°Ccontained 2 ml cofactors for the NADPH-generating system (see
"APD Activity") in 50 mM Tris-HCl buffer (pH 7.4), 0.05 ml MgCl2,

0.01 ml G6P-DH, 0.025 ml (0.2 mg) sample, and 0.25 ml 1 mM 7-
ethoxycoumarin. After 10 min reactions were terminated with 0.085
ml trichloroacetic acid and brought to pH 10.0 with glycine-NaOH
buffer (pH 10.3), and the fluorescent umbelliferone measured (excita
tion X= 390 nm, emission X= 440 nm) (32).

Phenacetin O-Deethylase Activity. This was determined as the
amount of acetaminophen formed (33). The incubation volume of 3 ml
was composed of 0.5 ml of substrate (50 ÃŸM)in buffer/methanolic
solution (1.2% v/v), 1.5 ml of a mixture for a NADPH-generating
system (see "APD Activity") and 1 ml (0.5 mg) of sample. After 5 min
of preincubation at 37Â°C,the reaction was started by the addition of

phenacetin and stopped on ice after 10 and 30 min for livers and cells,
respectively, bringing the pH to 12.0 with 0.32 ml 0.5 N NaOH. N-

302

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/301/2443897/cr0510010301.pdf by guest on 19 M

ay 2023



MOUSE HEPATOCYTIC LINES ACTIVATING PROCARCTNOGENS

Butyroyl-/7-aminophenol was added as internal standard. Excess phen-
acetin and interfering substances were extracted into 10 ml dichloro-
methane (20 min). After centrifugation (8 min, 3600 rpm) 2 ml of the
aqueous layer were mixed with 0.30 ml of 0.5 N HC1 (pH 5.0) and
acetaminophen extracted into 20 ml of diethyl ether (20 min). A 1.8-
ml sample of the ethereal layer, after centrifugation, was reduced to
dryness in a water bath at 45Â°C,dissolved in 0.5 ml mobile phase

(methanol:H2O, 40:60, v/v) and brought to pH 2.9 with H.,PO4. Anal
yses was performed by high performance liquid chromatography
(Waters), using electrochemical detection. The Chromatographie col
umn (30 x 0.46 cm; Lichrosorb 5RP18; Chromopack) was used at a
head pressure of 2500 psi at a flow rate of 1.5 ml/min. Peaks were
monitored at a potential of 800 mV. The injection volume was 0.025
ml and the retention times for acetaminophen and the internal standard
were 3.8 and 6.0 min, respectively.

PRD Activity. Reaction mixtures consisted of 2.0 ml of 0.05 M Tris-
HC1 buffer (pH 7.4), 0.025 MMMgCl2, 1.7 MMpentoxyresorufm, 100
/U (0.5 mg) of sample, and 130 miviNADPH. The rate of formation of
resorufin at 37Â°Cwas calculated by comparing the rate of increase in

relative fluorescence to the fluorescence of known amounts of resorufin
(excitation X= 522 nm, emission X= 586 nm).

Ethoxyresorufin O-Deethylase Activity. This was measured in the
same manner as described for PRD, except that the substrate (ethoxy-
resorufin) concentration utilized was 1.7 /IM (34).

Thiobenzamide S-Oxidase Activity. The reaction was performed in 1
ml incubation mixture containing a NADPH-generating system (27
/iinol G6P, 2 units G6P-DH, 1.3 /Â¿molNADP% and 15 Mmol MgCl2)
and 1.0 mg total proteins in 100 mM Tris-HCl buffer, pH 8.4. The
cuvets were equilibrated at 35Â°Cand the reaction monitored at 270 nm

was initiated by the addition of 4 p\ of acetonitrile to the reference
cuvet and 4 Â¿ilof thiobenzamide (1.0 mM) in acetonitrile to the test
cuvet. Reaction rates were determined using a molar absorptivity of
3930 vr' cm'1 (35).

P-450. The determination of cytochrome P-450 was based on its
reduced CO-binding spectrum (36).

Determination of Some Phase II Enzyme Activities

Among the detoxifying enzymes, the GST was measured kinetically
at 25Â°Cand pH 6.5 in the presence of l-chloro-2,4-dinitrobenzene as

substrate (37). The GSET was assayed by glutathione recovery deter
mination, after the 1,2-epoxybutane conjugation, with Ellman's reagent

(38). Microsomal EH was determined using 0.5 mM solution of SAFO
in ethanol (final concentration, 0.02 mM) as the substrate and measur
ing the loss of SAFO (25). UDP-glucuronosyltransferase was deter
mined kinetically using 1-naphthol as substrate (final concentration, 50
/Â¡M)by the continuous fluorimetrie (excitation X= 293 nm, emission X
= 335 nm) monitoring of 1-naphtholglucuronide production in the
presence of 1 mM uridine-5'-diphosphoglucuronic acid (39); experi
ments were performed in the presence and in the absence of Triton X-
100 (0.2%).

Monooxygenase Induction

Inducers were added to the nutrient medium dissolved in dimethyl
sulfoxide (0.1 mM IS, 50 /IM 0-NF, and 1 mM PCN) or directly in
DMEM (1% by volume-ethanol and 2 mM PB). Control cultures
received solvent only which was present at 0.1% final concentration.
Medium (Â±inducers) was renewed every 24 h. After 96 h, culture
medium was removed and the cells were processed for enzyme deter
minations as before described.

Immunoprecipitation Assays

A 7-day-old primary monolayer culture of mouse adult liver hepa-
tocytes, prepared as in the report of Seglen (40), and semiconfluent
monolayer cultures of each cell line were incubated for 6 h at 37Â°Cin
serum-free medium containing ("SJmethionine (Amersham-Amity's,

Milan, Italy) as the only methionine in the medium, rinsed in phos
phate-buffered saline five times, and then scraped off. A microsomal
fraction, prepared from at least 1 x 10* cells, was incubated with an

equal volume of a normal rabbit serum (1:1000 dilution), followed by
adsorption with staph-A (Cowans Pansorbin, Pharmacia, Uppsala,
Sweden) (2 /Â¿Iof 1:1000 stock dilution). The supernatant was cleared
by centrifugation. Immunoprecipitation was then performed by allow
ing radioactively labeled proteins to react with specific rabbit anti-P-
450 antibody (1:500), followed by adsorption to staph-A. Immunoag-
gregates bound to staph-A were removed by centrifugation, washed five
times, solubilized, and analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, according to the method of I,acni IHli (41),
followed by autoradiography.

Yeast Strain and Media

5. cerevisiae strain D7 was obtained from Professor F. K. Zimmer-
mann. This strain can simultaneously detect mitotic gene conversion
at the trp-5 locus, point mutation of the mutant alÃeleilv-92, and mitotic
recombination between the centromere and the ade-2 locus. Mitotic
crossing-over can be detected visually as pink and red twin-sectored
colonies which are due to the formation of homozygous cells of the
genotype ade 2-40/ade 2-40 (deep red) and ade 2-119/ade 2-119 (pink)
from the original heteroallelic condition (white colonies). Mitotic con
version can be detected by the appearance of tryptophan-independent
colonies on selective media (alÃelestrp 5-12 and trp 5-27 derived from
the widely used strain D4) while mutations can be followed by the
appearance of isoleucine-independent colonies on selective media since
strain D7 is homoallelic ilv l-92:ilv 1-92 (42).

Mutagenesis Assays

Yeast cells, strain D7 in stationary phase (6 x IO8 cells), were

incubated in the presence of CP (10 or 20 mM), B(a)P (0.5 or 1 mM),
2-NA (150 or 300 MM),DMNA (250 or 500 MM),or DST (2 or 4 mM)
in 75-cm2 flasks containing a monolayer maintenance culture of 3 x
IO6 C2.8 or C6 cells/flask as metabolic activation system in a final

volume of 4 ml of DMEM. The flasks were incubated with shaking at
37Â°Cfor 4, 24, or 48 h to have the most appropriate exposure time for

each chemical. Yeast cells were then plated on selective media to
evaluate Uv* revenants, trp* convenant, and ade~ recombinants ex
pressed as number of cells per IO5, 10', and IO4survivors, respectively,

and on complete medium for survival counts (42). Cell viability of the
cell lines, assayed by trypan blue exclusion, was 90-95% in all experi
ments.

Protein Concentration and Statistical Analyses

Protein concentration was determined according to the methods of
Lowry et al. (43) and Bailey (44) using bovine serum albumin as
standard. Samples were first diluted 500-1000 times. Data were proc
essed using Wilcoxon's rank method as reported by Box and Hunter

(45).

RESULTS

Cell Lines and Growth Properties. The four established lines
show good proliferative capacity without any specific exogenous
growth factor requirement. When seeded in culture, cells ini
tially form a monolayer over the first few hours, when they are
attaching to the plate, flatten, and spread out on the surface of
the plate, rapidly establishing significant cell to cell interactions,
with some evidence of tissue organization. Cells proliferate
actively until they reach a confluent monolayer, with contact
inhibition (Fig. 1). A significant fraction of these confluent cells
usually express a number of differentiated traits at relatively
constant levels. By immunoperoxidase staining techniques a
large number of cells show positive cytoplasmic staining for
transferrin, fibrinogen, and plasma proteins, until the late pas
sages. In the AL, C2.8, and C6 lines, a large percentage (20-
40% of the population) was positive also for albumin, Â«,-
antitrypsin, and Â«,-fetoprotein during the early passages; but
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MOUSE HEPATOCYTIC LINES ACTIVATING PROCARCINOGENS

Fig. 1. Development of the novel liver epithelial cell line C6. A. C6 cell line
(86th passage) derived from the initial mixed population, after cloning an indi
vidual monolayer sheet of pure epithelial cells, by the method of Puck et al. (25);
B, scanning electron microscopy of C6 cells, showing a pure epithelial cell
population growing in monolayer.

with more prolonged time in culture the fraction of positive
cells decreased; and from passage 40 cells were negative (data
not shown). The four lines maintained these features during
approximately 2 years (about 150 passages) of culture in our
laboratory. With increasing time in culture, however, cells
began to show variations in growth properties, cell morphology,
phenotypic alteration of various differentiation traits, enzyme
activity, or inducibility, which may be related to transformation
events occurring in long term culture (data not shown). The
studies presented here were performed, therefore, only with
cells from passage 40 to 90, which appeared to express a stable
phenotype.

Expression of Phase I and Phase II Drug-metabolizing Enzyme
Activities. The expression of carcinogen metabolizing enzyme
activities (including class IA, IA2, IIB, IIE1, and IIIA P-450-
linked activities) in C6 and C2.8 liver epithelial cell lines was
compared with levels found in adult mouse and, to a lesser
extent, human liver (Table 1). NADPH-cytochrome c reducÃase
activities and cytochrome P-450 content in these lines were
comparable to the levels found in human liver, where present
at intermediate levels between fetal and adult mouse liver
preparations. Low expression of the considered enzyme was
observed with the AL and the Cl 1 cell lines.

Because of the contribution of FAD-containing monooxygen-
ase in bioactivation of procarcinogens (46), together with the
various substrates for P-450 function, thiobenzamide was taken
as a probe of this metabolic function of the cells. Here also,
higher expression was found with the C2.8 and C6 cell lines.

Postoxidative reaction rates are shown in Table 2. GST
activity toward l-chloro-2,4-dinitrobenzene (GSTA, AA, B-
ligandin, and C) and GSET activity toward 1,2-epoxybutane
were used as measures of phase II conjugation. Expression of
GST in the C2.8, C6, and Cll cell lines was intermediate
between fetal and adult mouse liver levels, while in the AL cell
line expression was lower (similar to human liver). In contrast
GSET was highly expressed only in the C2.8 and C6 cell lines.
UDP-glucuronosyltransferase activity, another index of conju
gation, was measured with 1-naphtol as substrate (Â±Triton X-
100). Glucuronidation showed a behavior similar to that of the
phase I reactions, i.e., values with C2.8 and C6 cells interme
diate between fetal and adult mouse liver and lower expression
in Cl 1 and AL cells. As has been found by other investigators
(see, e.g., Ref. 47) EH showed substantially lower activity in all
lines when compared to liver preparations. These results suggest
that the C2.8 and C6 cell lines may be considered as the most
metabolically competent.

One problem which is frequently encountered when using
established cell lines is the maintenance of xenobiotic metabo
lizing enzyme expression during their long term culture. As
mentioned before, with these lines, however, no appreciable
changes in both oxidative and postoxidative reaction rates were
observed with cells tested from passage 40 to 90. With later
passages, however, changes in morphology, growth properties,
and dissected phenotypic alterations correlated with marked
alterations of enzyme expression suggesting generation of trans
formants (data not shown).

Inducibility of P-450 Function. Five different inducers [i.e., 2
mivi PB, 50 MM0-NF, 0.1 mM IS, 1% (by volume) ethanol, and
1 mM PCN] were tested with exposure times of 96 h. In
preliminary experiments, to define optimal conditions for quan
titative measurements of selected P-450-linked activities after
treatment with inducers, previous reports (48, 49) were verified
concerning the suitable concentrations of inducing agents. In
ducers were added dissolved in dimethyl sulfoxide giving a 0.1 %
final concentration of solvent in the test (which was also added
to controls). At the above concentration, solvent did not influ
ence activity. Highly specific monooxygenase activities towards
induced P-450s were used (Table 3). PB induced 5.8- and 5.2-
fold increases in the PRO activity (class IIB P-450s), in C2.8
and C6 cells, respectively, while ÃŸ-NFgave 4.5- and 3.4-fold
induction of ethoxyresorufin 0-deethylase activity (class IA).
Lower levels of induction were found with the other classes:
2.4- and 2.6-fold induction of phenacetin 0-deethylase activity
(class IA2) with IS; 2.3- and 2.0-fold induction ofp-nitrophenol
hydroxylase activity (class IIE1) with ethanol; and 2.7- and 3.1-
fold induction of ethylmorphine /V-demethylase activity (class
IIIA) with PCN. No appreciable induction of monooxygenases
was detected after treatment of CI I or AL cell lines with the
same inducing agents (data not shown).

A direct demonstration of the expression of various P-450s
in mouse liver and in the two C6 and C2.8 cell lines, was
attempted by immunoprecipitation analysis. Cell homogenates
and microsomal fractions from untreated cells or from cells
treated, respectively, with 50 Â¿IM0-NF, 2 mM PB, and 1%
ethanol, were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, transferred electrophoretically to a
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Table 1 Expression of various phase I drug-metabolizing enzyme activities in novel murine continuous cell lines: comparison with those present in murine and human
liver preparations

See "Materials and Methods" for experimental procedures.

EnzymeassaysPentoxyresorufin
O-dealkylaseÂ°Ethoxyresorufin
O-deethylaseÂ°Ethoxycoumarin
O-deethylasecp-Nitrophenol
hydroxylase'Aminopyrine
jV-demethylase'Cytochrome

(P-450) creducÃase"Cytochrome
(P-450)''Phenacetin
O-deethylaserEthylmorphine
jV-demethylase'p-Nitroanisole
O-demethylasecThiobenzamide

S-oxidasecC640.2

Â±8.6*25.2

Â±4.60.78
Â±0.060.76
Â±0.051.70
Â±0.36Cell

linesCll

AL12.9

Â±3.314.55.3
Â±2.611.70.29
+ 0.040.410.32
Â±0.040.411.09
Â±0.210.9713,400

Â±700 10,200 Â±8704,900121.4
Â±20.50.30

Â±0.080.88
Â±0.092.45

Â±0.411.84
+0.21Â°

Specific activity is expressed as (pmol product formed;68.2

Â±10.460.90.21
Â±0.060.140.56
Â±0.080.474.13.80.090.050.184009.40.040.060.87
Â±0.34 0.92 Â±0.070.89
Â±0.20 1.12Â±0.19x

(mg total protein)"1 x (min)~'C2.849.7

Â±6.638.6
Â±3.90.95
Â±0.091.32

Â±0.171.96
Â±0.2512,600

Â±750109.2
Â±18.50.28
Â±0.020.79
Â±0.163.16
+0.481.53
Â±0.24Mouse

adultliver36.724.20.710.691.5219.500179.80.361.249.84.10.060.080.981,23015.80.080.181.12

Â±0.091.42
Â±0.25Mouse

fetalliver22.2

Â±5.115.5
+4.60.36

Â±0.110.51
Â±0.080.80
Â±0.129,400+

1,050102.3+
19.50.21

Â±0.030.75
+0.110.77
+0.090.86
Â±0.17Human

liver51.5

Â±6.222.4
+8.70.33
Â±0.070.45
+0.101.45
+0.2314,000
+980130.7Â±

19.50.18
Â±0.040.95

+0.080.85
+0.060.94
Â±0.14*

Mean Â±SD of 6 independentexperiments.c
Specific activity is expressed as (nmol productformed)d
P-450 level is expressed as (pmol) x (mg total protein;x

(mg total protein) ' x (min)'-i

Table 2 Expression of various phase II drug-metabolizing enzyme activities in novel murine continuous cell lines: comparison with those present in murine and human
liver preparations

See "Materials and Methods" for experimental procedures.

Specific activity (nmol product formed) x (mg total protein)"1 x
(min)-'

Cell lines

EnzymeassaysEpoxide

hydrase (towardsafroleoxide)Glutathione

S-transferase (to
wardl-chloro-2,4-dinitroben-zene)UDP-glucuronosyltransferase

(to
ward1-naphthol)UDP-glucuronosyltransferase

(to
ward 1-naphthol + TritonX-100)Glutathione

S-epoxidetransfer-ase
(toward 1,2-epoxibutane)C60.26

Â±0.07Â°1,330

Â±3972.15

Â±0.4318.64

Â±4.6088.92+

12.76Cll0.08

Â±0.021,416

Â±3731.57

Â±0.2816.62

Â±3.2527.31

Â±8.10AL0.161,0141.7415.9435.50Â±0.06+

304Â±0.38+

4.11Â±9.72C2.80.38

+0.121,290

+2702.41

Â±0.3120.18

+3.7968.19+

12.73Mouse

adult
liver18.111,5822.7022.8093.48Â±4.05Â±303Â±0.54+

4.23+

11.92Mouse

fetal
liver14.31

Â±1,260Â±2.13

Â±19.77

Â±90.25

Â±2.972120.353.3218.43Human

liver12.35

Â±1.080Â±3.19

+26.45

Â±75.64

Â±3.512350.613.6714.36

Â°Mean Â±SD of 6 independent experiments.

Table 3 Induction of selected microsomal mixed function monooxygenase activities in C2.8 and C6 cell lines by different inducers
See "Materials and Methods" for experimental procedures.

PRO"
(P4501IB-like)

ERDÂ°*
(P450IA-like)

PTDC

(P450IA2-like)
p-NPHc

(P450IIEl-like)
ETDr

(P450IIIA-like)

Inducers C2.8 C6 C2.8 C6 C2.8 C6 C2.8 C6 C2.8 C6

NoneDMSOEthanolIS0-NFPBPCN51.3+4.2a58.6

Â±6.555.7
Â±7.257.8
Â±5.968.4
Â±7.5297.8
Â±37.4'89.9

Â±8.144.7

6.145.949.553.558.9231.25.45.34.78.232.4'71.6

Â±6.628.4

3.931.634.134.1142.737.45.84.12.619.8'6.335.8

Â±5.239.8

+5.744.3
Â±7.136.2

Â±5.835.4
Â±6.7151.9

Â±24.8'48.5

Â±5.444.9
Â±6.30.27

+0.030.26
Â±0.050.29
Â±0.070.63
Â±0.07'0.27

Â±0.040.28
Â±0.080.25
Â±0.050.29

+0.050.28
Â±0.070.32

Â±0.100.75
Â±0.09'0.27

Â±0.050.30
Â±0.060.28
Â±0.021.23

+0.151.18Â±0.172.04

Â±0.19'1.31

Â±0.181.11
Â±0.091.21
Â±0.201.34
Â±0.210.86

+ 0.10 0.82 + 0.13 0.78 +0090.941.780.920.930.870.13
0.91 +0.14 0.82 +0.100.15'
1.22 Â±0.11'1.09Â±0.07/0.09

0.98 Â±0.08 0.88 Â±0.050.08
1.04 Â±0.07 0.91Â±0.090.11
1.12 + 0.12'1.20Â±0.15'0.98

0.07 2.48 + 0.24' 2.55 Â±0.19'

Â°Specific activity is expressed as (pmol product formed) x (mg total protein) ' x (min) '.
* ERD, ethoxyresorufin O-deethylase; PTD, phenacetin O-deethylase; p-NPH, /^nitrophenol hydroxylase; ETD, ethylmorphine jY-demethylase; DMSO, dimethyl

sulfoxide.' Specific activity is expressed as (nmol product formed) x (mg total protein)"1 x (min)"1.
* Mean Â±SD of 3-4 independent experiments.
' P < 0.01 compared to DMSO exposed.
'0.02 < P < 0.05 compared to DMSO exposed.

filter that was probed with anti-P-450 monospecific antibody.
The constitutive levels and the increased expression of P-450s
(IA1, UBI, and IIE1) in hepatocytes as well as in the two cell
lines provide further evidence that corroborate the enzyme
assays. The immunoprecipitation assay representative of a typ
ical experiment is shown in Fig. 2.

Activation of Procarcinogens by C2.8 and C6 Cells. During
the course of this study some modifications were made to the
procedures (cells/flask, exposure times, etc.) in order to optim
ize the mutagenicity test protocol. The genotoxicity of five
carcinogens which require activation by monooxygenases for

their deleterious effects was tested on yeast in the presence of
the most competent C2.8 and C6 cell lines. Monolayers of 3 x
IO6viable cells/flask (viability tested by trypan blue exclusion)

with epithelial morphology were exposed for 4 or 24 h (24 or
48 h in the case of DST) to the test compounds. No toxicity
was observed at the dose used and the cells appeared typical
(Fig. 1). Mutagenesis results are summarized in Fig. 3.

Using CP, a direct genotoxic effect was obtained on S.
cerevisiae alone and after 4 and, particularly, after 24 h of
incubation. After 4 h of exposure with both C2.8 and yeast
cells, mitotic gene conversion, mitotic crossing-over, and point

305

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/301/2443897/cr0510010301.pdf by guest on 19 M

ay 2023



MOUSE HEPATOCYTIC LINES ACTIVATING PROCARCINOGENS

B

Mr

55

52

* W

3 4 3 4
Fig. 2. Radioactively labeled P-450s immunoprecipitated with rabbit polyclonal

antibody to P450IA1 (A) and to P450IIE1 (fi). ["SJMethionine-labeled micro-
Mim;iI fractions prepared from at least 1 X IO8semiconfluent cells (10 ^g protein)

were immunoprecipitated with antibody: untreated hepatocytes in primary culture
(lane I); untreated C6 cells (passage 64) (Lane 2); cultured hepatocytes treated
with fi-NF (Lane 3 in A) and with ethanol (Lane 3, in B); cultured C6 cells
(passage 64) treated with tf-NF (Lane 4, in A) and with ethanol (Lane 4. in B).
Position of purified antigens (M, 55,000 and =52,000, respectively), is indicated
on the left ordinale.

reverse mutation increased by 3-, 42-, and 2-fold over the
respective controls at 20 mivi dosage. Results with the C6 cells
were similar and with both lines mutation rates were further
enhanced (up to 12-fold for trp* convenants with C2.8 line)

with a longer (24 h) incubation.
Exposure of yeast to 0.5 or 1 mivi B(a)P for 4 h led to slight

(less than twice) elevation of the considered genetic end points
at the highest dosage tested, but 24 h exposure induced a
significant response (P < 0.01) of mutagenic frequencies (up to
9-fold for ilv+ revenants with both cell lines at 1 HIMdosage).

After 4 h exposure to 2-NA (150 or 300 mivi), DMNA (250
or 500 mivi), or DST (2 or 4 mivi) mutation frequencies were
within the control levels and no detectable genotoxicity was
recorded with either of the cell lines. This failure of some
procarcinogens to elicit positive results after 4 h was considered
to be due to the short time interval; longer incubations were
required to reach suitable levels of active metabolite(s) in the
proximity of the yeast DNA. In fact 24 h (or 48 h in the case
of DST) exposure yielded unequivocal positive mutagenic re
sults (P < 0.01) on S. cerevisiae incubated with either C2.8 or
C6 cell lines. C2.8 cells appeared to be slightly more effective
in the biotransformation of 2-NA, DMNA, and DST.

DISCUSSION

Four nontransformed murine liver epithelial cell lines have
been successfully established in our laboratory. The results of
the present investigation show that the C2.8 and C6 cell lines
differed markedly from the AL and Cll cell lines in their
capacity to respond to specific P-450 inducers and to bioactivate
test compound procarcinogens to their genotoxic derivatives.

This response of the most competent C2.8 and C6 cells was
consistent with their high expression of different xenobiotic
metabolizing enzymes including cytochrome P-450- and FAD-
containing monooxygenase activities. In fact, of five different
P-450-linked activities (classes IA, IA2, IIB, IIIE1, and IIIA)
tested all were found to be expressed at high levels as well as
the FAD-dependent thiobenzamide 5-oxidase. In contrast,
many other established cell lines frequently used in genetic
toxicology, such as 3T3 and BHK, contain class IA P-450-
linked activities only (50, 51). Moreover very few continuous
cell cultures contain both IA and IIB P-450-linked monooxy-
genases (e.g., HF, 4, H4IIEC3/G", etc.) and also lack many

other enzyme activities, or they are lost during long term culture
(8, 15, 51-54). As far as postoxidative reactions are concerned,
only EH activity was poorly expressed. Similar results have
also been found by other authors in primary cultures of rat
hepatocytes (47). The finding in these lines of a high degree of
several phase I and phase II xenobiotic biotransforming enzyme
activities suggests that the balance of "activating" and "detox-
ificating" pathways has remained very closely parallel to the in

vivo situation during the culture period. This is a prerequisite
for the use of cultured cells as a model system for pharmaco
logical studies.

The fact that many oxidative and postoxidative enzyme ac
tivities in C2.8 and C6 cells were similar to those found in liver
requires some consideration. The populations are considerably
different; the cell lines are composed of pure epithelial cells,
whereas liver is only 60-65% parenchymal cells although these
constitute more than 90% of the total cell mass of the liver
(55). All enzymatic activities were performed in liver and cell
homogenates, under linearity conditions, and differences in
proteins were corrected by expressing the enzyme activity per
mg of protein. The reason for the apparent correspondence in
enzyme specific activities, reported in Tables 1 and 2, is due to
the different total protein concentrations in the populations:
30-40 mg/ml in liver homogenates; and 1-3 mg/ml in dis
rupted cells of the epithelial lines. Despite these technical
differences C2.8 and C6 cells adequately represent the hepatic
drug-metabolizing pathways. The relatively high levels of activ
ities found in mouse fetal liver (about 50% of the levels meas
ured in adult mouse liver) are not known but may in part be
due to the late period of gestation of the animals.

When incubated with inducers such as PB, ÃŸ-NF,IS, ethanol,
or PCN, the C2.8 and C6 cell lines maintain epithelial mor
phology and respond to all inducers as shown by the substantial
and specific increase of different classes of P-450-dependent
activities. The expression of P-450s in liver tissue as well as in
C2.8 and C6 lines detected by direct immunoprecipitation
analysis corroborates the enzyme assays. The inductive re
sponses elicited in these cells are of similar magnitude and can
be compared to those already reported for hepatocytes and
primary cell cultures (reviewed in Ref. 5). These findings sug
gest that the level of different P-450 forms are increased in
C2.8 and C6 cell cultures in the presence of inducers in confir
mation of previous findings (48).

Even though the multiplicity of P-450 isoenzymes and the
overlapping substrate specificities of the different forms com
plicates the task of relating carcinogenicity to specific P-450-
linked activities, five chemicals were selected as probes of
different P-450s on the basis of the most recent findings on P-
450 function (56, 57). Due presumably to their high expression
of mixed function monooxygenases C2.8 and C6 cells were able
to activate CP, B(a)P, 2-NA, DMNA, and DST to mutagenic
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Fig. 3. Mutagenicity of various carcinogenic chemicals in C2.8 cells (A) and in C6 cells (â€¢)coincubated with yeast cells. Control (â€¢):procarcinogens in the presence
of yeast without any source of metabolic activation. Tests were performed as described in "Materials and Methods." Values represent the results of 3-4 separate

experiments which differed by s 15% of their means.

metabolites as shown by coincubation with the tester D7 strain
of 5. cerevisiae. In general, direct contact between the target
cells and the metabolic activation system was recommended
(58). However, subsequent experiments have shown that diffu
sion of metabolite(s) from the site of activation to the proximate
DNA target may be suitable for mutagenicity (18, 59). Muta-
genie frequencies, i.e., mitotic gene conversion at the trp locus,
mitotic crossing-over at the ade2 locus, and point (reverse)
mutation at the ilv locus, have been presented here in order to
document the overall metabolic capacity of these cells. Clear
quantitative differences in sensitivity were obtained especially
after exposure to CP where the genotoxic response was 8-15
times greater than with the other procarcinogen compounds
tested and occurred after only 4 h of incubation. These obser
vations can most probably be attributed to differences in xeno-

biotic metabolism, stability of the respective intermediates, and
the susceptibility of the test system to certain classes of chem
icals (60). B(a)P, 2-NA, and DMNA required at least 24 h of
exposure before giving significant increases in mutation fre
quencies, while yeast cells were not responsive to DST with this
exposure time. After 48 h, however, DST appears to induce a
dose-dependent increase of the measured genetic end points.
This could be due to the fact that, although DST is metabolized
to a variety of reactive intermediates including semiquinone
and quinone species which have a high activity in several organs
for tumor production but not for mutation events (61), dieth-
ylstilbestrol 3,4-oxide is probably a metabolite capable of react
ing with yeast DNA. This epoxide (or the subsequent carboca-
tion) is produced in low yield by only one step of DST metab
olism and more sensitive conditions are required (62, 63).

A direct comparison of the genotoxic response is not possible
in view of the different genetic end points for DNA damage
reported in the literature. Nevertheless, the sensitivity of detec
tion for the spectrum of procarcinogens tested (which required

activation by different P-450 classes) appears to be in C2.8 and
C6 cells comparable to the sensitivity reported in freshly pre
pared hepatocytes, primary hepatocyte cultures (2, 16), or in
some cell lines derived from adult liver (64). Interestingly, in
the present study, it was observed that the addition of the
traditional hepatic S9 fraction from PB plus 0-NF-induced mice
leads to comparable mutagenesis results after exposure with
either CP or B(a)P.6 The reduced sensitivity and the long

exposure times are two of the main disadvantages of mamma
lian cell short term screening assays compared to bacterial (S9-

dependent) systems. However, these problems are in part com
pensated by the reduced unspecific binding of active metabo-
lite(s) to the low content of proteins and by the possibility to
induce the cell's own drug-metabolizing enzyme activities with
a combination of P-450 inducers (65-67). Experiments in this

direction are in progress.
In conclusion, the murine cell lines C2.8 and C6 have been

shown to express a variety of metabolizing reactions, to respond
to different specific P-450 inducers, and to be capable of acti
vating procarcinogens to DNA-damaging products. These lines
therefore offer a useful system to investigate the regulation and
mechanism of induction of P-450s and their pharmacological
implications. In addition, although mutagenesis observations
need to be extended to a larger number of chemicals, the results
from the present preliminary studies suggest that these two
lines offer a reliable system for the identification of DNA
reactivity of carcinogens. These cells open new possibilities for
examining the organotropic performances as well as markedly
broadening the spectrum of unknown xenobiotics which can be
screened for their genotoxic potential in cell-mediated muta
genesis. It remains to ascertain the degree of prediction of DNA
insults versus human cells given by the species specificity.

6 Unpublished data.
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