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The metabolic pathways leading to genotoxicity of nitropro-
panes in mammalian cells were investigated by measuring the
effects of 2-nitropropane (2-NP) and 1-nitropropane (1-NP)
on various cell lines characterized for their expression of
cytochrome P450-dependent mono-oxygenases. Cells used
were the rat hepatoma cell lines 2sFou, H4ITEC3/G~ and
C2Rev7, which express various forms of cytochrome P450-
dependent mono-oxygenases, and V79 Chinese hamster cells
which lack these enzyme activities. Induction of DNA repair
synthesis, micronuclei and, where assessable, mutations to
6-thioguanine (T'G) resistance served as indicators of genotoxic
effects. 2-NP elicited a positive response at all endpoints
measured in the hepatoma lines after pretreatment of the cells
with dexamethasone, an inducer of various liver-specific
cytochrome P450 forms. Genotoxicity was much weaker or
not detectable in cells not pretreated with the inducer. 1-NP
was not genotoxic in the hepatoma cells irrespective of
whether the cells were pretreated or not. Neither isomer
elicited DNA repair synthesis in V79 cells, but both isomers
caused mutations to TG resistance, and 1-NP increased the
number of micronucleated and multinucleated cells. The
findings show that there are different pathways in mammalian
cells by which nitropropanes can be converted to genotoxic
products. Presumably the induction of liver tumours by 2-NP
is linked to the metabolic pathway which is characterized by
the formation of genotoxic metabolites from 2-NP but not
1-NP. This pathway appears to depend on the presence of
liver-specific, dexamethasone-inducible, cytochrome P450
forms. The relevance of the genotoxic effects of the
nitropropanes observed in V79 cells for the situation in vivo
is open to question.

Introduction

1-Nitropropane (1-NP) and 2-nitropropane (2-NP) are used as
industrial solvents and intermediate products for chemical syn-
theses. 2-NP induces liver tumours in rats following exposure
by inhalation (Lewis et al., 1979; Griffin et al., 1980) or gavage
(Fiala er al., 1987), whereas 1-NP is not carcinogenic (Hadi-
dian ez al., 1968; Griffin et al., 1982; Fiala er al., 1987). The
hepatocarcinogenicity of 2-NP is most likely the consequence of
DNA damage induced in the livers of the animals since 2-NP
elicits DNA repair synthesis in rat liver in vivo as well as in
cultured rat hepatocytes (Andrae et al., 1988). However, 2-NP
does not induce DNA repair in various cell lines of extrahepatic
origin, suggesting that liver-specific metabolism is required for
the formation of DNA-damaging metabolites from 2-NP (Andrae
et al., 1988). After treatment with 1-NP no repair synthesis was

detected in liver cells in vivo or in vitro, or in any of the cell
lines previously examined (Andrae et al., 1988).

Although various enzymatic and non-enzymatic routes have
been identified by which 2-NP can be degraded in vitro, the
pathway leading to the formation of genotoxic and carcinogenic
products is not known. We have therefore investigated the
genotoxicity of the nitropropanes in various cell lines charac-
terized for their expression of cytochrome P450-dependent mono-
oxygenases in order to assess the possible role of mono-
oxygenase-dependent and independent pathways in the forma-
tion of reactive metabolites of 2-NP and 1-NP. The cells used
express either both the ubiquitous form of the P450I class and
liver-specific forms of the P45011 class (H4IIEC3/G~ and 2sFou
rat hepatoma cells), only the latter type of enzymes (C2Rev7 rat
hepatoma cells) or no detectable cytochrome P450 at all (V79
Chinese hamster cells) (Wiebel et al., 1984 a—c; Corcos and
Weiss, 1988; for nomenclature of cytochrome P450, see Nebert
et al., 1989). Genotoxicity was estimated by measuring the
induction of DNA repair synthesis and micronuclei. In the case
of HAMEC3/G~ and V79 cells, we also determined the capacity
of the nitropropanes to increase the frequency of 6-thioguanine
(TG)-resistant mutants.

Materials and methods

Materials

Chemicals and cell culture materials were obtained from the following sources:
2-NP (>99% pure) was a gift from Angus Chemie, Ibbenbiren-Uffeln; 1-NP
was purchased from Merck, Darmstadt, and purified by distillation (final purity
97.4%, major impurity 2.3% 2-NP); S5-bromodeoxyuridine (BrdUrd),
5-fluorodeoxyuridine (FdUrd), dexamethasone (DEX) and TG from Sigma,
Miinchen; foetal calf serum (FCS) from Gibco/BRL, Eggenstein; CsCl (analytical
grade) from Paesel, Frankfurt; Cs,SO, (analytical grade) and Mayer’s hacma-
toxylin solution from Merck, Darmstadt; methyl methanesulphonate from Merck-
Schuchardt, Hohenbrunn; [5~3H]dc0xycytjd'mc ([3H]dCyd, 18Ci/mmol) and
{methyl->H]thymidine ((*H}dThd, 44 Cv/mmol) from Amersham, Braunschweig;
bisbenzimide (H 33258) from Riedel-de Haen, Seelze; and cell culture media
from Biochrom, Berlin (all FRG).

Cells

The cells used in this study were V79 Chinese hamster lung cells, and the cell
lines H4IIEC3/G ™, 2sFou and C2Rev7 derived from Reuber H35 rat hepatoma
cells (Reuber, 1961; Pitot er al., 1964). The hepatoma lines were established
by Dr M.C.Weiss and co-workers (Institut Pasteur, Paris) and kindly provided
by Dr F.J.Wiebel, GSF, Neuherberg. H4IIEC3/G~ and 2sFou cells express
cytochrome P450 forms inducible by polycyclic aromatic hydrocarbons (P4501A1)
as well as liver-specific forms (¢.g. P4501IB1/2 and P4501IC6), whereas C2Rev7
cells only express forms of the latter type (Wiebel et al., 1984 a—c; Corcos and
Weiss, 1988; Roscher and Wiebel, 1988). The cytochrome P450 forms can be
induced in a similar pattern by treating the cells with DEX or phenobarbital (Corcos
and Weiss, 1988). V79 cells lack detectable cytochrome P450 activities (Wiebel
et al., 1984c).

H4IIEC3/G™ cells were maintained in minimal essential medium (MEM) with
Earle’s salts supplemented with 4 pg/ml hypoxanthine, 0.7 ug/ml thymidine and
10% FCS. C2Rev7 and 2sFou cells were routinely cultured in Ham's F12:NCTC
135 medium (1:1) containing 5% FCS. The medium was changed to the medium
described above 1 —2 weeks before treatment of the cells with test compounds.
V79 cells were grown in Dulbecco’s modified Eagle's medium (DMEM) sup-
plemented with 10% FCS. All media contained 100 U/ml penicillin and 100 pg/ml
streptomycin. The cells were kept at 37°C in an atmosphere of 93% air and 7%
CO,.
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Pretreatment of cells with DEX

In some experiments hepatoma cells were treated with medium containing 2 xM
DEX for 24 h prior to exposure to the nitropropanes in order to induce mono-
oxygenase activities. Stock solutions of DEX were made up with dimethylsul-
phoxide (DMSO). The concentration of the solvent in the medium was 0.1%.
Treatment of cells with nitropropanes

The hepatoma cells were seeded in 25 or 75 cm?-flasks at densities of
1.5—-2%10% or 5—6%10° cells/flask, respectively, and grown for 4 days before
exposure to the test compounds. V79 cells were plated at densities of 0.5—1x10°
cells in 75 cm? flasks 1 day before treatment. The nitropropanes were dissolved
in medium by thorough shaking. The cultre flasks were closed air-tight. Cells
were exposed to the substances for 3—24 h depending on proliferation rates of
cell lines and biological endpoint investigated. Subsequently, the cells were rinsed
and fed with fresh medium.

DNA repair synthesis

DNA repair synthesis in the hepatoma cells was determined by means of the
BrdUrd density-shift method (Pettijohn and Hanawalt, 1964) as modified for use
with hepatocytes (Rossberger and Andrae, 1985). Following pre-incubation of
the cells in medium containing 40 uM FdUrd and 200 uM BrdUrd for 1 h they
were incubated with FdUrd, BrdUrd, the test compound and 10 xCi/ml [3H}dCyd
for 5 h. For the measurement of repair in V79 cells, FdUrd and BrdUrd concen-
trations of 2 and 10 uM, respectively, were used and radioactive labelling of the
DNA was performed with 10 xCi/ml [*H]dThd in the presence of 2 mM
hydroxyurea (Smith and Hanawalt, 1976). Following incubation the DNA was
isolated and unreplicated DNA strands were separated from replicated, density-
labelled strands by equilibrium centrifugation in alkaline CsCl—Cs,SO,
gradients. Repair synthesis was determined by measuring the incorporation of
radioactivity in unreplicated DNA strands and expressed as counts per minute
per microgram DNA.

Micronuclei and multinucleated cells

Nuclei and micronuclei were prepared for counting 24 h after treatment as
described previously (Ziegler-Skylakakis et al., 1989). Treatment periods were
3 h for V79 cells and 24 h for the hepatoma cells. Frequencies of micronuclei,
multinucleated cells and mitoses were determined by counting at least 3500
cells in randomly selected fields by fluorescence microscopy. Structures which
were characterized by (i) fluorescence similar to that of the nucleus, (ii) size up
to 25% of the nuclear area and (iii) distinct separation from the nucleus, were
regarded as micronuclei. Cells containing up to four micronuclei were considered
as micronucleated. Cells with (i) more than four micronuclei, (ii) several nuclei
of similar size or (iii) heavily fragmented nuclei were regarded as multinucleated.
Background frequencies of micronuclei occasionally differed between individual
cell batches. These variations, however, did not affect the response of the cells
to the nitropropanes.

Cytotoxicity

Cytotoxicity of the test compounds in V79 and H4IIEC3/G™ cells was measured
by comparing the cloning efficiencies of treated and untreated cells. Immediately
after exposing V79 cells for 3 h and H4IEC3/G ™ cells for 24 h to the agents,
100—200 cells per dish were replated in growth medium in six 100 or 60 mm
dishes. Colonies of V79 cells were fixed with methanol and stained with Mayer’s
haematoxylin solution after 6 days of undisturbed growth. HAIEC3/G~ cells
were fed after 7 days, and colonies fixed and stained on the 14th day as described
above.

Mutagenicity

Mutagenicity of 2-NP and 1-NP was estimated in V79 and H4IIEC3/G™ cells
by measuring the induction of clones resistant to 11 pg/ml TG as described
previously (Roscher and Wiebel, 1988; Ziegler-Skylakakis et al., 1989). Treat-
ment periods with the nitropropanes were 3 h for V79 cells and 24 h for
H4IEC3/G~ cells. Mutation frequencies were expressed as TG resistant
clones/10° clonable cells. C2Rev7 and 2sFou cells are TG resistant and,
therefore, do not allow the detection of mutants by means of TG selection.
Aldrin epoxidase activity

Aldrin epoxidase activity in the hepatoma cells was determined according to Wolff
a al. (1979) with the modifications described recently (Roscher and Wiebel, 1988).

Results

Treatment of the cell lines with 2-NP and 1-NP resulted in
cytotoxic and genotoxic effects which greatly differed between
the test compounds as well as the various cell lines.
Morphological alterations

Exposure of the cells to 2-NP did not lead to marked alterations
in cellular morphology, irrespective of the cell line tested. In
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contrast, 1-NP caused clearly discernible changes. Treatment of
the hepatoma cells resulted in coagulation of the cytoplasm and
a ‘balloon’-like appearance of the cell membrane. This effect was
slightly diminished in cultures pretreated with DEX. Morphology
of V79 cells was altered in a different way: the cells appeared
enlarged, and many of them contained two or more nuclei.

DNA repair synthesis

The induction of DNA lesions subject to excision repair was
determined by measuring the effects of the nitropropanes on DNA
repair synthesis in the four cell lines. 2-NP weakly induced DNA
repair in C2Rev7 cells (Figure 1A) and in 2sFou cells (Figure
2A) but not in H4IMEC3/G™ or V79 cells (Figures 3A and 4A).
Pretreatment of the hepatoma cells with DEX strongly increased
repair synthesis in the C2Rev7 and 2sFou cells (Figures 1A and
2A), and resulted in a slight increase in the H4ITEC3/G™ cells
(Figure 3A).

In contrast to 2-NP, 1-NP did not cause DNA repair in any
of the cell lines tested (Figures 1B—4B).

Micronuclei

In order to assess the potential of 2-NP and 1-NP to cause
chromosomal disorders, the frequencies of micronuclei indicating
the appearance of structural or numerical chromosome aberra-
tions were determined in the cell lines following exposure to the
nitropropanes.

2-NP did not distinctly alter the frequency of micronuclei in
hepatoma cell lines not pretreated with DEX, but it significantly
enhanced the formation of micronuclei when the cells were
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Fig. 1. DNA repair synthesis and micronuclei in C2Rev7 cells exposed to
2-NP or 1-NP. Following pre-incubation of the cells in the presence (®,4)
or absence (O,A) of 2 uM DEX for 24 h, cells were exposed to the
nitropropanes for either 5 h (DNA repair, A,B) or 24 h (micronuclei, C,D).
Data are from one experiment, a second experiment yielded very similar
results. Data in (C) and (D) are the means + SD of 3 %500 cells. When no
crror bars are given, SD was below the size of the graphic symbols.

9T0Z ‘S Yore |\l uo AIsIBAIUN B1RIS elURA|ASUURH Te /B1o'sfeulnopiojxo-afeinwy//:dny wol) papeoumod


http://mutage.oxfordjournals.org/

pretreated (Figures 1C—3C). 2-NP had no effect on V79 cells
(Figure 4C).

1-NP did not influence the frequency of micronuclei in the
hepatoma cell lines irrespective of whether the cells had been
pretreated with DEX or not (Figures 1D —3D) whereas the fre-
quency was increased in V79 cells (Figure 4D). This stimula-
tion of micronuclei formation occurred in parallel with an increase
in the frequency of multinucleated cells (Figure 4D) which could
not be observed in V79 cells after treatment with 2-NP (Figure
4C) or in the hepatoma cells with either of the nitropropanes (data
not shown).

In general, the mitotic indices were not significantly altered
following exposure to the nitropropanes, with the exception of
V79 cells and DEX-pretreated H4IIEC3/G™ cells which
displayed a mitotic block after treatment with 1-NP. A prolonga-
tion of the period between the end of treatment and fixation of
cells restored the mitotic indices in H4EC3/G™ cells but did
not influence the frequencies of micronuclei (data not shown).
Cyrotoxicity and mutagenicity
2-NP was cytotoxic to H4IIEC3/G™ cells only after pretreat-
ment of the cells with DEX. Under this condition cloning effi-
ciency was reduced to ~50% at 10 mM, the highest
concentration tested (Figure 5). 1-NP was similarly cytotoxic
(data not shown). Both nitropropanes were only marginally
cytotoxic in V79 cells over the entire concentration range tested
(0.3—10 mM, Figure 6).
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Fig. 2. DNA repair synthesis and micronuclei in 2sFou cells exposed to
2-NP or 1-NP. Following pre-incubation of the cells in the presence (®,4A)
or absence (O,A) of 2 uM DEX for 24 h, cells were exposed to the
nitropropanes for either 5 h (DNA repair, A,B) or 24 h (micronuclei, C,D).
Data are from one experiment, a second experiment yielded very similar
results. Data in (C) and (D) are the means + SD of 3 X500 cells. When no
error bars are given, SD was below the size of the graphic symbols.

The genotoxicity of nitropropanes

The capacity of 2-NP and 1-NP to induce mutations was
examined in H4ITEC3/G™ and V79 cells by determining the
effects of the compounds on the frequencies of TG resistant cells.

2-NP was not mutagenic in H4IIEC3/G™ cells without DEX
pretreatment, but it was clearly effective in these cells when they
had been pretreated with the inducer (Figure 5). 2-NP also caused
mutations in V79 cells (Figure 6). Pretreatment of V79 cells with
DEX did not alter mutation induction by 2-NP (data not shown).

1-NP was not mutagenic in either DEX-treated or untreated
H4IIEC3/G™ cells (data not shown). In V79 cells, however, it
clearly increased the number of TG resistant mutants (Figure 6).
In these experiments, which were performed on a batch of V79
cells different from that used for the experiments on 2-NP, 3 mM
2-NP was included as an internal standard to allow a comparison
of the relative mutagenicities of 1-NP and 2-NP. As shown in
Figure 6, the mutagenic efficiency of the two nitropropanes was
very similar.
Induction of cytochrome P450 by DEX

The effect of the DEX pretreatment on cytochrome
P450-dependent mono-oxygenases of the hepatoma cells was
determined by measuring aldrin epoxidation, a function of various
liver specific cytochrome P450 forms (Wolff and Guengerich,
1987). Table I shows the results obtained. After treatment of the
cells with DEX, aldrin epoxidase activity was increased 3-fold
in C2Rev7 cells and 2-fold in 2sFou cells. No induction was
observed in H4IIEC3/G™ cells.
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Fig. 3. DNA repair synthesis and micronuclei in H4IIEC3/G™ cells exposed
to 2-NP or 1-NP. Following pre-incubation of the cells in the presence
(®,A) or absence (O,A) of 2 uM DEX for 24 h, cells were exposed to
the nitropropanes for either S h (DNA repair, A,B) or 24 h (micronuclei,
C,D). Data are from one experiment, a second experiment yielded very
similar results. Data in (C) and (D) are the means + SD of 3500 cells.
When no error bars are given, SD was below the size of the graphic
symbols.
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Fig. 4. DNA repair synthesis, micronuclei and multinucleated cells after
exposure of V79 cells to 2-NP or 1-NP. V79 cells were exposed to the
nitropropanes for either 5 h (DNA repair) or 3 h (micronuclei). Data are the
means from two experiments (A,B) or the means = SD of 3500 cells
from individual experiments (C,D). When no error bars are given, SD was
below the size of the graphic symbols. ®, A, repair synthesis (A,B) or
micronucleated cells (C,D); O,A, multinucleated cells (C,D).
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Fig. 5. Cytotoxicity and mutagenicity of 2-NP in H4IIEC3/G™ cells.
Following pre-incubation of the cells in the presence (®,4A) or absence
(O,4) of 2 uM DEX for 24 h, cells were exposed to 2-NP for another
24 h. Points represent the means + SD of six plates from one of two
experiments which yielded very similar results.
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Table 1. Effect of DEX on the activity of aldrin epoxidase in rat hepatoma
cells®

Cell line Aldrin epoxidase activity®
(pmol/min/mg protein)
- DEX + DEX
C2Rev7 60 £ 02 223 +32
2sFou 91 +08 168 13
H4IIEC3/G™~ 175 £ 1.1 168 £ 0.5

®Aldrin epoxidase was analysed after growing the cells in the presence or
absence of 2 uM DEX for 24 h.
bMeans + SD of triplicate cultures.

Discussion

The present study was intended to help in clarifying the
mechanisms which underly the genotoxicity of the carcinogen
2-NP in cultured mammalian cells. Several cell lines characterized
for their expression of cytochrome P450-dependent mono-
oxygenases were treated with 2-NP, and the induction of primary
DNA damage and heritable genetic changes were measured. The
experiments were performed in parallel with the non-carcinogenic
isomer 1-NP. 2-NP was genotoxic in the hepatoma cell lines,
an observation which is in agreement with our previous findings
on the induction of DNA repair in rat liver cells in vitro and in
vivo (Andrae et al., 1988) as well as with the liver-specific car-
cinogenicity of the chemical (Fiala er al., 1987). For a clear
manifestation of the genotoxicity of 2-NP the hepatoma lines had
to be pretreated with DEX, indicating that 2-NP is activated to
genotoxic metabolites by a DEX-inducible enzymatic pathway.
Cytochrome P4501A1 or other pathways related to the Ah recep-
tor do not appear to be involved because C2Rev7 cells, in which
both DNA repair and micronuclei are efficiently induced by
2-NP, do not contain detectable levels of this enzyme or its
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mRNA (Wiebel et al., 1984a—c; Corcos and Weiss, 1988) and
lack the Ah receptor (P.Cikryt, personal communication). The
liver specificity of the observed effects (Andrae et al., 1988),
and their enhancement after pretreatment of the cells with DEX,
indicate that certain cytochrome P450I1 forms may be involved.
This is supported by the observation that aldrin epoxidase, a
marker function of certain liver-specific cytochrome P450 forms
(Wolff and Guengerich, 1987), is present in the hepatoma cells,
and also induced by DEX in C2Rev7 and 2sFou cells. The
apparent lack of aldrin epoxidase induction in H4IIEC3/G™ cells
may be due to opposite alterations in specific P450 isozymes since
P450 isozymes can be both increased and decreased by inducers
(Mostafa er al., 1981; Dawson ez al., 1985). This could result
in an apparently unchanged activity of aldrin epoxidase, since
aldrin epoxidation reflects the activity of several hepatic
cytochrome P450 forms (Beaune er al., 1986; Wolff and
Guengerich, 1987). However, it is also possible that other DEX-
inducible, cytochrome P450-independent metabolic routes are
responsible for the induction of DNA damage resulting in DNA
repair and micronuclei formation.

The results obtained following exposure of the V79 cells to
2-NP differed strikingly from the findings on the hepatoma cells.
2-NP was ineffective in inducing DNA repair and micronuclei
but caused mutations to TG resistance. Mutagenicity was most
likely caused by a mechanism different from that resulting in
genotoxicity in hepatocytes or hepatoma cells because mutation
induction (i) was not accompanied by increased repair synthesis
or micronuclei formation and (ii) could not be further enhanced
by DEX pretreatment of the cells. An involvement of cytochrome
P450-dependent mono-oxygenases can be excluded as V79 cells
lack these enzyme activities (Wiebel et al., 1984c). Whether the
compound is mutagenic per se in V79 cells, or whether it requires
activation by some as yet unknown metabolic pathway, remains
to be elucidated. Preliminary experiments suggest that nitroreduc-
tion, which has been shown to be responsible for part of the
mutagenicity of 2-NP in Salmonella typhimurium (Goggelmann
et al., 1988), is not involved in the activation process (Andrae
et al., unpublished observations).

In contrast to 2-NP, 1-NP did not cause any detectable genotox-
icity in the heptoma lines. The observation that the compound
was not effective in inducing DNA repair synthesis in these cells
is in line with our recent findings showing that 1-NP does not
cause repair in rat hepatocytes in vitro or in rat liver in vivo
(Andrae et al., 1988). A lack of reactivity of 1-NP towards liver
cell DNA is also indicated by the fact that the compound did
not increase the frequency of micronuclei or mutations in the
hepatoma cells. However, 1-NP clearly enhanced the formation
of micronuclei in V79 cells, indicating that the effects of the com-
pound in these cells differ from those in hepatic cells. Micro-
nuclei formation in V79 cells was accompanied by a marked
induction of multinucleated cells and TG resistant mutants, but
not of DNA repair synthesis. Goggelmann er al. (1988) recently
reported that 1-NP causes neither structural chromosomal aber-
rations nor sister chromatid exchanges in human lymphocytes.
1-NP is not mutagenic in S.ryphimurium irrespective of the
presence or absence of a metabolic activation system (Hite and
Skeggs, 1979; Lofroth et al., 1981; Speck et al., 1982; Gog-
gelmann et al., 1988). The data suggest that exposure of V79
cells to 1-NP does not give rise to DNA modifications. It appears
more likely that in these cells the induction of micronuclei and
mutations by 1-NP is caused by an interaction of the compound
or a metabolite with the mitotic apparatus of the cells, resulting
in numerical chromosome aberrations. A similar mechanism has

The genotoxicity of nitropropanes

recently been suggested to explain the mutagencity of
o-chlorobenzylidene malonitrile (Ziegler-Skylakakis et al., 1989),
a potent spindle poison (Schmid et al., 1989) which does not react
with DNA (Ziegler-Skylakakis et al., 1989).

The reason for the different effects of 1-NP in hepatic cells
and in the ‘extra-hepatic’ V79 cells is unclear. In the hepatoma
lines 1-NP may be rapidly metabolized via enzymatic routes
which are different from those prevailing in V79 cells and which
prevent the induction of genotoxicity. Whether micronuclei and
mutations in V79 cells are caused by 1-NP itself or by a
metabolite remains to be established.

In conclusion, the results of this study suggest the existence
of different pathways which may lead to genotoxic effects of
nitropropanes in mammalian cells. One pathway is found in cells
expressing liver-specific cytochrome P450 forms and is
characterized by (i) inducibility by DEX, (ii) specificity for 2-NP
and (iii) the formation of metabolites from 2-NP which elicit DNA
repair synthesis, micronuclei and mutations. The other pathway(s)
is found in V79 cells and is characterized by (i) independence
of cytochrome P450, (ii) the induction of mutations by both 2-NP
and 1-NP in the absence of any detectable effect on DNA repair
synthesis, and (iii) the induction of micronucleated and
multinucleated cells by 1-NP. The former, apparently liver cell-
specific, pathway probably causes the formation of DNA lesions
closely associated with the initiation of liver tumours in the
animal. The relevance for tumour induction of the latter pathway,
which occurs in cells of extra-hepatic origin, is still unclear.
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