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Summary.—A single treatment of adult animals with the potent carcinogen NMU
was known to induce tumours in a wide variety of organs, with the notable exception
of liver. Administration of NMU after partial hepatectomy gave rise to the first
liver cell adenomata ever observed in rats due to this carcinogen. The tumours
were induced when NMU was given during the period of increased DNA synthesis
but not when given early in the pre-replicative period. Although tumours were
induced in other organs, the incidence of these did not correlate with the timing of

NMU administration.
relevant event in carcinogenesis.

N-METHYL-N-NITROSOUREA (NMU) is a
potent carcinogen. Repeated administra-
tion to adult rats induces tumours of
brain, spinal cord and peripheral nerves
in a high proportion of the animals
(Druckrey, Ivankovic and Preussmann,
1965), while a single treatment of the
adult rat is carcinogenic for stomach,
large and small intestine, kidney, skin,
jaw, heart, urinary bladder, lung, pituitary
and lymphoid tissue (Leaver, Swann and
Magee, 1969; Schreiber et al., 1972; Hicks
and Wakefield, 1972; Murthy, Vawter and
Bhaktaviziam, 1973; Fort, Taper and Bru-
cher, 1974). When given to pregnant rats,
a single administration causes tumours to
develop in uterus, vagina, ovary and
mammary gland (Alexandrov, 1969). How-
ever, there is no evidence known to us
that NMU induces tumours in rat liver,
suggesting that the liver is resistant to the
carcinogenic action of NMU. Even when
NMU was administered by intraportal
injectiont, no hepatocellular carcinomata
were induced (Lijinsky et al., 1972).

It is suggested that replication of damaged DNA may be a

The apparent immunity of the liver to
NMU is especially surprising in view of the
fact that the compound reacts with cel-
lular macromolecules of the liver in a
manner which, according to current tenta-
tive concepts, correlates with their carci-
nogenicity. In general, there is a good
correlation between induction of cancer by
alkylating agents and the type of alkyla-
tion reaction which takes place with
nucleic acids. Those compounds which
react predominantly by an SN, type
mechanism, such as dimethylnitrosamine
(DMN), N-methyl-N’-nitro-N-nitrosogua-
nidine (MNNG) and NMU, are potent
carcinogens, while those which react
mainly by an SN, type mechanism, as do
methyl methanesulphonate and dimethyl-
sulphate, are very much less active
carcinogens (Lawley, 1972a,6). NMU
reacts with nucleic acids by an SN,
mechanism, giving O®%methylguanine
among the reaction products (Lawley and
Shah, 1972), and there is evidence that
DNA of liver is methylated after injection
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t Of animals given an intraportal injection of NMU, 50 or 67-5 mg/kg, 24 h after partial hepatectomy,
5/6 developed liver cell adenomata. We thank Dr J. M. Barnes for performing the intraportal injections.
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of NMU into rats or mice (Swann and
Magee, 1968; Frei, 1971). It therefore
seemed possible that the initiating reaction
was taking place in liver after treatment
with NMU, but that tumours were not
induced because the liver cells were not in
a susceptible condition at the time of
treatment.

It is well established that the bio-
logical effect of many toxic compounds
depends on whether or not cell replication
is taking place at the time of their admin-
istration (Farber, 1972). The selective
action of many chemicals on dividing cells
is the basis of most cancer chemotherapy.
Recently evidence has accumulated which
strongly suggests that the susceptibility
for carcinogenesis as well as for cell death
and for mutagenesis, by physical, chemical
or viral agents, increases when the cells
replicate. Some of the first evidence for
a correlation between initiation of cancer
and the proliferative state of the cell at
the time of treatment with the carcinogen
came from work of Frei and Ritchie (1964)
on the initiation of skin cancer by 7,12-
dimethylbenz(a)anthracene. Apart from
work with neonatal animals, where the
effect of cell replication may be com-
plicated by the different immunological
status of the animal, little work has been
done to study the effect of cell replication
in tissues other than skin on the initiation
of cancer. The liver undergoing restora-
tive hyperplasia after partial hepatectomy
is a good system for such investigations.

Partial hepatectomy is known to have
a dramatic effect on the response of liver
to potentially carcinogenic compounds.
Thus  2-methyl-4-dimethylaminoazoben-
zene, previously thought not to be a
carcinogen, was found to induce hepa-
tomata when fed to rats after partial
hepatectomy (Warwick, 1967). Other
compounds which had not been reported
to be carcinogenic for liver of rats after a
single treatment were found to induce
liver cancer if injected after partial
hepatectomy. This result was obtained in
experiments with 7,12-dimethylbenzy(a)-
anthracene (Marquardt, Sternberg and
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Philips, 1970), DMN (Craddock, 1971), and
MNNG (Craddock, 1973a). In mice the
situation is more complex, as partial
hepatectomy alone increases the incidence
of ““ spontaneous ”’ hepatomata, but one
injection of urethane given after partial
hepatectomy induced a much higher
incidence of hepatomata than did either
treatment alone (Chernozemski and War-
wick, 1970). It was therefore of interest
to determine whether NMU, which ap-
parently had not been reported to induce
cancer in liver under any conditions of
administration to adult animals, would
induce liver cell cancer when given during
the period of restorative hyperplasia
following partial hepatectomy.

MATERIALS AND METHODS

Female albino rats weighing 195-210 g
at 9-10 weeks of age were used. N-methyl-
N-nitrosourea was purchased from K. & K.
Laboratories, Plainview, New York. The
compound was dissolved in citrate buffer,
pH 6-6, 0-1 mol/l, 180 mg/20 ml (Leaver et al.,
1969). Freshly prepared solutions were ad-
ministered to the animals by intraperitoneal
injection. The dose ranged from 45 to
90 mg/kg.

Partial hepatectomies were carried out
between 9 a.m. and 12.30 p.m. by the method
of Higgins and Anderson (1931), using light
ether anaesthesia. In keeping with the
result found in other laboratories (e.g.
Fabricant, 1968) liver DNA synthesis in our
animals was found to begin approximately
16 h after the operation, to plateau at 24 h
and many mitoses were visible at 31 h
(Craddock, unpublished). NMU was given
at 6 h in the early prereplicative phase, at
24 h during the period of DNA synthesis, at
31 h during mitosis when there was also
active DNA synthesis and in some cases at
2 of these times. Animals were kept without
further treatment until they died or until they
appeared to be ill, when they were killed.
The liver was weighed to determine whether
regeneration had taken place. Liver, lung,
sternum and spleen were taken routinely for
histological examination. Kidneys, stomach,
intestine and brain were examined for gross
abnormalities, and these and other tissues
were studied histologically where abnor-
malities were apparent.
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All tumours, with the exception of one
lymphoma in an autolysed rat, were con-
firmed by histological examination and their
incidences in different groups compared by
the Chi-square test.

RESULTS

As seen from Table I, a proportion of
the animals died less than 3 weeks after
the operation and treatment with NMU.
Animals dying early showed atrophy of
the spleen, thymus, bone marrow and
lymph nodes, and some had foci of bone
marrow regeneration in the spleen. In
keeping with the reduced resistance to
infection, these animals had acute bron-
chopneumonia, acute or chronic pyelo-
nephritis or suture abscesses of the body
wall or liver. At this stage the liver had
increased in weight from the 2 g remnant
remaining immediately after partial hepa-
tectomy, to 5-6 g. Histological examina-
tion showed that regeneration had fol-
lowed the normal pattern and was uniform
throughout the liver rather than being
focal, nodular or associated with fibrosis.

Animals dying later, beginning at 11
weeks after treatment, had a variety of
tumours (Tables I and II). Liver cell
adenomata were not present in the
animals treated in the early pre-replicative
stage after partial hepatectomy but were
present in animals treated at 24 or 31 h.
The term “ liver cell adenoma  is used
according to the definition given by
Edmondson, (1958). It is used in pre-
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TABLE I.—Effect of T'reatment with NMU
after Partial Hepatectomy (PH) (45-90
mglkg) t.p. to 200 g female rats

h after PH
6 24 31
Total number of rats 16 48 16
Early mortality
(<3 weeks) 199, (3) 229 (10) 509, (8)
Survivors (>3 weeks) 13 38 8
N_O tumqurs 239, (3) 119 (4) 129, (1)
klgrer primary . 89, (1) 459 (17) 259 (2)
enocarcinoma o
breast 159 (2) 169 (6) 129 (1)
Fibrosarcoma 389, (5) 429% (16) 389, (3)
Lymphoma 319 (4) 189 (7) 259 (2)
Renal tumours 239% (3) 8% (3) 129 (1)
Bowel tumours 89, (1) 169, (6) 09, (0)
Other tumours 0% (0) 39 (1) 09%, (0)

All tumours are shown expressed as percentage
of the survivors. Numbers of rats shown in brackets.

ference to the less precise term  hepa-
toma 7. Although the lesions were not
encapsulated, they had all the other
criteria required for liver cell adenoma:
the majority were single nodules per
animal; the cells were different from those
of the surrounding liver, usually larger,
sometimes vacuolated (Fig.); the sur-
rounding liver showed compression or
microinvasion; they contained liver cells
only and were without bile ductules or
other elements of portal triads; in all
instances the surrounding liver was free of
cirrhosis and nodular hyperplasia (Fig.
a—c). Bile duct cystadenomata were also
present (Fig. d). The lymphomata were
reticulum cell sarcomata or lympho-
sarcomata originating in the spleen or in

TaBLE II.—Effect of Treatment with NMU after Partial Hepatectomy (PH)
Induction of Primary Liver Tumours

No. of animals
A

No. of animals with
A

Time Total -
after PH dose Surviving
(h) mg/kg Operated 3 weeks

6 90 16 13
24 45 12 12
67-5 24 22
90 12 4
31 90 16 8
6, 24 90 8 8
24, 31 67-5 8 8
90 8 2

N

Bile duct
Liver cell adenomata cystadenomata
— 1 (35)
4 (33, 57, 61, 71) 1(57)
10 (17, 36, 37, 39, 45, 2 (34, 49)
49, 49, 51, 62, 62)
2 (24, 37) —
2 (29, 55) 1(29)
1 (42) 1 (40)
5 (43, 48, 49, 52, 56) 1 (56)

Numbers in brackets are weeks at which the animals died or were killed.
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lymph nodes, often with metastases in
parenchymal organs such as liver, lungs,
kidneys and adrenals. The mostly pleo-
morphic  fibrosarcomata  were seen
originating usually in the body wall at the
site of healing after the operation. Other
fibrosarcomata formed solid masses in the
peritoneal cavity and may have originated
at the site of amputation of the liver
lobes removed during the partial hepa-
tectomy. Tumours of the kidney, gastro-
intestinal tract and mammary glands were
present, as shown in Table I.

DISCUSSION

Acute toxicity

There is evidence that NMU is espe-
cially toxic to proliferating cells (Leaver
et al., 1969; Bosch, Gerrits and Ebels,
1972). Therefore, when NMU is ad-
ministered to animals after partial hepa-
tectomy, it might be expected to affect
tissues with a high rate of cell prolifera-
tion, such as intestine and lymphoid
tissue, as well as the regenerating liver.
However, as NMU has a half-life of only
15 min in the rat (Swann, 1968), one
treatment might be expected to kill only
those cells which attempt to divide during
a short period of time after the injection
but that then, if the stem cells have not
been killed, regeneration would proceed.

In keeping with this concept, animals
which died approximately 2 weeks after
treatment were found not to have any
obvious abnormality of the intestines.
Also, whether treatment had been at 6,
24 or 31 h after partial hepatectomy, the
liver had regenerated and had increased in
weight to approximately 6g in the
animals which died at 2 weeks. It is
possible that NMU delays regeneration in
a similar way to DMN. This liver toxin,
which alkylates macromolecules in vivo
in a way similar to NMU, very con-
siderably reduces the wave of DNA
synthesis following partial hepatectomy,
but regeneration occurs during the follow-
ing 5-6 days (Craddock, unpublished).
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Lymphoid tissue, on the other hand, was
more severely affected than liver by NMU,
and atrophy of spleen, marrow and mesen-
teric lymph nodes was still apparent at 2
weeks, and was the cause of death in the
animals which died at this time. This
exceptional sensitivity of lymphoid tissue
has been discussed (e.g. Farber, 1972).

Chronic effects

The main observations on animals
which survived the acute effects of NMU
were: (1) Partial hepatectomy followed by
NMU gave the first liver cell adenomata
ever observed in rats due to this carci-
nogen; (2) the liver cell adenomata were
induced when NMU was given at the time
of markedly increased DNA synthesis
following partial hepatectomy (at 24 or
31h, not at 6h, Table II); (3) though
many other tumours were induced in the
rats, including bile duct cystadenomata,
in none of these was there a demonstrable
effect of the timing of NMU administra-
tion.

That the combination of NMU or
similar treatment with DNA synthesis and
with cell division heighten neoplastic
development in the liver has been observed
in other circumstances. Thus, the cell
proliferation stimulus of tissue culture of
liver cells permits their transformation by
NMU (Williams, Elliott and Weisburger,
1973). Following partial hepatectomy, a
previously inactive compound may induce
hepatomata (Warwick, 1967) or a liver
carcinogen normally ineffective in a single
dose may become effective (Marquardt
et al., 1970; Craddock, 1971, 1973a).
Hepatectomy during the course of feeding
of a carcinogen may reduce the latent
period of tumour induction (Laws, 1959;
Glinos, Bucher and Aub, 1951; Glinos,
1964) or may increase the size of the
tumours (Hoffmann, 1970). The present
results are consistent with these observa-
tions.

Furthermore, it has been noted that
cells in the S period of the cell cycle have
a heightened susceptibility to carcinogens.
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For example, urethane affects the tran-
scriptional activity of liver cell chromatin
when given at 18 h but not at 1 or 12 h
after hepatectomy (Hwang, Murphree and
Sartorelli, 1974). In the induction of skin
papillomata, correlation with cell replica-
tion was originally pointed out by Mottram
(1945) and eventually related to the
sensitivity of the S period (Frei and Ritchie,
1964) or the part of G1 preceding S
(Hennings, Michael and Patterson, 1973).
MNNG is also found to transform fibro-
blasts in tissue culture most efficiently at
the G1-S boundary (Bertram and Heidel-
berger, 1974). In liver systems, DMN was
most effective if given following partial
hepatectomy in S phase (Craddock, 1971,
1973a). In mice, urethane induced the
highest incidence of tumours when given
in G1 (Chernozemsky and Warwick, 1970)
but the time taken to metabolize the
carcinogen may mean that effective treat-
ment was in S although the compound was
actually injected in Gl. The present
results support the concept of increased
sensitivity in S phase. Due to the rela-
tively low numbers of animals, this effect
could be demonstrated only at the 5%
level of significance if the results of all

TasLe III.—Comparison of the Effect of
Treatment with NMU (45-90 mg/kg), at
6, 24 or 31 h after Partial Hepatectomy
(PH), on Incidence of Liver Cell Adeno-
mata, using Yates Correction for Small
Numbers of Animals

Times after Degrees Level of
PH compared Chi- of signi-
(h) square freedom r ficance
6 vs 24 6-21 1 0-05-0-01 59
6 vs 31 1-10 1 0-30-0-10 NS*
24 vs 31 0-25 1 0-70-0-50 NS*

* Difference not significant.

No significant difference was obtained when the
other tumours listed in Table I were similarly tested
by the Chi-square test.

doses of NMU used were pooled (Table 11I1).
There was no effect of this timing on the
incidence of tumours of other tissues.
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Any effect on the incidence of bile duct
cystadenomata could not be evaluated
because of the small number of these
tumours. It is interesting to note the
large number of fibrosarcomata that
appeared at the site of incision in the
body wall made at the time of the partial
hepatectomy operation. Here again, re-
parative hyperplasia of wound healing
may have a significant role in carcino-
genesis.

The effect of hepatectomy thus poten-
tially has two aspects. The first, pointed
to by the heightened incidence of tumours
if the carcinogen is given at or shortly
before the S period of the cell cycle,
suggests that the damage to DNA such as
that following alkylation (Craddock,
1973b) must not be repaired before S
phase for it to be converted to a permanent
DNA change. This effect could be
obtained some time before the beginning
of S phase if the abnormality is repaired
slowly. It should be noted that partial
hepatectomy itself has not been shown to
affect the degree or kind of alkylation or
its repair (Craddock, 1973b; Capps,
0’Connor and Craig, 1973).

The second aspect is one seen more
clearly in the induction of skin papillo-
mata. Here, not only is the heightened
level of DNA replication at the time of
application of the carcinogen associated
with an increased incidence of tumours as
noted above, but a chronic marked epi-
dermal cell proliferation following the
carcinogen treatment is also necessary
(Frei and Stephens, 1968) for the tumours
to appear, even after a considerable delay
(Berenblum and Shubik, 1949). The
present results are also compatible with
this second effect of cell proliferation.
The understanding of this second effect has
so far not progressed beyond Berenblum’s
(1957) suggestion that the potential neo-
plastic cell must be stimulated to pro-
liferate until the neoplastic clone reaches
“ critical size .

We would like to thank Mrs C. M.
Ansley for skilled technical assistance.
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