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INTRODUCTION

Normality depends on a complex biological equilibrium

THE STRUCTURE of the higher living organisms is characterised
on the one hand by complexity and strict organisation, and on
the other by its dynamic character. Cells differentiate, mature,
die and are constantly being replaced by new cells. While alive,
all cells also exchange molecules and atoms, make use of them,
excrete waste products and metabolites, and send out signal
substances. Order in a state of perpetual change is maintained
by a steady flow of information in control systems, which operate
at the molecular, cellular, tissue and organ levels. All cells play
a part in maintaining body equilibrium by communicating
through biochemical and electrophysiological signals. The brain
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is the supreme director, and through the pituitary gland the
hypothalamus is the conductor of the hormone orchestra. At
the cellular level, everything depends on and is regulated by the
information in the genes.

In the field of growth regulation there are basically two
approaches, or two opposing paradigms. One is based on the
theory that, in terms of cellular proliferation, living cells are
naturally quiescent, like the Sleeping Beauty. They need a life-
giving kiss from a growth factor in order to be activated to cell
division. This way of thinking has been greatly encouraged by
the discovery of a considerable number of stimulatory growth
factors, and their receptors and genes; and by the fact that some
growth factors are directly or indirectly associated with the
oncogenes. Some adherents to the Sleeping Beauty theory also
believe that cells produce factors to stimulate themselves, a
hypothesis called autocrine growth stimulation [1].

The other theory, which I consider more probable, is that
healthy cells possess a strong natural aptitude for division. This
is clearly shown by the exponential growth phase in cell culture.
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A relatively rapid rate of cell division (a short cell cycle time and
a high growth fraction) is thus the normal situation, which
would be perpetually maintained if cells were not inhibited by
external signals. Endogenous, inhibitory growth factors are
physiological chemical signal substances in the body, which
inhibit or restrain the cells’ natural tendency to go into DNA
synthesis and mitosis [2]. They operate in concert with growth
stimulators and a multitude of modulating factors to maintain
physiological growth balance.

This paper contains an overview of the most obvious kinetic
alterations in cell proliferation provoked by carcinogenic chemi-
cals, mainly in epidermal cells, which is my special field of
knowledge.

Normal equilibrium is disturbed in malignant tumours

There is general agreement that cancer is associated with, and
may be caused by, a partial and sometimes complete breakdown
of the control mechanisms for cell proliferation, differentiation,
maturation and recognition of tissue boundaries.

Studies of carcinogenesis have traditionally focused on dis-
turbed growth regulation, in the sense of uncontrolled cell
proliferation, because this has been thought to be the major
malfunction in tumour growth. But it is important to realise
that malignancy is in principle not always characterised by
rapidly dividing cell populations. In fact, many tumours and
leukaemias have a lower rate of cell birth than the mother tissue.
Differentiation and maturation are also profoundly disturbed in
malignant cells.

So the problem of carcinogenesis has to be approached in
terms of general disturbance of cellular equilibrium, and cell
kinetic methods are among the most suitable instruments for
examining this issue.

CELL KINETIC ALTERATIONS DURING EPIDERMAL
CARCINOGENESIS
Introduction

When approaching carcinogenesis through the instrument of
cell kinetics, it may be fruitful to ask the following questions:
Do carcinogenic agents alter the cell kinetics of tissues in
a specific way? Is a rapid rate of cell proliferation in itself
carcinogenic, or is this only a secondary phenomenon, often
associated with, but not a causal factor in carcinogenesis? What
influences a tissue’s response to a carcinogen—the general rate
of cell proliferation at the time of contact with the carcinogen,
and/or the stage of the cell cycle in which the proliferating cells
happen to be at the time of contact? Do carcinogens influence
endogenous growth regulation systems (oncogene products,
stimulatory growth factors, suppressor gene products and
chalones), and if so, are the resulting changes causally involved
in carcinogenesis?

As a general rule, it must be said that most of the experimental
evidence concerning epidermal cell kinetics and the early effect
of carcinogens is based on the effects of one single application of
a chemical carcinogen or a single dose of radiation, both in
rather large doses. High doses of carcinogenic agentia are almost
always toxic and kill a large number of cells. Since cancer cannot
arise from dead cells, and can arise only with difficulty from
seriously injured ones [3], the real problem in carcinogenesis is
to find out what happens to those cells that are critically altered
by the carcinogen, without being killed or losing their vitality.
The persistent changes in epidermal cell kinetics during long-
term application of repeated doses of carcinogens are not so well
documented, and here much more research needs to be done.
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Fig. 1. Cell population kinetics in epidermis during first 5 days after
application of 50 pl 1% 3-methylcholanthrene (MCA). y-axis =
relative deviation from normal. The top panel shows intensity of cell
injury measured by tetrazolium reduction method. Initial block in
cell renewal was followed by increased cell proliferation from first
day (second panel). In third panel from top, unbroken line [m(0)] =
observed cell count. If rate of cell renewal is like that in second panel
and assuming no extra cell loss, cell count would have increased
according to m,; m, depicts theoretical cell mass if rate of cell death
had increased, but had normalised after 2 days. Calculated rate of
cell death is based on intensity of cell injury, observed rate of cell
renewal and observed development of hyperplasia. Reproduced from
[7] by kind permission of Norwegian Universities Press.

Alterations in cell kinetics provoked by chemical carcinogens

Let us now examine how a single carcinogenic dose of a
chemical carcinogen alters the cell kinetics of the epidermis. A
single application of a strong hydrocarbon carcinogen in a
sufficiently high dose leads to rapid alterations in the cell
kinetics. Signs of cell toxicity will appear initially even at
relatively moderate doses (Fig. 1). The cell cycle variables
indicate a toxic shock phase lasting only a few hours at small
doses and for many hours at higher doses [4~7]. During this
period DNA synthesis and mitotic activity are more or less
completely arrested. These reactions reach a peak 16-24 h after
the initial contact with the carcinogen [6,7]. Signs of acute cell
injury with oedema and membrane changes can be noted in all
cell layers and in the dermis. The cell injury caused by the
toxicity of a single carcinogen application also leads to a short
period of delayed maturation [8-10] and a subsequent increased
cell mortality; which can be measured from the 2nd to the Sth
day. During this period an abnormally high number of cells are
lost from the epidermis by scaling and maybe by apoptosis [7,
11] (Fig. 1).

When the basal cells recover from the primary shock, a
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Fig. 2. Number of suprabasal cells [indicating hypoplasia or hyper-
plasia (dotted line)], alterations in DNA synthesis (broken line), and
mitotic rate (unbroken line), after application of acetone and various
doses of DMBA over time. There was deeper and longer lasting
depression of proliferative variables at high doses, especially 51.2,
100 and 200 pg DMBA. At highest doses there was considerable
hyperplasia with increasing cell numbers, starting on day 3 and
peaking on days 7-10. There was initial slight hyperplasia after small
doses (probably due to delayed maturation with reduced cell loss).
Reproduced from [6] by kind permission of APMIS.

proliferative wave starts, reaching a peak 3-10 days after the
application, depending on the dose (Figs 2—4). During this
period DNA synthesis and mitotic rate are increased three to
five times, and the mitotic index becomes high. This is partly due
to the high rate of cell proliferation and partly to a prolongation of
the mitotic duration [11]. As a consequence of the increased rate
of proliferation, a transient hyperplasia develops, which in the
hairless mouse epidermis lasts for about 3-5 weeks (Fig. 2).

All these reactions are dose-dependent {6] (Figs 3 and 4). My
own belief is that they are mainly provoked by the general
toxicity of the carcinogen, which destroys cells and therefore
the growth inhibitory factors in the epidermis (see below),
and leads to the wave of regenerative proliferation. However,
whether this reaction is specific is another question. We also
know by a series of articles from Rohrbach er al. [12-15] that
the amount of growth inhibitory substances in the epidermis
varies inversely with the state of proliferation in the epidermis
(Figs 5-7). This has been shown to be so whether the epidermal
cells were removed by tape stripping, or injured by methylchol-
anthrene or croton oil. This supports the idea that cell toxicity
and cell death lead to lack of physiological growth inhibitors,
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and the reaction is rapid proliferation to compensate for the
injury. Several studies, especially those of Clausen [16-18] have
shown that such reactions occur both after carcinogens [16],
after the non-carcinogenic skin irritant cantharidin [17] and
even after adhesive tape stripping [18] (Fig. 8). So the secondary
wave of proliferation is, mainly at least, a non-specific regenerat-
ive reaction to the cell-damaging effect of the carcinogen.

Carcinogens act in two ways: as cell destroyers and as agents
that lead to a higher rate of cell proliferation (see later). I believe
that some chemicals, like strong hydrocarbon carcinogens, have
the ability to transform large numbers of cells into malignant
cells, combined with a relatively moderate cell toxicity. These
are the substances that are traditionally known as strong or
complete carcinogens. Other chemicals, like the phorbol esters,
have a high cell toxicity, with many measurable pleiotypic effects
even in small doses, but they also have a less pronounced, but
definite ability to transform cells to malignant cells. This may
be the characteristic of the substances which are often called
promoters. If an animal has a large number of transformed cells
due to previous contact with a carcinogen, felt wheel abrasion
followed by rapid regenerative proliferation is enough for pro-
motion, and the ensuing hyperplasia will be precarcinogenic.
Finally, a pure physical trauma like felt wheel abrasion alone,
with no additional carcinogenic influence, leads to a regenerative,
more or less normal hyperplasia without any risk of true carcino-
genesis [19]. The main increase in cell proliferation after contact
with a carcinogenic influence is probably secondary to cellular
regeneration after injury, as mentioned above. However, since
it is dose-dependent, this reaction may be a mixture of massive
regeneration due to the cell injury, and a low degree of primary
mitogenesis. It is difficult to exclude completely a true, primary
mitogenic effect caused by very low doses of a carcinogen. There
are, however, only weak indications of this [6]. (For a general
discussion on the two types of mitogenesis, see later.)

The initial blocking of DNA synthesis seems to follow contact
with all types of carcinogenic agents, and there was earlier much
discussion about whether this block is causally related to the
carcinogenesis process. Markard et al. [20-22], for instance,
showed that in synchronised fibroblasts in cell cultures, two
carcinogens were able to transform the cells in G, and S, but
not in G, or M. The induction of malignant transformation in
S-phase cells was greater than in G,. This observation was
thought to be significant in relation to the initial block in DNA
synthesis seen in epidermis, but non-specific blocks may also be
seen after exposure to non-carcinogenic agents [18]. The other
disturbances in the cell kinetics show an interesting difference,
namely that carcinogens induce a much longer-lasting increase
in the mitotic duration. than non-specific irritants do [11]. Since
a single application of a high enough dose of a complete chemical
carcinogen may lead to many skin tumours in a sensitive mouse
strain, it cannot be excluded that some of the changes in the
cell kinetics induced by a single application of a carcinogenic
substance may be causally associated with carcinogenesis. At
present, however, we do not know whether or not these changes
are entirely specific. Maybe a genuine genotoxic carcinogen
without other toxic effects on cells (if such a substance exists)
could be a pure mitogen and mutagen. Farber [23] stresses that
initiation does not occur unless it is followed by a round of cell
proliferation. Much research is being done to try to find out
whether oncogenes become activated, and whether growth sup-
pressor genes are deleted, and if so, at what stage in the process,
and so on [24].
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Number of suprabasal cells

Fig. 3. 3-D illustration of mitotic rate, labelling index and number of suprabasal cells after single application of various doses of DMBA over

time. Highest doses of DMBA led to immediate complete block in mitotic rate and in DNA synthesis, but after smallest doses there was no

block. After some time, block was released, and after about 70 h both mitotic rate and labelling index were higher than normal. Higher doses
reduced number of suprabasal cells in the epidermis, but after about 70 h, considerable hyperplasia developed.

Is rapid cell proliferation in itself carcinogenic?

It is self-evident that a tumour cannot grow without cell
division. Most, but not all, precancerous conditions are associ-
ated with periods of sustained hyperplasia and an increased rate
of cellular proliferation. The idea that carcinogenesis is usually
associated with an increased rate of proliferation and sustained

hyperplasia due to regenerative reactions is an old one, but it
has been taken out and shined up again quite recently.

There are probably at least two types of triggering increased
cell proliferation as alluded to above. One is a secondary reaction
to cell injury which also leads to reduction of growth-inhibitory
factors, and this is what is seen after all sorts of removal of cells
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Fig. 4. Proportion of cells with S-phase DNA content measured by
flow cytometry, and in [PHJTdR labelling index (LI) of isolated
epidermal basal cells after methylcholanthrene application. Discrep-
ancy in values from 20 to 40 h indicates block in DNA synthesis.
Value for cells with S-phase DNA content was about twice as high as
that of LI, which again was 40% higher than normal, which means
that while an increased number of cells synthesise DNA as measured
by LI, there are also many replicating cells with very slow or blocked
DNA synthesis. This is typical of effect of relatively high doses of
hydrocarbon carcinogens on the skin. Reproduced from [16] by kind
permission of Virchows Archiv, Springer.

or serious injury to cells. It may, however, also be a true primary
reaction due to the known effect of classical mitogens such
as certain oncogene products, platelet-derived growth factors,
lectines, minute doses of TPA on lymphocytes in cell culture,
etc. Some authors mention that cell proliferation in this respect
may be both a quantitative and a qualitative phenomenon [25].
Clinical examples are legion. In classical lists of causes of
cancer, chronic irritation and chronic inflammation have always
been listed as causes of cancer. Already Rudolf Virchows himself
adhered to an irritation theory involving hyperplasia and high
mitotic activity as a cause of human cancer [26], and he main-
tained that tumours start with an irritation stage. Oral cancer,
for example, is said sometimes to be due to irritation from a
sharp, decaying tooth, and tropical ulcer in Africa has a very
high frequency of squamous cell carcinoma (Fig. 9) [27]. In
1980 Deschner [28] described preneoplastic events occurring in
the colon mucosa in patients at risk of developing cancer.
He found proliferative abnormalities with enhancement of the
labelling indices in the crypts and believed that the combination
of an already existing defect in cell proliferation among high-
risk colon cancer patients along with an elevated rate of cell
renewal increases the probability that a neoplasm will arise.
Cohen and Ellwein [29] believe that increase in cell proliferation
can account for the carcinogenicity of non-genotoxic com-
pounds, which possess the property of increasing cell prolifer-
ation in the target organ. Recently, the same authors [25]
discussed cell proliferation, genetic errors and carcinogenesis.
They point to the fact that cancer arises mainly due to genetic
alterations, and that more than one of these is required. At the
same time DNA replication is not 100% precise, and thus cell
replication can in itself contribute to carcinogenesis by an
indirect mechanism providing somatic mutations more easily to
occur. In 1990 Preston-Martin er al. [30] hypothesised that
increased cell division per se stimulated by external or internal
factors is associated with the development of many human
tumours. They maintained that a higher rate of cell division

O.H. Iversen

increased the risk of mutations, translocations and amplifications
of oncogens taking place and being fixed. They published three
tables of cancer sites in humans, where they considered a
physiological high rate of proliferation to be a contributing
cause.

When we come to experimental evidence and theory, we can
go back to Deelman [31] who as early as 1927 stated that
regeneratory processes after cell injury by tar treatment had a
significant effect on the occurrence of malignant tumours. He
later reported in the Royal Society the conclusion that injury
has a direct influence on tumorigenesis in an extensive area of
epithelial cells that are already susceptible to tumour formation.
Mackenzie and Rous [32] concluded that when cells are injured,
the stimulus of wound-healing will suffice to make some of them
multiply and form tumours, provided that they have also been
treated with tar. Mottram [33] said in 1944 that his experiments

A strong carcinogen, MCA
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Fig. S. Labelling index and chalone effect on mouse epidermis after
single application of 0.02 ml 1% acetone solution of methylchol-
anthrene, a strong carcinogen. Lower panel shows mitosis-inhibitory
effect on normal mice after intraperitoneal injection of epidermal
chalone produced from mice treated on whole back by methylchol-
anthrene at above strength. Effect of chalone was low when labelling
index was high, which may confirm the idea that increased prolifer-
ation is due to injury to cells leading to reduced chalone content.
Adapted from [13] by kind permission of the author and Gustav
Fischer.
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Fig. 6. Labelling index and chalone effect after single application of

0.02 ml 0.25% acetone solution of croton oil, as a complex promoter.

As in Fig. 5, labelling index peaked when chalone content in similarly

treated epidermis was low. Adapted from [14] by kind permission of
the author and Gustav Fischer.

showed how important hyperplasia and all other conditions of
active cell proliferation are in the natural occurrence of tumours.
In 1934 Rous and Beard [34] published a paper on the pro-
gression of virus-induced carcinomas in the rabbit, and con-
cluded that the better the papillomas grew, the more likely it
was that cancer would occur. They came to the conclusion that
all the carcinogenic substances were agents of cell destruction,
and that they induced constant reparative processes leading to
hyperplasia and increased rates of cell proliferation. In 1980
Melzer [35] discussed in detail what he called the paradox
of carcinogens being both cell destroyers and proliferation
inducers.

In August 1990 Ames and Gold [36, 37] claimed that we have
too many rodent carcinogens because in animal experiments we
use the maximum tolerated dose. This is so high that tissue
toxicity induces cell divisions, and these themselves may provoke
DNA mutations from which tumours eventually develop. Ames
said that the endogenous rate of DNA damage is enormous and
that mitogenesis in itself is mutagenic in numerous ways. He
also thinks that suppression of intercellular communication
causes mitogenesis, and that mitogenesis from exogenous and
endogenous factors can cause cancer. In this connection he also
mentioned chronic infections, hormones and toxicity leading to
regenerative increase in the rate of cell division. This theory
provoked a lively discussion [38-40], in which Weinstein [41]
maintained that mitogenesis is only one factor in carcinogenesis.
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In 1990 the Chemical Industry Institute of Toxicology prod-
uced a model [42] proposing that exposure to a carcinogen
results in a certain target tissue dose, usually smaller than the
exposure dose (Fig. 10). This again may affect the cells with
cytotoxicity and receptor-mediated mitogenesis and DNA reac-
tivity. Mitogenesis leads to cell division, and if there are no
mutations, normal cells are born. If there are mutations, cytotox-
icity can also induce a higher rate of cell division which in itself
may increase the risk of mutation. Intermediate cells with only
one mutation may arise, which may die without giving rise to a
tumour, but with further mutations malignant cells can occur
and lead to a tumour. In this model cell division plays an
important, but not critically decisive role, and at present it
might be an interesting way of attacking the problem. Similar
views have been expressed by Ashby and Morrod [43] and
Trosko et al. [44], who also think that both spontaneous or
induced mutation may occur during cell proliferation.

Thus, my own conclusion is that the carcinogenic process is
linked with an increased rate of cell proliferation, usually
combined with sustained hyperplasia. I think much of this
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Fig. 7. Labelling index and chalone strength after six strippings of

epidermis with adhesive tape. Peak in labelling index generally

coincided with low chalone content in skin extract, showing that this

type of effect is non-specific, follows cell loss and cell injury, and is

not necessarily related to carcinogenesis. Adapted from [15] by kind
permission of the author and Gustav Fischer.
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Fig. 8. Cell kinetic variables after adhesive tape stripping of mouse
epidermis. First reaction is block in labelling index and cells in S
phase (upper panel), and block in mitotic rate (bottom panel). Then
follow three waves of increased regeneration with fluctuation in
labelling indices, number of cells in S phase, cells in G, phase and
mitotic rate. These results support the idea that similar reactions
seen after carcinogens are due to cytotoxic, harmful effect of carcino-
gens on the cell, and are not specifically carcinogenic. Adapted from
[18] by kind permission of the authors and Cell and Tissue Kinetics.

may be a non-specific regenerative reaction, although in some
situations it may be linked to genuine carcinogenesis, as
explained above. Many believe, however, that a critical genetic
change in DNA is more easily fixed and propagated in a rapidly-
dividing cell population [23], and in this way non-specific
secondary mitogenesis contributes to an increased risk of cancer.
This may be an inherent error-proneness of DNA replication or
the presence of weak carcinogenic influences, e.g. background
radiation. Personally, I believe that a rapid rate of regenerative,
normal cell proliferation caused by cell loss provoked by non-
carcinogenic cell destroyers is not strongly carcinogenic in itself.
On the other hand, the promoter TPA (12-O-tetradecanoyl-
phorbol-13-acetate) produces sustained hyperplasia [45] with
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rapid cell proliferation. The skin takes at least 20 weeks to
return to a quiet, normal morphological and kinetic situation
after a course of TPA treatment [46]. I thus believe that there
are conditions of non-carcinogenic, sustained hyperplasia and a
high rate of cell proliferation, e.g. in the epidermis during
increased physical wear and tear. The carcinogenic risk of
such hyperplasia is negligible, because the transforming error
proneness of DNA replication is low. But there are also con-
ditions of precarcinogenic hyperplasia, like that provoked by
TPA, and this hyperplasia has an increased risk of developing
into real malignant tumours because TPA also acts as a complete
carcinogen [47]. Urethan has interesting effects on the mouse
skin. It acts as an initiator, a complete carcinogen, and as a

Fig. 9. Typical tropical ulcer in an African boy. Tropical ulcer is
liable to become malignant, and about 10% of chronic ulcers will
eventually develop into tumours. If tropical ulcers were always cured
in early stages of development (easily possible with antibiotics),
malignant tumours of skin in Africa would probably become rare.
Reproduced from [27] by kind permission of Springer.
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Fig. 10. Exposure-dose-response paradigm for chemical carcino-
genesis, developed by Chemical Industry Institute of Toxicology.
Reproduced from [41] by kind permission of CIIT.

promoter {48, 49]. I could not, however, observe any develop-
ment of hyperplasia. The situation is really complex, and
until more is known it would be wise to avoid any sweeping
conclusions.

Cell cycle specificity of carcinogenic action?

Is there a certain stage in the cell cycle during which cells are
most sensitive to carcinogens? This has been discussed in the
literature for many years [S0-53]. Mottram [54] suggested that
the sensitivity of mouse skin to a carcinogen depends on the
number of cells in mitosis when the carcinogen is applied.
However, the results were difficult to analyse because most of
these studies were performed with carcinogens that require an
unknown amount of time to be metabolised to the ultimate
carcinogen.

Recent studies using the carcinogen methylnitrosourea
{MNU), which has a biological half-life of only 30 min, have
shown that when epidermal cells are blocked in the cell cycle at
the G,-S transit, the tumour incidence is greatly increased
compared to situations without cell blocking or with a block in
mitosis only. This reaction is also dose-dependent. This is so
whether the blocking is done by the epidermal chalone, or by
hydroxyurea [55-57], and it can also be seen when the cells
are blocked by the synthetic growth-inhibitory pentapeptide
(epidermal chalone) [58] (Figs 11 and 12). We concluded that
the sensitivity of epidermal cells to the alkylating substance
MNU is higher when cell proliferation is blocked in such a way
that a large cohort of resting or slowly progressing cells is in late
G, or early S. This may be due to an increased binding of MNU
to form MNU-DNA adductsin late G, and early S. A subsequent
compensatory increased rate of DNA replication caused by the
toxicity of MNU in cells recruited from the blocked cells at the
G,-S border, may then contribute to fix DNA injury or prevent
repair. This is shown only for MNU, but it may also explain the
well-known fact that rapidly proliferating tissues (be it naturally
as in the renewing cell populations, or secondary as in
regeneration) are most prone to cancer development. The G;-S
transit phase lasts several hours even during rapid proliferation.
Hence, in such situations there may be a large number of cells
in this phase either owing to a traffic jam (block), or because,
although fast, the traffic is heavy, i.e. there is a rapid cell cycle
progression in a cell population with a short mean generation
time.
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Fig. 11. Average tamour yields from hairless mouse skin after single
application of 2 mg MNU after various pretreatments. Thick line =
pretreated with intraperitoneal injections of skin extract or hydroxy-
urea (HU). Dotted line = controls, no pretreatment, or intraperi-
toneal injection of saline, colcemid or liver or heart muscle extract.
Difference was highly significant, and shows that when epidermal
cells are delayed or blocked in late G,-S phase, they are more
sensitive to carcinogenic effect of MNU. Reproduced from [55] by
kind permission of Carcinogenesis and IRL.

Do carcinogens disturb normal growth control in the epidermis?
Finally we come to the problem of disturbed growth control
in carcinogenesis {59-61]. The most obvious examples can be
found in hormonal systems. It is known that ovarian tumours
can be produced in castrated rats or mice in a piece of ovary
transplanted to the spleen [62]. This phenomenon has been
explained on the basis that hormones produced by the ovary
normally pass into the bloodstream and act as an inhibitor for
the production of gonadotrophic hormones by the pituitary
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Fig. 12. Similar results to those shown in Fig. 11, showing that

purified, synthesised mitotis-inhibitory epidermal peptide (MIE

peptide) increases tumour yield. Reproduced from (58] by kind
permission of Carcinogenesis and IRL.
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gland. When an ovary is transplanted to the spleen, its hormones
pass via the splenic vein to the portal vein and to the liver, where
it is inactivated. Thus, no or very little inhibiting information
from the ovary reaches the pituitary, which continues to produce
excess gonadotrophic hormone, stimulating the ovarian trans-
plant first to hyperplasia and later to neoplasia. Modern research
has revealed that the picture is somewhat more complicated,
but the main chain of events is as described. In cybernetic terms,
the transplantation of ovarian tissue to the spleen in castrated
animals corresponds with what has been called “opening up the
loop”.

In many other such systems, tumorigenesis has been provoked
simply by disturbance of the hormonal equilibrium in: (a) the
pituitary—thyroid system, (b) the pituitary-gonad system, and
(c) the pituitary-mammary gland system [63, 64]. Thus, there
seems to be good evidence that disturbed growth control per se
can be carcinogenic in hormone-regulated systems, maybe due
to endogenous mutations occurring during the hormone-induced
mitogenesis.

During recent years another system of growth control, the
chalones, has begun to interest carcinogenesis researchers [65].
As shown in Figs 5 and 6, relatively high doses of carcinogens
destroy the amount of chalone in the epidermis, but this is so
also after adhesive tape stripping with removal of maturing cells
(Fig. 7). Hence, this is a non-specific reaction. All seem to agree
that malignant tumours produce the chalone of the tissue of
origin, and that the mitotic rate of tumours can be influenced
by their own specific chalones. However, tumours may be less
sensitive than normal tissue to chalone inhibition of cell division
[66]. As regards the possible role of chalones in carcinogenesis,
there is no agreement. There is one theory which stated that a
disturbance in the chalone mechanism is probably a basic event
[66]. Another view, which I support, is more sceptical, and
states that there is no proof that a disturbance in the chalone
mechanism is basic or primary for carcinogenesis [65]. It may
well be that the disturbances in the chalone mechanism are
secondary events. This problem will have to be solved exper-
imentally.

We thus have good evidence that growth control systems
become disturbed by carcinogenic influences, but we have no
exact information about the nature of the disturbances. We must
hope that more evidence about oncogenes, suppressor genes,
and chalones and their putative genes, will provide firmer
grounds for conclusions.

GENERAL CONCLUSIONS

Carcinogens profoundly affect the variables of cell prolifer-
ation Kkinetics, but it is difficult or impossible to distinguish
between non-specific and specific alterations. Many of the
alterations are obviously due to the toxicity of the carcinogens,
and there is no firm proof that specific alterations occur.

The existing conditions of cell proliferation kinetics in each
tissue influence carcinogenesis. Rapidly renewing tissues are
generally more prone to cancer development, but there may be
cell cycle specific phases, and one may suspect that the late G,
and early S are such sensitive areas. Many cells may be in this
area when they are blocked in early S, or when the cells are
proliferating.

Certain disturbances of hormonal growth control systems
seem to be carcinogenic in themselves, and there is good evidence
that carcinogenic substances also disturb the chalone systems,
primarily or secondarily.

Increased rate of cell proliferation is definitely associated with

O.H. Iversen

carcinogenesis, but, in my opinion, usually in connection with
other, probably genotoxic, carcinogenic influences. Mitosis in
itself is certainly necessary in order for a tumour to grow, but a
normal process of DNA replication and mitosis is not in itself a
direct and primary carcinogenic factor.

What does this mean for prevention of cancer? Most people
believe that we should avoid all contact with all carcinogens,
but no one would disagree that a moderate dose of sunshine, for
example, improves health and quality of life. The positive
health effects are obvious, the risk of carcinogenesis very small.
Whether similar hormetic doses also exist for ionising radiation
and some chemical carcinogens, is not proven, but cannot be
excluded. On the other hand, it does seem reasonable to avoid
as far as possible all carcinogens that even in moderate doses
induce cell injury with compensatory regenerative reactions
(increased rate of cell proliferation and sustained hyperplasia)
in addition to their transforming ability.

When testing for carcinogens, doses as small as possible
should be used—to avoid non-specific tumorigenesis due to cell
toxicity and regeneration.
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