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It is estimated that chemicals play a pre-
dominant role in the etiology of a majority
of human cancers (14, 56). The best doc-
umented examples of the effects of chem-
icals are provided by malignancies asso-
ciated with certain industrial processes
(126). The possible genetic health hazards
associated with chemicals, including car-
cinogenesis, are more difficult to evaluate
in the human environment in general since
exposure commonly involves very low
concentrations, extends through a long
life-span, and affects a large part of the
population.

Chemical safety evaluation is of great
concern in occupational hygiene. The pre-
ventive aspects are far-reaching, and in
this review we merely note some specific
points. More industrial epidemiology is
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needed, and we see no reason why de-
tailed records of occupational exposure to
chemicals should not be compiled and in-
corporated into record linkage systems.
More collaborative contacts are required
between epidemiologists and laboratory
scientists, and more experimental work is
needed to help them evaluate the effects
of chemicals with putative genetic risk,
particularly in circumstances where work-
ers may be exposed to mixtures of chem-
icals. Existing animal tests for carcino-
genicity need to be refined, and new short-
term tests must be devised which can pro-
vide accurate screening for potential car-
cinogens, mutagens, and teratogens. While
the risk for carcinogens is of the most im-
mediate concern, it should be born in mind
that increased mutational risk may also
have serious cumulative implications for
human genetic health.

There are tens of thousands of untested
chemicals in the human environment, and
some attempt must be made to identify
the ones that are potentially hazardous
to man. While carcinogenesis in man has
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a definite end-point in the manifestation
of a malignant tumor and is an emotive
issue, the phenomenon of genetic damage
in man is more difficult to demonstrate.
Nevertheless, there is every reason to ex-
pect that environmental factors, both
physical and chemical mutagens, consti-
tute an important etiologic factor in gene-
tic diseases and congenital malformations.

The emphasis in the treatment of human
health problems should be changed from
the high efficiency in medical care to more
effective prevention of disease and ill
health. The aim of the present review is
not to stress the problems of occupational
cancer and chemical hazards, but rather
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Fig. 1. Structures of directly acting carcino-
gens and/or mutagens. Asterisks indicate the
electrophilic atoms attacked by nucleophiles;
broken lines indicate the bonds broken in
nucleophilic substitution reactions.
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to elucidate the possibilities for their pre-
vention. Such prevention can be achieved
through the use of short-term screening
methods to predict long-term health haz-
ards, including mutations, cancer and mal-
formations, and to monitor workers at
risk.

THE HUMAN CHEMICAL
ENVIRONMENT

The increase in the number of different
chemical substances in man’s environment
is due to the rapid strides of scientific and
technical progress. The computer register
of the American Chemical Society’s Chem-
ical Abstracts Service contained over 4
million distinct entities in 1977, with an
average growth rate of about 6,000 per
week (94).

It has been estimated that there are
about 63,000 chemicals in common use,
and other compounds are coming onto the
market at a rate of perhaps 1,000 a year.
It is problematic that the means for es-
tablishing the long-term effects of these
chemicals are far from perfect. To date,
the primary concern has been acute tox-
icity, and only recently have carcinogenic,
mutagenic, and teratogenic properties
been emphasized. Control of such chem-
icals is extraordinarily complex due to
the difficulty of extrapolating experimen-
tal data to humans, the long latency pe-
riod between exposure and adverse rec-
ognizable damage, the lack of public
awareness of the threats to health, and
the huge number of interfering chemicals.

There are about 25,000 occupational
chemicals with a potential mutagenic haz-
ard (92). By now about 7,000 chemicals
have been tested for carcinogenicity in
animals, and a little more than 1,500 have
been reported to be suspected carcinogens.
From critical evaluations the International
Agency for Research on Cancer (IARC)
has compiled a list of some 30 chemicals
for which there is convincing evidence for
carcinogenicity in humans. At present,
the world capacity for the adequate
animal testing of chemicals for carcino-
genicity is about 500 a year (95).



MOLECULAR MECHANISMS IN CAR-
CINOGENESIS, MUTAGENESIS
AND TERATOGENESIS

Chemical carcinogens and mutagens have
been observed to bind covalently to cel-
lular macromolecules such as deoxyribo-
nucleic acid (DNA), ribonucleic acid
(RNA), and proteins (128). However, the
consequences of the binding of carcin-
ogens to proteins or RNA are not yet un-
derstood in relation to malignant transfor-
mation. No simple hypotheses have been
evolved to explain the long latency pe-
riods of such epigenetic changes or their
transmission to daughter cells.

Some carcinogens and mutagens can
react directly (fig. 1) with nucleic acids
and other macromolecules in the cells
without metabolic activation (152). How-
ever most chemical carcinogens and mu-
tagens require a bioactivation process to
be effective, i.e., they act indirectly (fig. 2).
The biotransformation of xenobiotics
(foreign compounds) is usually a two-step
process.

First the compound is oxidized, re-
duced, or split in a hydrolysis reaction.
Apolar compounds are usually oxidized
by the monooxygenase system, a multien-
zyme complex attached to the endoplasmic
reticulum. This enzyme machinery is the
most active in the liver, but activity is
also detected in extrahepatic tissues (145).
The enzyme complex contains a family of
cytochrome P-450s, which activate oxygen
and bind the substrate. The immediate
product of monooxygenation can be labile
and reactive compounds such as epoxides,
free radicals, and N-hydroxy compounds
(fig. 2). These electrophilic products
readily react with the nucleophilic sites of
proteins and nucleic acids (74, 101, 152).

The second stage of biotransformation,
conjugation, involves the addition of an
intermediary metabolite or other chemical
structures to the functional group formed
in the first stage of biotransformation. In
mammals the metabolite is usually a
glucuronic acid or a sulfuric acid residue.
Other important metabolites include ami-
no acids such as glycine (hippuric acid
synthesis) or amino acid derivatives such
as glutathione. Epoxides can also conju-
gate with water to form a dihydrodiol in
a reaction catalyzed by epoxide hydra-

tase. The conjugation stage increases
both the molecular weight and the polar-
ity of the compound. Consequently, the
conjugated compound is excreted in bile
or urine. The conjugation reaction usually
completely inactivates the compound, and
thus the reaction is a true detoxication (1).
There are, however, a few cases in which
the conjugate is more active than the
parent compound (1, 121).

Chemical carcinogens and mutagens can
bind covalently or noncovalently to DNA.
Covalent bonds may be stable for extended
periods of time and therefore are possibly
related to carcinogenic and mutagenic
mechanisms. However, even noncovalent
binding such as intercalation may induce
mutations. Carcinogens are reported to
bind covalently to nucleic acid bases or
to phosphodiester bonds (128). All four
types of bases and particularly their N
and O atoms exhibit binding. Generally,
binding to purine bases {(adenine and
particularly guanine) is more active than
binding to pyrimidine bases (fig. 3).

Chemical carcinogens are thought to act
by causing errors (mutations) in DNA rep-
lication (41, 91, 178). Mutations can be
divided into two categories, microlesions
and macrolesions (17, 41). In eucaryotes
(higher organisms), both types of muta-
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tions can be observed: (a) microlesions at
the molecular level (point mutations) or
(b) macrolesions at the chromosomal level,
consisting of structural changes in the
chromosomes (deletions, rearrangements,
breaks) or of numerical changes in the
genome (aneuploidy, polyploidy) (fig. 4).
In prokaryotes (bacteria), possessing a
simple genetic machinery, mutations may
only occur at the molecular level as alter-
ations in the nucleotide sequence of DNA,
i.e., base-pair substitutions or frameshift
changes.
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Fig. 3. Some sites of attack by chemical car-
cinogens in DNA (PAH = polycyclic aromatic
hydrocarbons, A = aromatic amines; B = bi-
functional alkylating agents; N = nitroso com-
pounds) [Modified from Sarma et al. (128)].
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Point mutations can be caused by a
misreading of a base. This type of point
mutation is called a base substitution
mutation. Such mutations are frequently
caused by small DNA adducts, e.g.,
methylating agents. If the DNA base is
changed from one purine to another (or
from one pyrimidine to another), it is
called a transition. If the change leads to
mutation from purine to pyrimidine (or
vice versa), it is called a transversion.

Bulky carcinogens, e.g., aromatic amines,
may cause errors in DNA replication
due to the insertion or deletion of nucleo-
tides. This type of point mutation is called
a frameshift mutation. Conceivably, the
cross-linking of DNA strands, caused by
bifunctional alkylating agents, may also
lead to point mutations

The generation of microscopic mutations
(macrolesions) is poorly understood. It is
known that covalently bound carcinogens
may cause breaks in the sugar-phosphate
backbone of DNA by at least two mech-
anisms. Carcinogens may bind to phos-
phoric acid residues to form labile phos-
photriesters; depurination, resulting from
certain types of carcinogen-purine ad-
ducts, also labilizes phosphodiester bonds.
After DNA replication a single-strand
break would lead to a double-strand
break, probably observed also microscopi-
cally (128).

An increased body of evidence indicates
that the same chemicals may exhibit
mutagenicity, teratogenicity, and carcino-
genicity (table 1). It is very likely that,
at least in these cases, the chemicals exert
their teratogenic and carcinogenic effects
by inducing mutations. Teratogens, as
well as mutagens, may act directly or
after metabolic activation, and form
covalent DNA adducts. Many electrophilic
reactants and Dbifunctional alkylating
agents have been shown to act by such
mechanisms (54). The action of the terato-
gens requiring metabolic activation may
be enhanced by inhibitors of fetal epoxide
hydratase (11). Glutathione appears to
have a protective function against the
action of some teratogens, as its depletion
with diethyl maleate increases teratogenic
potential (54). Therefore, it is reasonable
to suspect that the teratogenic effects of
some chemicals may result from metabolic
activation, particularly if it occurs in the



embryonic tissue during organogenesis.
The human fetus may be especially vul-
nerable to transplacental chemicals be-
cause of the early development of the
enzymatic biotransformation system (116).

There are also differences between
mutagens, teratogens, and carcinogens.
While carcinogenesis may be caused main-
ly by chemicals (mutagens) binding
covalently to DNA, mutagenesis and
teratogenesis may additionally be brought
about by noncovalent interactions such as
intercalation. While mutations and mal-
formations are caused by chemicals inter-
fering with DNA replication, such as base
analogues and spindle (microtubule)

Table 1.

poisons, malformations may additionally
be brought about by a large number of
chemicals (e.g., antimetabolites, amino
acid antagonists, enzyme inhibitors and
nonspecific cytotoxins) exerting their
effects on functions other than DNA repli-
cation (156).

DNA lesions can be assayed by a num-
ber of techniques. Mutations, for example,
can be scored in microbial and eucaryotic
tests (discussed in the section Short-Term
Screening Tests). Special tester strains of
bacteria have been developed to differ-
entiate frameshift and base-substitution
mutations. DNA breaks may be assayed
for in alkaline sucrose gradients, which

Comparison of experimental mutagenic, carcinogenic and terato-

genic effects of some chemicals. [Modified from Brusick (17) and Harbi-

son (54)]

Substance

Mutagen 2@ Carcinogen?2 Teratogena

Polycyclic aromatic hydrocarbons

Benzo(a)pyrene
Benzanthracene
Methylcholantrene

Nitroso compounds
Dimethylnitrosamine
Methylnitrosourea

Bifunctional alkylating agents

Busulfan, cyclophosphamide,
myleran
Nitrogen mustard

Other compounds metabolized to
. electrophilic reactants
Benzene
Urethane
Acetylaminofluorene
Cycasin
Aflatoxin Bj
Carbon tetrachloride

Metals
Mercury, organic
Lead, salts
Arsenic, NagAsOy4
Cadmium, CdCls, SASO4
Anesthetics
Halothane

Pesticides

Captan
Folpet

Tobacco smoke
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give an indication of the molecular size
of DNA (23, 158). DNA replication errors
can be measured in vitro with purified
DNA polymerase and synthetic templates.
Errors in DNA replication (infidelity)
have been shown to increase, when the
template has been treated with known
carcinogens (135).

Cells have mechanisms that tend to
remove carcinogens bound to DNA and to
repair the lesions introduced. The repair
mechanisms consist of several functions
such as error recognition and degradative
(endonuclease and exonuclease) and
synthetic {(polymerase and ligase) func-
tions (22). Three different repair processes
have been identified in mammalian cells:
(a) photoreactivation repair repairing ul-
traviolet damage, (b) excision repair oc-
curring throughout the cell cycle, and (c)
postreplication repair confined to the pe-
riod of DNA replication.

The first evidence of the importance of
DNA repair mechanisms as derived from
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Fig. 5. Schematic representation of mutations
induced in germ cells (germinal) and in somatic
cells during embryonic (early) or postnatal
(late) development. Only germinal mutations
can be passed on to the next generations,
while somatic mutations are only transmitted
to the cell line derived from the mutant cell.
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fibroblast cultures was obtained from
patients suffering from Xeroderma pig-
mentosum, an inherited skin disease. The
patients are known to be sensitive to ultra-
violet light, which induces skin tumors.
DNA repair activity in fibroblasts ob-
tained from the patients is very low, and
thus their DNA is vulnerable to damage.
Direct evidence has later accumulated
revealing that the DNA repair mechanisms
are able to remove chemical carcinogens
from DNA and repair the strand (22, 133).
Consequently, the activity of DNA repair
mechanisms possibly influences the dose-
effect relationships of carcinogen action.
Even so, there is not necessarily a thresh-
old for the action of chemical carcinogens
and mutagens.

BIOLOGICAL SIGNIFICANCE AND
MANIFESTATION OF MUTATIONS
IN MAN

Mutations are stable heritable changes in
genetic material. They are the primary
source of genetic variation and thus a
necessary prerequisite for all organic
evolution. According to experimental
evidence a large portion of the mutations
induced in higher organisms are del-
eterious or lethal to the individual. Thus
it is only logical to suppose that an abrupt
significant increase in the mutation fre-
quency of any species, including man, is
a serious threat to the future of the
species. Due to the recessive nature of
most mutations the consequences of the
genetic load, i.e., hereditary diseases and
disorders, would be manifested only
generations later — even if the load would
result from mutations induced by the
mistakes of the present generation.

Mutations that cause sterility, embryonic
loss, or early lethality are detrimental in
their biological fitness value, but have
little impact on society. Thus mutations
that are more fit biologically may actually
be a heavy burden on society, if the affect-
ed persons require lifetime medical or
institutional care.

Another extention of the mutational
event in multicellular organisms relates to



the position of the target cell in the in-
dividual. Mutations that occur in somatic
cells are transmissible only horizontally to
daughter cells, whereas those that occur in
the germ-line cells may be transmitted
vertically to subsequent generations. This
situation implies that their manifestations
may be completely different (fig. 5).
Germinal point mutations from genera-
tions back form the human genetic load
which occasionally manifests itself, e.g.,
as rare recessive genetic diseases. About
2,800 of such monogenous disorders are
already known, and it has been estimated
that about 2 %0 of the human population
is affected by monogenous defects (98).
Constitutional chromosomal changes
usually become manifest as severe mal-
formations or syndromes (34). Among
newborns the prevalence of chromosomal
changes is about 0.6 °o, and more than
90 %o of such changes derive from new
mutations in the parental germ cell. The
most frequent chromosomal aberration
found among newborns is the Down syn-
drome (mongolism or trisomy-21), which
occurs at a ratio of 1/650 newborns. Sex
chromosome aneuploids, such as the
Klinefelter syndrome in males (with the
chromosome constitution 47,XXY) or the
Turner syndrome in females (with the
chromosome constitution 45,X) are found
in the population at a rate of 2.5/1,000
newborns. However, inherited germinal
chromosome aberrations are subject to
severe selection during gestation, so that

the frequency of chromosomal aberrations
among spontaneously aborted fetuses or
stillbirths is in the range of 50 °%. These
aberrations mainly consist of aneuploids,
i.e.,, numerical changes in the chromo-
somes such as trisomies (~40 90, X-
monosomy {~20 %) and polyploidy
(~20 %) (20, 138). This phenomenon
reveals that certain abnormal chromosome
constitutions, e.g., polyploidy and most
monosomies, almost invariably lead to
death of the fetus.

Knowledge of the biological manifesta-
tions of somatic mutations is far less doc-
umented. There is increasing evidence in
favor of the role of somatic lesions in
the etiology of cancer (19, 52). While tu-
mor induction and malignant transforma-
tion may both be multistage processes,
genetic mechanisms are likely to be in-
volved in various ways, and the genomic
information may not only be affected at
the molecular level, but also at the chro-
mosomal one. In fact, recent staining
techniques producing microscopically iden-
tifiable chromosome banding have pro-
vided interesting evidence on specific
chromosomal alterations in certain human
cancers (90, 125).

Furthermore, somatic mutations may be
involved in cellular — and finally indi-
vidual — aging processes (110), and even
in the development of some constitutional
and degenerative diseases (9, 28) (fig. 6).
Cardiovascular diseases have also been
suggested to be due to irregularities of
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Fig. 6. Possible manifestations
of somatic and germinal muta-
tional events in man.
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gene expression (76). The proportion of
congenital malformations caused by muta-
tions — either germinal or somatic during
embryonal development — is still a matter
of controversy. Some estimates vary be-
tween 20—30 %o (153). Theoretically, as
well as from experimental evidence with
known mutagens, it can be expected that
probably even a higher percentage of
congenital malformations is due to chem-
icals acting transplacentally at certain
sensitive stages of organogenesis.

SHORT-TERM SCREENING TESTS

Mutagenicity bioassays

The basis for mutagenicity tests with ex-
perimental objects derives from the fact
that the genetic material is similar in all
living organisms. Furthermore, the trans-
mission of genetic information, as well as
its transcription, basically follows the same
mechanisms in all eucaryotes. Therefore,
experimental demonstrations of mutagenic
activity always indicate a potential risk
to human genetic health. According to ex-
perimental evidence with short-term mu-
tagenicity tests there is a high correlation
also for a carcinogenic risk of the chem-
ical (96, 150). Thus the detection of com-
pounds capable of inducing mutagenic al-
terations in the experimental genome also

points to the carcinogenic and possible
teratogenic risk of this compound.

Around 100 different mutagenicity as-
says have been more or less widely used
to detect mutagenic compounds in the en-
vironment. The various tests can be
grouped according to the test object and
the biological mechanism screened (table
2). Several expert groups (25, 35) have
expressed the opinion that, due to the
complexity of mutational events, a bat-
tery of different short-term tests should be
used for reliable results. For this reason
the test system has to be reproducable,
reliable, rapid, and economical and be
able to answer the question of the ability
of the chemical or its metabolites to cause
either point mutations in the DNA or
chromosomal and/or genome mutations.
Although no single assay can accomplish
this task, practical demands have led to
the “tier approach” ideology (16) in many
proposed guidelines for the evaluation of
genetic toxicologic safety. However, ad-
ministrative actions may be taken at any
level of experimental evidence.

Bacterial screening tests. At present the
most widely employed test for the routine
screening of mutagenic chemicals or me-
tabolites is the Salmonella/microsome test
developed by Ames and his co-workers
(2) and known as the Ames test. This as-
say evaluates a test chemical in a rapid
sensitive screen utilizing the 9000 X g

Table 2. Screening procedures for the identification of mutagens (short-term tests) and their
potential to detect different types of mutations (35).

Chromosome mutations

i Point .
Organisms/test systems . Repair
- ¥ mutations B Structural Numerical
Prokaryotes
S. typhimurium a + +
E. colia + +
B. subtilis a + +
Eucaryotes
Fungi a + + +
Drosophila + + +
Micronucleus test (rodents) + <+
Sister chromatid exchanges
(rodents) 3 (+)? (+)?
Spot test (mouse) +
Cell cultures & + + +

a Metabolic activation system can be added to the test.
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supernatant fraction from rat livers as
the metabolic activation system. The
mutagenic potential of a chemical is de-
termined from measurements of the num-
ber of reverse mutations in special strains
of Salmonella typhimurium auxotrophs,
i.e., strains requiring nutrients for their
growth. The results are compared with
positive and negative controls.

The tester strains have been selected for
their sensitivity and specificity to being
reverted to prototrophy by different types
of mutational events. All of the Salmo-
nella strains used in the test are histidine
auxotrophs, and biotine is needed. The
strains TA 98, TA 1537, and TA 1538 can
be used to detect mutagens causing frame-
shift mutations, while TA 100 and TA 1535
are used to detect mutagens causing base-
pair substitutions in bacterial DNA.

The greatest advantage of the Ames test
is that it gives a rapid method for detect-
ing chemicals which are able to affect the
bacterial chromosome — basically naked
DNA. The demonstration of about a 90 %o
correlation between known carcinogens
and mutagenicity in the Ames system (96,
118, 119, 140) implies that a positive test
result indicates with high probability that
the chemical is a potential carcinogen.

The same test design can be used in the
fluctuation test, which is more sensitive
than the traditional Ames test on plates
(49). However, this test is more laborious
and has higher demands for aseptic con-
ditions. It appears to be very promising
for monitoring employees exposed to haz-
ardous chemicals in the work environ-
ment.

Use of Drosophila for mutagenicity test-
ing. Mutagenicity tests with the classical
genetic test organism, the fruit fly, Dro-
sophila melanogaster, have proved to be
sensitive and versatile in detecting chem-
ical mutagens.

With the wuse of different mating
schemes and different marker strains it is
possible to screen for different types of
mutational events, from point mutations
to chromosomal changes. An advantage of
Drosophila is that its main metabolic
pathways for xenobiotics are similar to
those of mammals (136). With successive
matings, different spermatogonial stages
can be studied easily. In addition both

somatic mutations (chromosome loss, spe-
cific locus reversions) and somatic cross-
over can be studied in the Drosophila sys-
tem (155).

In the correlative studies by Vogel (150)
ithe most sensitive test system in Drosoph-
ila proved to be the recessive lethal mu-
tation test, which is the easiest to carry
out with the marked X chromosome as the
background (thus over 20 % of the tfotal
DNA of the genome or over 1,000 loci are
simultaneously screened for mutations).
The test can be carried out in two genera-
tions, and therefore the experiment lasts
only six weeks. In this test about a 94 %o
correlation has been obtained with known
chemical carcinogens (150). Another ad-
vantage of Drosophila derives from the
inducability of the biotransformation en-
zymes analogous to those of mammals
(31, 93).

Genetic tests with mammals. The need
for in vivo mammalian tests in the eval-
uation of human risk is obvious. The test
most often used for detecting germinal
point mutations in mammals is the specific
locus test, which is based on the use of
genetically marked strains of mice. The
test involves crossing a treated mouse
carrying dominant homozygous markers
with a recessive homozygous mouse. Thus
forward mutations induced in the marker
loci are revealed by the appearance of a
recessive trait in the offspring. Since the
number of marker genes is low (about 10),
and even if the induced mutation frequen-
cy is as high as 1 X 10~%, the number of
mice needed for the study of even a single
compound is several hundreds with tens
of thousands of progeny (131).

The use of the dominant lethal test in
mammals is generally considered to be
insensitive. The test involves consecutive
matings of the treated male animal to fe-
males that are then killed in midterm
pregnancy and examined for fetal death.
The assay reveals germinal mutations in
the male, mainly chromosome breakage or
small deletions rather than point muta-
tions. Probably also a high incidence of
nondisjunction can be detected (6). Even
though the test has the advantage of using
intact mammals, it cannot be practically
applied to the routine screening of chem-
icals because of the large number of
animals needed (several hundreds).
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Cytogenetic methods. Cytogenetic tests
are based on the visual observations of
chromosomal damage either in in vitro
cell cultures or in samples taken from test
organisms exposed in vivo. Species with
a low chromosome number and large
chromosomes are the most popular for
cytogenetic assays.

The advantage of the in vitro tests is
that the exposure can be accurately deter-
mined. Even the metabolic activation sys-
tem can be incorporated into cell cultures
for additional activation capacity.

In the traditional cytogenetic assay the
chromosomal aberrations are examined in
metaphase cells. Thus chromosomal breaks
or rearrangements or changes in the num-
ber of chromosomes can be observed (37).

A few years ago a method was de-
veloped which enables observation of an-
other chromosomal parameter, namely, the
frequency of exchanges between sister
chromatids [sister chromatid exchange
(SCE)]. This method (87), applicable also
for exposed humans or in vitro techniques,
has proved to be sensitive to mutagenic
and/or carcinogenic exposure (36). It
should be noted that the mechanisms in-
volved in the induction of SCE and
chromosome aberrations are different, and
the results are not always parallel (53, 99).

Tests for DNA repair and cell
transformation

Tests for repair synthesis. DNA alteration
is an essential stage in the mechanism of
chemical carcinogenesis and mutagenesis.
One method of measuring DNA damage is
to assay DNA repair in the cultured cells
challenged with the test chemical. There
are a number of recent reviews on the
methodology of DNA repair tests (22). The
techniques for detecting DNA repair or
the unscheduled synthesis of DNA can
therefore be of great use when an altera-
tion in cellular DNA is to be demonstrated.

Cell transformation assays. If the addi-
tion of a chemical causes normal tissue
cultures of mammalian cells to be trans-
formed to cultures characteristic of ma-
lignant cells, the chemical is considered to
be a potential carcinogen. Transformed
cells are characterized by various growth
parameters, such as loss of contact inhi-
bition of growth and growth in semisolid
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agar.

Cell transformation assay has been
shown to be as equally predictive of car-
cinogenicity as the Ames test, and by in-
ference, therefore, it should be equally
predictive of mutagenicity (118). Baby
hamster kidney cells (BHK 21/C12), hu-
man diploid lung fibroblasts (WI 38), or
human liver cells (Chang) have been used
by the Imperial Chemical Industries study
group with the activating rat liver homo-
genate fraction (S-9 mix). Survival and
transformation frequency have been cal-
culated. The test is not as rapid as the
Ames test, but it seems to be a very pro-
mising system for a preliminary transfor-
mation screen (119).

While human cells or normal diploid
cells are obviously desirable for mutation
assays of cultures, they are more difficult
to handle from a screening viewpoint than
malignant cell cultures due to their low
plating efficiencies and lack of perpetual
proliferation. Lymphoma cells, which
grow in suspension, are even easier to
handle than cells which grow as a mono-
layer. Lymphoma cells in cultures can
readily detect directly acting mutagens
and carcinogens (3) and may be used also
in combination with S-9 mix to detect in-
directly acting mutagens and carcinogens.

The cell transformation test is based on
the actual transformation of in vitro cul-
tures of normal mammalian cells into tu-
mor cells by brief exposure of these cell
cultures to small amounts of carcinogenic
agents. On a flat surface in the culture
medium, normal cells divide and spread
by forming a one- or few-cell thick layer
that shows an ordered pattern under the
microscope. “Transformed” cells spread in
a characteristically disordered fashion and
pile on top of each other. Moreover, trans-
formed cells, when reinjected into athymic
(nude) mice or other animals of the strain
from which the original normal cells were
harvested, develop into full-fledged malig-
nant tumors.

Screening for teratogens and
embryotoxic agents

Current knowledge on the common char-
acteristics of mutagenicity and terato-
genicity should implicate a potential tera-
togenic risk for any chemical that is found
to be mutagenic. Thus any of the afore-



mentioned test systems may give circum-
stantial evidence of teratogenicity. How-
ever, a number of the animal systems used
in experimental teratology are analogous
to the application of long-term animal
tests in the testing for carcinogenicity.
Each animal species has special char-
acteristics in relation to teratological test-
ing (130, 153). Rodents have been used ex-
tensively, mainly because of their easy
maintenance, large litter size, and frequent
pregnancies. Since rats and mice have
litters of 5—10, the number of pregnant
animals needed for each determination is
not very high. Hamsters, although having
a smaller litter size, are particularly suit-
able for teratological testing involving
chromosome analysis because hamster
chromosomes can easily be identified.
Chick embryos have some advantages over
mammals in that they are cheap and easy
to maintain and the embryos may be af-
fected directly without a placental barrier.
For these reasons the chick embryo has
been used for teratogenic screening (46,
144). Of course, the phylogenetic differ-
ence between man and bird poses uncer-
tanties for the extrapolation of experi-
mental findings from the chick embryo to
man.

The teratogenic potential of chemicals
is dependent on several variables (153).
The species, as well as the strain, may be
important, as was shown in the case of
thalidomide, to which man is much more
sensitive than rodents. It is likely that
metabolic differences between the species
underly such differential sensitivity. More-
over, the vulnerability of the embryo is
very dependent on the developmental
stage during testing, the time of organo-
genesis usually being sensitive. The tera-
togen may have a selective effect on the
organ developing at the time of adminis-
tration, as was the case with thalidomide.
Finally, the dose is an important variable.
The teratogenic potential may be ex-
pressed within a small concentration
range; at a lower concentration no effect
is noted; at a higher concentration, em-
bryotoxicity or maternal lethality may be
observed. Thus, a comprehensive scheme
for teratological testing involves two or
more animal species, two or more devel-
opmental periods, and several concentra-
tions of the chemical.

POSSIBILITIES FOR MONITORING
POPULATIONS AT RISK

Mutagenicity in the urine of exposed
workers

The possibilities to detect a causal re-
sponse for occupational mutagens/car-
cinogens in the human population are still
limited. Urine of anesthesiologists has
been found to be mutagenic in the con-
ventional Ames assay (97), and mutageni-
city was detected in the urine of workers
who were accidentally exposed to epi-
chlorohydrin (79). Furthermore, mutagenic
metabolites have been detected in the
urine of patients treated with antineo-
plastic drugs (134).

We have successfully used the sensitive
fluctuation test to detect mutagenic me-
tabolites in the urine concentrates of ex-
posed workers (Falck et al., unpublished
results). Mutagenicity has been detected
in urine concentrates from heavy smokers,
a finding similar to the results recently
obtained with the conventional Ames as-
say (157). The fluctuation test has been
applied to some occupational risk groups,
e.g., workers in the rubber industry, and
it revealed mutagenicity in concentrated
urine (Falck et al.,, unpublished results).

Many chemicals are excreted into the
urine as active mutagenic metabolites,
while some mutagenic chemicals are ex-
creted as nonmutagenic conjugates. With
the use of an extraction and concentration
procedure to separate the urinary compo-
nents, it is possible to characterize the
mutagenic components in urine. In the
analysis of urine, the sample is incubated
with rat liver homogenate {containing
hydrolytic enzymes, e.g., f-glucuronidase)
to hydrolyze the conjugated metabolites.

The urine test has a great potential for
the screening of worker populations for
possible carcinogenic agents. It is valuable
for quantitating the degree of exposure
of a population to potentially toxic chem-
icals and for identifying individuals who
are at risk.

Screening for chromosomal changes
in exposed groups

Unfortunately, very little is known about
additional genetiec ill health in man that
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would possibly be related to an increased
germinal mutation rate caused by expo-
sure to environmental mutagens (142). Due
to the very low mutation rate (1 X 10-5—
10—% per locus), diagnostic problems and
register handicaps, it is practically impos-
sible to obtain statistically significant in-
formation about a possible increase of the
monogenous genetic diseases induced by
environmental mutagens. Naturally only
the very few dominant mutations with un-
ambiguously identifiable phenotypes could
be used for monitoring. Suggested marker
phenotypes include such human dominant
disorders as the Marfan syndrome (fre-
quency 0.015/1,000), aniridia (frequency
0.01/1,000), retinoblastoma (frequency 0.05/
1,000), or achondroplasia (frequency 0.1/
1,000). Screening for chromosomal changes
is statistically more rewarding (13). Re-
cent evidence suggests a rise in the fre-
quency of chromosomal translocations
causing such anomalies as the Down
syndrome (trisomy 21) and the Patau
syndrome (trisomy 13) (62).

At present the best available method to
assess possible genetic damage in human
risk groups occupationally or environ-
mentally exposed to exogenous agents is
the metaphase analysis for the detection of
chromosome aberrations. The simplest
procedure is to wuse peripheral blood
samples from the persons under study.
The cells are cultured for 2—3 d in the
presence of a mitogen, which induces the
lymphocytes to undergo mitosis. The
most tedious step of the procedure is the
microscopical analysis of the metaphases
since at least 100 metaphases should be
scored for each individual.

This system can be used to evaluate
genetic damage that has occurred in the
exposed individual before the blood
sample was taken. However, no accurate
timing of the mutational event can be
achieved because the population of lym-
phocytes stimulated during culturing may
be long-lived. Thus the only real in vivo
sample to be used for the detection of
chromosomal damage in exposed humans
can be obtained from bone marrow, where
cells proliferate spontaneously.

The method for detecting SCE (see the
Cytogenetic Methods section) is sensitive
in detecting mutagens and known car-
cinogens both in vitro and in vivo even
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though the results do not always parallel
those obtained with the use of chromo-
some-breaking agents [e.g., in exposure to
vinyl chloride (53) and to styrene (99)]. In
studies of exposed populations the SCE
method has proved to be sensitive in de-
tecting significantly higher frequencies of
SCEs in heavy smokers (86) and laboratory
personnel (44).

A clear causal relationship exists be-
tween high lymphocyte aberration fre-
quency and increased cancer incidence at
the population level (table 4). The most
clear-cut correlation is revealed in popula-
tions exposed to ionizing radiation, either
occupationally or in other situations (12).
A causal correlation between chromosomal
aberrations in peripheral blood and a later
increase in cancer incidence has been
shown in several groups exposed to radia-
tion, such as in patients receiving thorium
dioxide for angiography (39) or patients
in radiotherapy due to ankylosing spon-
dylitis (18). Evidence of chemical expo-
sures causing a high chromosomal aberra-
tion rate and malignant diseases in the
same risk group is still quite weak, the
best documented case being occupational
exposure to vinyl chloride (table 4).

Epidemiologic monitoring

Long-term harmful effects of chemicals
may appear, e.g., as spontaneous abortion,
malformation, and cancer. Similarities be-
tween teratogenesis and carcinogenesis
have been reviewed elsewhere (54, 77, 103).
Mutations induced by chemical and phys-
ical factors appear to be the common un-
derlying mechanism for the two condi-
tions. Mutations have also been suggested
to be an important cause of spontaneous
abortions, as a large number of the
aborted embryos contain chromosome
anomalies (21). Moreover, many aborted
fetuses appear to be malformed (21, 80,
132), and therefore it is possible that the
etiologies of abortions and malformations
are partly similar.

Occupational exposures have been as-
sumed to account for anywhere between
3 and 40 %o of all cancers today and in
the near future (15, 24, 57, 156). A num-
ber of industrial agents and processes have
been identified as carcinogenic in epide-
miologic studies. However, because of



mixed exposures to carcinogens and the
long latency periods in the development
of cancer, it is difficult to apply epidemio-
logic surveys as means of occupational
health policy. By the time a cancer haz-
ard is identified, the industrial processes
may have changed, and the preventive
measures would have become less effec-
tive. The monitoring of childhood cancers
may be a better instrument for environ-
mental surveillance, as the cancers evolve
in a relatively short time and the etiologic
factors are therefore more obvious (102,
154). It has been shown that the X-ray-
ing of and viral infections in pregnant
women predispose the embryo to the risk
of childhood cancer (102). Work with ex-
perimental animals has helped to identify
tens of chemicals which can pass through
the placenta and cause cancer transpla-
centally (122). However, evidence linking
chemical exposures to childhood cancer in
humans exists for only a few substances.
Workers exposed regularly to anesthetic
gases in operating rooms are reported to
have children with an increased risk of
cancer (66, 69). The daughters of women
treated with diethylstilbestrol during
pregnancy carry an increased risk of
vaginal and cervical cancer at puberty
(55). The intake of barbiturates by preg-
nant women may predispose the child
transplacentally to brain tumors. More-
over the administration of barbiturates
to children may also cause a risk (47).
Some other risk factors for transplacental
carcinogenesis may be exposure of preg-
nant women to certain chlorinated pesti-
cides (65) and smoking during pregnancy
(109). Attempts to correlate the incidence
of childhood cancer to the parents’ occu-
pation have been conflicting so far (51).
Studies with specific data on chemical ex-
posures are likely to be more informative
in this respect.

The incidence of congenital malforma-
tions also display an extensive geographic
variation. In worldwide surveys the in-
cidence has been shown to vary 5- to 100-
fold (88), although it is likely that such a
large variation is partially due to differ-
ences in reporting and statistical practices.
The prevalence of neural tube defects va-
ries about 10-fold between European re-
gions (88).

In Finland the incidence of cleft lip and

palate, as well as defects of the central
nervous system, varies more than two-
fold between different regions (48, 129). It
is thus possible that environmental factors
play an important, but yet undefined, role
in the etiology of congenital malforma-
tions. Studies relating the socioeconomic
status of the family and the prevalence of
malformations have reported a gradient in
Great Britain and the United States, while
no such difference has been detected in
Hungary or among Jews in Israel or the
United States (88). A number of reports
have suggested that operating room staff
have more malformed offspring than the
population at large (26). Preliminary stud-
ies with nurses using hexachlorophene
(52) and a case study on workers ex-
posed to styrene in the reinforced plastics
industry (60) suggest an increased liability
to malformations in the offspring. As reg-
isters of malformations are now kept in
several countries, it is likely that the in-
formation on the etiologic factors of hu-
man malformations is rapidly expanding
and clarifying the strength of the environ-
mental factors.

Abortion is defined as a loss of nonvi-
able products of conception from the
uterus. The period when abortions are ob-
served spans from the time of conception
to about 20 weeks of gestation; thereafter
the miscarriage is classified as stillbirth
(21).

According to prospective studies the
frequency of spontaneous abortions in
humans ranges between 14 and 30 %o of
all pregnancies. Retrospective studies
have estimated the frequency to be about
15 %o or less (21). The differences in these
figures are mainly due to the difficulty of
observing pregnancies and fetal losses dur-
ing the first few weeks after conception.
For this reason the overall rate is believed
to be as high as 30 % (21). Fetal losses
are more likely to occur in the early weeks
of pregnancy, and the frequency decreases
considerably after the first trimester.

Morphological inspection of the abor-
tuses may be a valuable source for terato-
logical monitoring. The specimen that is
intact enough for inspection (usually over
60 % of the material) may reveal fetal
malformations in at least 5 to 10 %o of the
cases (130, 132). The percentage is marked-
ly higher than the frequency of con-
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genital malformations (1 to 3 %) (50). The
reason for the concentration of malfor-
mations in the abortion material is the
decreased survival of the malformed fetus.
It has been estimated that fetuses with
neural tube defects miscarry at a frequen-
cy of 60 to 90 ° (88). Chromosome stud-
ies of aborted fetuses have revealed that
anomalies are about 60 to 100 times more
frequent in spontaneous abortions than in
livebirths, amounting to about 50 %o of
all aborted fetuses (13, 79, 138).

Up to now very few chemicals have

been shown to cause spontaneous abor-
tions, and most textbooks do not list exo-
genous chemicals as an etiologic factor.
However, cigarette smoking (58) and some
occupational exposures have recently been
reported to carry an increased risk for
spontaneous abortions (table 3). Female
anesthetists and operating room nurses (4,
66, 69, 81, 124), laboratory technicians (83,
139), female employees in a copper smelter
(113, 114), and the wives of vinyl chloride
polymerization workers (66) are suggested
to have an increased risk of abortion.

Table 3. Occupational exposures with reported risk of spontaneous abortion in retrospective

studies.
Abortions Abortions Ratio
Occupation Exposed In study in control (study/ Reference
group group control)
(%/o) (/o)
Copper smelters Female 28 13 2.2 Nordstrom et al (114)
Laboratory Female 18—33 6.7—19 1.7—2.7 Kolmodin-Hedman &
personnel Hedstrom (83) and
Strandberg et al. (139)
Operating room Female 18—20 10—14 14—1.6 International Agency for
personnel Research on Cancer (70),
Knill-Jones et al. (81)
and Rosenberg & Kirves
(124)
Vinyl chloride Male 15.8 8.8 1.8 Infante et al. (66)
polymerization
workers

Table 4. Delayed manifestations in exposed groups and available data on the experimental

mutagenesis, carcinogenesis,
(Reference source in parentheses)

and teratogenesis of some occupationally important chemicals.

Increase in exposed persons *

Positive experimental data

. Chromo-
Chemical
Cancer Abortions somal

soxponnd Malforma- aberra- Muta- Carcino- Terato-

tions tions in genesis genesis genesis

lympho-
cytes

Acrylonitrile (+) (7, 72) .. — (143) + (104, 147) + (72) + (105)
Anesthetic gases - (27 70) + (70, 73) + (4, 26) e + (108, 151) + (108) + (108)
Arsenic + (68) .. + (111) + (8, 107) + (8, 68, 84) | (8, 61)
Asbestos + (71) .. + (63, 71) + (71) ..
Benzene -+ (69) .. -+ (43) =+ (30) + (33, 69) + (33)
Chloroprene (+) (67 72) + (127) + ( + (5) + (72) + (72)
Epichlorohydrin 70) .. + (85, 117)+ (137) + (70)
Chromiumy + (68) .. + (10) + (106} + (68) T 45
Ethylene oxide -+ in + (32) + (70) .. (70)
Lead %+ (141) (+) (113, 114, 123)(+) (115 123) £ (42, 112)+ (89) + (141) + (38, 123)
Styrene as (4) (60 + (99, 100)-- (146) + (72) (+) (144)
Vinyl chloride + (29, 72) 4+ (66) + (64 ) -+ (53, 120)4- (68, 148) - (72, 149) + (75)
& | — positive data; (- ) = limited data; * = contradictory data; — — negative data; - - — no data.
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There are many reasons why the sur-
veillance of spontaneous abortion may
prove to be a valuable instrument in en-
vironmental monitoring (80, 154). First
the monitoring of spontaneous abortions
should furnish information on teratogens
since many of the aborted embryos are
malformed and most malformed ones can
be acquired for inspection. Second spon-
taneous abortions are frequent enough to
allow collection of a large sample size. In
a retrospective study the incidence of
spontaneous abortions is about 5—15 % of
the number of births, the incidence of
malformations is 1 %o or less if only cer-
tain types are recorded, and the incidence
of childhood cancer is about 0.2 %o of the
number of births. Third the time between
the exposure and the outcome is shorter
in spontaneous abortions than in malfor-
mations and childhood cancer. With such
perspectives, it is likely that our know-
ledge on the interactions of chemical ex-
posures in human abortions will greatly
increase in a few years time.

TOXICOLOGY AS PREVENTIVE
SCIENCE

In this article we have discussed the un-
derlying principles of genetic toxicology
and presented its major applications in
the field of occupational health. The com-
bination of laboratory testing with the ex-
perimental and epidemiologic monitoring
of worker populations should make genetic
toxicology a powerful instrument in the
prevention of occupational and environ-
mental genetic hazards. However, most of
the methods applied in genetic toxicology
are new and await their final practical
validation.

In table 4 we have collected data from
different epidemiologic and experimental
sources on the harmful effects of some
chemicals in order to review the extent of
current knowledge about them and to
examine the outcome of the different
approaches. In reviewing the literature,
not all contradictory data have been pre-
sented. Instead, we have attempted to
evaluate the data or to refer to an eval-
uation by, e.g., the International Agency
for Research on Cancer or the National

Institute for Occupational Safety and
Health, U.S.A.

The data are the most complete and
unanimous for vinyl chloride. For asbestos,
epichlorohydrin, and chromium all data
systematically point to risk, but data on
malformations and abortions are lacking.
For some other compounds the data are
contradictory (e.g., for the animal carcino-
genicity of benzene and arsenic), or im-
portant information is also lacking. In
general, there is a good correlation be-
tween data on experimental mutagens
and human carcinogens. It is rather as-
tonishing that so little information is
available on human abortions and malfor-
mations, even though epidemiologic stud-
ies on these conditions should be much
easier than those on cancer. If one would
take other chemicals as examples, the lack
of data would be even more obvious.

The genetic hazards of the ever expand-
ing introduction of chemical products into
the human environment are imminent.
The effects of such expansion are likely to
express themselves as chronic diseases
such as cancers and reproductive prob-
lems. Moreover, it is possible that en-
vironmentally induced genetic lesions
contribute to the prevalence of other
chronic conditions and diseases including
heart and vascular diseases and aging.
The possible hazards are not limited to the
present generation but are likely to be
transmitted to future ones. Such delete-
rious trends develop slowly, and they may
be masked by the many health restoring
activities practiced by modern societies.

Wherever environmental chemicals and
pollutants end up, they usually originate
from industrial facilities, where they are
produced. Thus the occupational environ-
ment, where the hazardous chemicals are
manufactured, is the first to be polluted,
and the workers carry the brunt of the
unknown. Any ill effects are likely to be
experienced first by the workers involved.
Thus the surveillance of occupational
health is not only important for the pro-
tection of the worker, but for the protec-
tion of the public at large.

The control of chronic diseases with
long latency periods requires special strat-
egies. Particularly with respect to ever
changing chemical exposures, it is not
enough to wait until their ill effects ex-
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press themselves as fatal conditions in
large populations.

The reasonable course of action for
coping with increasing rates of chronie dis-
eases and the social costs involved is to
place a stronger emphasis on prevention
in terms of political, legislative, and so-
cial actions and the allocation of research
funds. Preventive medicine is a good in-
vestment in every society.
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