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incidence m am^.'inUil nniluirin.mmi, li. p.ircnt•. 1 Mi.inl tla.s (Lck 1977). ami 
by paremnl occupation (FcUnck 1976; Uicrkcil.il ami l.uml 197,X; Occupaiumal 
Mortality I97N: Lnckson cl al. 1979. Mcmmmki cl al. 19X11). Such ihllcrcncc. 
may be accounted lor by a number o!'social and occupational factors. However, 
in a multivariate analyMs on the association ol ilic maicrn.il occupaiion viiih 
malformalion. in die olTsprini:. earned out in Finland, a number ol social factors 
were controlled, and a siipiilicunl association still remained between the maternal 
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cpidciniolocical studies (Hcmminki el al. 1979). In view ol such results ami ihe 
variety of harmful chemicals used in the working environment, the possible 
relationship of ihe occupational exposures lo leraiojtemeiiy in the olfsprinii 
deserves further exploration.

Epidemiological methods have certain limitations which call lor die use of 
experimental methods to provide additional evaluation on the teratogenic
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properties ol ehcmieals. I lie limit.moils i'l ilie epnltiiiinliMjic.il methods in [he 
investigation ol occupational risks include dillieulties m the idvniilication til 
sufficiently exposed populations. rehabilny ol lilt exposiite daiu, incomplciencss 
of registration. bias by tlie confounding factors, and tlie pc i hoc nature ot the 
information obtained.

Several hundred chemicals have been tested lor ter.itogeiiicity in cspcrimem.il 
animals (Shephard 197b). In ilu.s paper. I m.ill review the tcrutoecnicity tests 
carried out with compounds to which large numbers ol workers .ire exposed 
occupationally. I’reviously, occupational clivnucals h.iie been surveyed only 
shortly (Wilson |977h. /.eulhen Heid.nn 197N). However, data on medicines and 
pesticides will mu he assessed as comprehensive reviews on these topics are 
available l Wilson 1977a. b). The doses used m the annual tests are compared to 
the possible human exposures as regulated by hygienic stamlaids, Additionally, 
mechanism of teratogenicity, dose-response relationships, and the general valid­
ity of the animal tests In relation to humans are shortly considered,

Dose-Response Relationships

The teratogenic responses are thought to follow' a tlosc-respon.se relationship as 
illustrated in Fig. I (Wilson 19771. The actual shape of the dose-response curve 
depends on whether the malformations are scored per live fetuses or per 
implantations, as the increasing concentrations of lorctgn compounds always 
confer cmbryotoxicity and fetal deaths. In most teratogenic systems u is thought 
that a threshold dose giving a /cro-rcspoitsc can be determined. This is in 
contrast to mutagenic responses in general, where any dose may cooler a 
probability of mutation (Auerbach 1976). It is conceivable that mutagenic 
properties of chemicals on the germ cells may cause malformations (Harhison 
I97S: Hcinminki et al. 1979). In such cases, the dose-response relationships may 
resemble those of mutagenic responses in general.

Validity of Animal Tests
The application of animal tests in the testing of teratogenic compounds implies 
that a qualitative correlation exists between the teratogenic properties of
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Talilc I. Aniiii.il tests u nli ei’nip.Minds Ui.iueht n. he ierai..eem. 
to man

Compound M.i.r \nun il

Specie* Onto une

Alcoholism) - Chick. mouse *
Aminopterin Chick, rat
Androgens -*• *■ Several *■
C)lOMatic Urug'i

H.ti
— Chlorambucil - rtai *
— CyclopluKpluumdc Hal. motive +
Diclh}lshlbc*troI - Rat
Diphenvllndantoin * Motive, numkev
Halolhanc 4- Rat
Mercury f * Rat. mouse *
Polychlorinated biphernl* * Hog. ral
Thalidomide - + Scseral
Warfarin - Mouvc. rabbii -

* Human evidence as discussed by Wilson ( 1977a. hi, » . = 
established. + = suspected

* Data as collected Irom the catalogue of Shephard (I97U)
1 Reduced litter si/e (Wilson I977h)

I chemicals in experimental animals and m man. This appears to be largely true as 
reviewed by several authors (Wilson 197.1; Fraser 1977). One and perhaps the 
only way to validate the qualitative correlations-between man and animals is to 
investigate the outcome or the animal testing results with compounds found to be 
teratogenic in man. Such a comparison is presented in Tabic I. The human data 
were based on the evaluations of Wilson (1977a, b). The animal testing data were 
collected from Shephard (1976). Of 13 chemicals considered to be teratogenic to 
man, all but one (warfarin) have been found to be positive in one or more 
experimental animals. Two negative experiments have been carried out with 
warfarin, applying doses up to 100 times the effective human dose. The data 
suggest a reasonably good qualitative correlation between experimental results 
and data in humans.

The qualitative correlation between experimental and human data arc not 
particularly helpful for practical risk evaluations, as very high doses of almost 
any compound arc likely to be effective (Fig. I). Thus, it would be desirable to 
establish quantitative correlations between the experimental and human data. 
Unfortunately, no dose-response data are available from human studies, making 
the quantitative analysis rather arbitrary. It is particularly difficult even to 
estimate the true human risk of malformations in a given exposure, because some 
data on the reported teratogenicity of medicines are derived front case reports, 
frequently failing to state the denominator (i.c., how many pregnancies were 
observed). Allowing for such errors, the literature on the teratogenic properties of
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chemicals in humans and in experimental animals was analxsed m ve
terms liable 2). I he reported dailv (.lose (mg/kg bodv wtj in human** was 
compared io 'he do.se*. applied in aniinal studies. The observed risk in the treated 
humans was indicated, d available in the original reports. It mav he assumed that 
the animal experiments reported relate to risks in the linear portion of the dose- 
response curve (Fig. J). The most extensive data were available for thalidomide. 
The human embryo appeared to be as sensitive as the most sensitive animal 
species, chick, rabbit, cat, and monkey, but the human was about 50 times more 
Sensitive than the common laboratory animals, rat and mouse. In each ease 
certain inbread strains were used and n is possible that the strains as well as 
species differ in their sensitivity. Relatively complete data were also available for 
antinoptcrin, diphcnylhydantoin. and halothane. if linlothanc is assumed to be 
the effective teratogen in operation rooms, Man appeared to be more sensitive to 
aminoplcrin and halothane than rat. while the sensitivity of man to tliphenyl- 
hydamoin appeared to be roughly equal to mouse and monkey. The data on the 
other drugs and chemicals did not allow exact evaluation on the species differ­
ences. The only observation to be made suggested the humans described in the 
case reports were generally exposed to lower or much lower conccntrations.than 
those used in the animal experiments. As a conclusion, the limited data suggest 
that man appears to be at least as sensitive, if not more sensitive, to the terato­
genic effects of chemicals as compared to the experimental animals.

The biological basis for the differential species sensitivity may depend, among 
other parameters, on the feio-placental transfer of the chemicals (Mtrkin 1973:
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Pvlknrcn >v >■ l < »ii i he nu t.ih* iIn:i . •>' th-_ t: ^; > ; \u is \. it let me* lui*'
(llcm.nntki 1979, i nutr cl ,|! |9"9, Ml ,ssni Mu..: :v 1. iimi.iIIs iL-t|is:tsilt 
Cil/yules c>t<> 1-1111 >n;I'-.tyti,,: i1- t-ls a-. ,■M M'ih, ! he ,:.-i.■i/ipmvii; i/I
the 1 n/y me -ivif. .‘if*. 111 the cn:h:y u .m.l ,m tfh.- p!.1 * nt.i ,:i: lit ill it< relate tu [lie 
teratogenic hazard-, ol the compon!,,!-- I iaurv 2 cltoa i!,k\ciop:iPvin.il appear­
ance Ol (/re fun enzyme attnna,-' in liurrurn and in , ',. /; i,.:.:oc,J laboratory 
nonpfim.jte ■,pvcic\ (e.g.. r.it imee) (IVIkoiien 1979) 11:.- .u_tivj;\ ol cytochrome 
P-450 enzyme-. appeal scry caily. during the tir-.t trui.-.-Met. 111 tlie developing 
liiinitin embryo as computed to the laboratory ;imti..:i■- I his may suggest th;n the 
human ctt. Mi n mote susceptible ilia 11 the luboi an ,r\ animals to the teratogenic 
action ol the compound* oxidized by cytoehroim P-45u

I eraiogcnieity lests on Industrial Chemicals

I he liter.iUtre on chemicals tested lor 1er.1ioeeni1.11y was surveyed lor the 
compounds thtn .ire in extcitsnc industrial use. Onls those compounds lor which 
some positive results tire ttvttil.ible. were leported. I-'or some compounds, seser.il 
test results hose been reported, and in those eases mils one or a less illustrative 
reports base been considered. The teports ssere listed in Tables a-6 giving the 
species, doses, ellccts noted, relerenees. and the calculated human daily intake lor 
women working ai Tl.V eoneeiur.ilions. The doses wcie calculated as mg/kg 
body w 1. as given in a single injection or hs gasage. I lie inhalation concentrations 
are indicated specifically. The human doses ate calculated assuming a Tl.V 
(OSIIA 1974) concentration of die ehemieal. pei'on <5l)kg hs sseight) inhaling 
III in' of air during the working day and absorbing 5u' i ol the dose. All the para­
meters are rough estimations of the true esposure. 'I he outcome of the testing is 
indicated as M (= malformations) lor the muior malformations described given as 
per cent ofihe live fetuses. In some cases, particularly when low concentrations of 
chemicals were used, "minor skeletal" malformations or delayed ossification ssere 
reported. In the tables such findings are stated specifically. In a lew cases no 
malformations were noted but instead embryolOMcny (embryonic deaths) was 
found. Such findings are also indicated in the tables.

Mauls

Several metals base been tested for teratogenicity in experimental animals 
(Table 3). Aluminium chloride has been shown to cause malformations at 
relatively high doses 411-200 mg/kg. Several tests have been carried out with 
arsenates. Four different tests are listed in Table 3. each conducted with different 
species. The doses range from less than 6 to 45 mg/kg. In the chick, growth 
inhibition was reported, while in the mammals the indicated concentration 
caused a high frequency of malformations. The daily human dose for persons 
working at TLV would amount to about 0.05 mg/kg, far below the effective 
experimental dose. Cadmium salts have been tested in several species. In the 
injections, the teratogenic doses have been 2-6 mg/kg. The TLV concentration 
would lead to a total daily dose of 0.01 mg/kg in the humans. Chromium salts 
have been tested in the chick (< 1.2 mg/kg) and in the hamster (15 mg/kg), both
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Afsenioxxliimi arscmue Chick - (» (omsih mlidmum KudetVsit ,tr«d k.iuioi vk> t'JV

-sodium ursciuilc 1 homier 2IJ M 1 ei m ;md C.ii|vnlei l4)r^a
-xxlium urseiuie Mouse 45 M (r».v; j n„.si .in.i i‘ikc I'c:
•sodium arseiule Rat in M Ik'.iiuhnn JM7-J
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species exitibiting malli'rmuimnv "I he dad' iiur.i.in occupational dove would be 
Tar less, about 11.01 mg/kg Cobalt and topper have only exhibited weak terato­
genic properties at concentrations tar higher titan the calculated human exposures 
at TLV. Several tests hate been conducted with lead salts and organic lead 
compounds. The coneentranons used haxe caused a high incidence ol mal­
formations. and the safety evaluation is difficult as the results may apply to the 
extreme right-hand portion of the dose-response curve (Fig. I). Several lest results 
arc available on the teratogenicity of organic mercury derivatives, which are 
relatively potent teratogens ns compared to many other metals. An acute 
occupational exposure would amount to a far lower tinily dose. However, 
mercury is known to accumulate in the fetal tissues, particularly in the brain 
(Vang ct al. 1972). and a chronic occupational exposure may result in tissue 
concentrations much higher than those predictable alter an acute exposure. Three 
nickel salts have been tested for teratogenicity. Nickel carbonyl appeared to be a 
particularly potent teratogen as a transient 15mm exposure lo l).3ml/l in the air 
caused malformation, particularly eye malformation in 2i<‘7 of the rat fetuses.

Plastics Monomers and Additives

Tite production of plastics monomers has increased markedly during the past 
decades and today the most w idelv used monomers, cthcnc and vinly chloride, arc 
among the major organic compounds produced. The plastics monomers arc 
reactive because of their chemical application in forming large polymers. Plastics 
production-has created new occupational safety problems which have been 
objects of intense toxicological research in recent years.

Several plasties monomers have been tested for mallormations m experi­
mental animals (Table 4). Acrylonitrile was tested in the rat using an oral dose of 
25 mg/kg and an inhalation dose of SO ppm for 6h. Both types ol exposures 
caused malformations. The TLV lor acrylonitrile is so high (40 ppm) that the daily 
exposure of llte workers may he as high as the one used in the animal experiment. 
Only one published repon on the teratogenic properties of epoxy resins has been 

v. ‘.found. In this report an undefined dose caused fetotoxieity. NIOSH (1978) has 
,■■ referred'loan,, unpublished study on the teratogenicity of phenyl glycidyl ether, 
,4'hieh is a component in some epoxy resins. The result of this study was reported 

' ' To be negative. Methylacrylate esters are used in industry, as well as in dentistry 
and medicine for prosthetic devices and artificial eyes. Methacrylates were tested 

, in the rat with a large concentration range and found to be teratogenic. The test 
J. concentration covered the potential extent of exposure in the workplaces. 

Pluhalate esters arc common additives in plasties products, and they may account 
for a large proportion of the weight of the products. Pluhalate esters have been 
found to be teratogenic to chick and rat embryos.

Styrene is one of the major monomers produced in the plasties industry. Jn 
industrial hygiene styrene is of special importance as it is used in the reinforced 

; plastics industry, where exposures are frequently high. Styrene is teratogenic lo 
..the chick embryo. It has produced minor skeletal malformations (called variants 

• by the authors) in rats and rabbits'when exposed to 300-600 ppm by inhalation. 
,‘T In mice and hamsters fetotoxieity was observed at concentrations of 250 and
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l.Uiltppm. respectively. l.Tetliaiic at .1 dosi <>l lynig^kg I'-i' been l“'uu! to be 
positive in the rat. Vsrnl chloride h.i.. been icocd in mice l>y mli.i!.,110:1 esposure 
in 5<>ppm and found to produce iii.illoruiutions. higher ■ 'luemi.iiii'in were 
lonnd to cause skeletal anomalies t:i rats and 1 .dibits

Solvents

Solvents area group ol organic compounds, to wlueh large numbers ol employees 
are heavily exposed in many types of industries. Literature on the teratogenicity 
of the industrial solvents in laboratory animals was compiled m Table 5. Hen/cnc 
was found 10 be positive ur the mouse alter a large injected dose. Minor skeletal 
malformation* were observed in an inhalation evposme to 5ddppm. 1 hesc doses 
are higher than the expected human exposures at Tl.V. Carbon disulfide, a 
solvent extensively used in the viscose rayon mJii'irv, was lound to produce 
malformations at a relatively low dose ol MXlmg'm in the rat. Chloroform, 
previously used even in anaesthetics, was loutul to be teratogenic m rats at a 
UK)ppm concentration, a concentration only twice as high as the Tl.V ol OSMA 
11974). Dimethyl formamide. dimethyl sulfoxide, and propylene glycol have been 
tested at very high concentrations.

Chlorinated hydrocarbons make a large group of industrial solvents, which 
have been of concern because of the carcinogenic properties of some derivatives 
in this series. Methylene chloride. l.I.I-irichloroethane. 1.1.2-trichloroeihanc. 
trichloroethylene, and tetradtloroethylene were found to cause mallormations in 
chick embryos. Methylene chloride, thrichlorocihylenc. and tetinchlorocihylene 
were tested m mammals, and a weak teratogenic activity was noted at relatively 
high doses. Toluene and .xylene are among the most widely used industrial 
solvents, and the exposures in painting and printing are quite high Minor skeletal 
defects were noted in rats exposed to toluene and .xylene at 1.500 and 1.000 mg/m. 
respectively.

Oilier Organic Compounds

. This section includes a number of compounds with large but versatile use. For 
most of these compounds no industrial standards have been set. Aniinoazo- 
benzene and other azo dyes, used on a large scale, have produced malformation 
in mice and rats. Detergents have a large application as washing powder and as 
industrial emulsifiers. Some detergents, such as alkylbcnzene sulphonatc. alcohol 
sulphate, olefin sulphonate. and Triton, were found to cause mallormations or 
minor defects at high doses. 7,l2-Dimcthylben/.(a)anthraeene. one representative 
of a large group of polycyclic aromatic hydrocarbons, was found.to be a potent 
teratogen in the rat. Ethyleneihiottrea is used in the rubber industry and it is also 
a degradation product of the cthyknebisthiocarbamatc group of fungicides. It 
was found to be teratogenic in rats at a dose of 40 mg/kg. Halothanc caused 
skeletal malformations in rats inhaling it at Q.89c concentration. Hydrazine is 
commonly used as an oxygen trapping agent in water containers. It was found to 
be teratogenic in the chick. Pciuuehloroben/.cne is used as lire retardant and

1 fungicide. A dose ol" 200 mg/kg of pemacbloroben/ene caused skeletal mal*
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Occup.ition.il teratogens

formations in the rat. 2.1.7..S-Tcir:ii-hlufiidiben/n-p-di<>\in (TODD) is a common 
contaminant in commercial poh chlorinated phenols and chlorinated pesticides, 
such as 2.4,5-T. TCDD is an extremely potent teratogen producing malforma­
tions at a dose of 0.006 mg/kg. Tetraehlorophcnol was teslcd lor teratogenicity in 
the rat, and fetoioxicity and delayed ossification were observed with a dose of 
30 mg/kg. The preparations were assayed for TCDD contamination (<0.05 ppm), 
and the authors concluded that the observed effects were mainly due to tetra- 
chlorophenol. The two thiuram compounds, thiram and disulfiram, arc used in 
the rubber industry, thiram also as a pesticide and disulfiram as a medicine. They 
were shown to be teratogenic to several species at high doses.

Conclusions

The most hygienic standards and norms have been established lo proicct most of 
the workers from acute toxicity of industrial exposures. Teratogenic properties of 
industrial compounds have not been an important factor influencing the setting 

.of the hygienic standards. This is understandable as very few epidemiological 
studies arc available to show an association bciwecn a parental occupational 
exposure and malformations in the offspring. Moreover, the power of the animal 
tests has not been firmly established.

The present analysis suggested, based on the limited data available in the 
literature, that the human embryo is at least as sensitive as the embryos of the 
common laboratory animals. However, the thalidomide studies appear to justify 
even more conservative safety factors as the human embryo was about 50 times 
more sensitive to this drug than the rat and mouse embryo. Other factors that 

, should be taken into account in the setting of hygienic standards are the 
metabolic heterogeneity of the human populations and the chronic exposure of 
the humans. The metabolic heterogeneity implies that the sensitivity of the 
individuals may vary extensively. Thus, hygienic standards attempting to provide 
absolute safety have to take such variation into account. Chronic exposure of the 
humans may lead to the accumulation of the compound and the short-term 
animal experiment cannot predict the levels attained.
■The review of the teratogenicity tests indicated that the effective concentration 
of the metals in animal tests generally exceeded the calculated human exposures 
by about 100 times or more. By contrast, many organic compounds had generally 
such high TLV values that they probably do not guarantee the safety of the 
developing human embryo exposed in ulcro. Pariicularly. ihc present standards 

.^of, acrylonitrile. methacrylate esters, styrene, carbon disulfide, chloroform. 
Jfmethylcne chloride, and possibly of toluene and xylene may not provide an 
^absolute safety of the human embryo, as extrapolated from the results of the 
’ animal experiments.' Even though the extrapolation from animal tests is com­
pounded by uncertainties, the revision of the hygienic standards concerning the 
pregnant worker appears justifiable in such cases.
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