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ABSTRACT

For non-carcinogenic chemicals it is commonly accepted

that 1/100th of a dose which causes no adverse effect in

laboratory animals is likely to be without toxicity for man.

This factor allows for a 10-fold difference in

susceptibility between the test species and man and a

10-fold intra-species range of susceptibility in man. This

simple rule-of-thumb, though useful, can easily be shown to

be misleading insofar as both inter-species and

intra-species genetically-determined differences in

metabolism, pharmacokinetics and immunobiology sometimes
greatly exceed the 10-fold margins incorporated in the
formula. Furthermore, the formula does not cover the
possibilities of interactions between the test substance and
concomitant exposure to pharmaceutical agents, alcohol,
dietary items, environiental chemicals, etc.

For carcinogenic chemicals, it is necessary, first, to
distinguish between agents which are themselves genotoxic,
agents which can be converted to genotoxins by metabolic
activation and non-genotoxic carcinogens which predispose to
cancer indirectly via a wide variety of mechanisms.
Prudence dictates that no level of exposure to genotoxic
carcinogens should be regarded as safe unless there is a
clear understanding of why a threshold exists. Since many
non-genotoxic carcinogens are demonstrably species-specific
and often strain-specific and sex-specific, and since many
such agents are of natural origin, and/or are chemicals in
widespread use, there is no justification for assuming that
no dose can be safe.
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In this paper the possible risks to man of toxicity or

carcinogenicity because of chronic low-dose exposure to 4

air pollutants: formaldehyde, acetaldehyde,

dimethylnitrosamine and ethanol are discussed in the light

of the above considerations.

Introduction

Toxicology as a scientific discipline has never got

really to grips with the need to take genetic variation into

account in relation to the prediction of safety or toxic

risk of chemicals for man. This is particularly so in the

case of weak and slowly acting toxins and that of low-level

chronic exposure to known toxins. Laboratory tests require

the prolonged observation of large numbers of animals if

weak effects are to be detected and this, in practice, means

that it is impractical to use species other than small

rodents.

Intergpecies differences in metabolism and

pharmacokinetics, etc., mean that observations in rats and
mice cannot be simply extrapolated to man and the idea,
sometimes voiced by biochemists, that one should select an
animal species which mimics man in how it metabolises the
chemical to be evaluated, rarely overcomes the difficulty.
This is firstly because the costs of identifying such a
species in terms of money and time may be considerable.
Secondly, it may be that no such species exists. And
thirdly, the identified species may be of such a body size
and/or so long-lived that no meaningful study is possible.

IntrALAng.gigs variation has also to be considered.
Different laboratory strains of rats and mice vary widely in
the spectra of diseases to which they are prone and in how
they respond to potential toxicants. A test carried out in
one inbred strain may give a very different result from a
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similar test carried out in another strain, and there may be
no way of telling which, if either, of the results is more
relevant to man. It may well be that neither is relevant.
As an aid to overcoming this problem, some toxicologists
have recommended the use of outbred as distinct from inbred
strains of rats and mice in the pious hope that at least
some of the animals will be genetically good models for man.
However, this approach far from resolves the difficulty,
firstly because it is likely to be difficult to identify the
sub-population which is the best model for man and,
secondly, there may well be too few members of such a
sub-population to satisfy the requirements of statisticians
responsible for analysing the data derived fnom such
studies.

Prediction of_tg?ikp_,Lty/J11.fgty for  man

It is often said that in order to study the toxic
potential of a chemical for man, the best approach is to
study its effects in man. This is all very well in the case
of proposed new drug where the hopes of benefit can be
balanced against the risks of toxicity in carefully planned
and conducted clinical trials. However, for chemicals of
other kinds, deliberate exposure of volunteers may be deemed
unethical and the study and follow-up of populations of
inadvertantly exposed individuals is made difficult because
the information about exposure dose is unreliable because it
is impossible to control for confounding variables, and
because there is rarely Any way of taking intra-species
genetic variation into account. Despite these difficulties
seemingly reliable results have been obtained for heavy
exposure to some chemicals in some work-place situations and
to ionizing radiation, etc. However, epidemiology is rarely
able to throw useful light on whether long-term exposure to
a low dose of even a known toxicant is safe or harmful.



In the case of a chemical which is not suspected of
being carcinogenic in the light of its chemical structure,
its lack of genotoxic activity and the results of long-term

toxicity studies in laboratory rodents, regulatory bodies

have adopted a rule-of-thumb approach whereby chronic

exposure to a daily dose which is less than 100th of a dose

demonstrated to be without toxicity in laboratory animals,

is deemed to be safe for man. This overall 100-fold safety

factor allows for a 10-fold difference between the

sensitivity of man and the most susceptible animal species

used for the laboratory tests and a further 10-fold factor

to cover the intra-species genetically-determined variation

in susceptibility in man.

This rule-of-thumb approach, based on practicality,

caution and common sense rather than on observation, has for
the most part stood the test of time in relation to

pesticide and other agrochemical residues in food, food

additives, cosmetic ingredients, etc., but is of little or

no value in relation to the safety regulation of food

ingredients where the daily intake is measured in

whole-number percentages of the total food ingested. , Also,

the 100-fold safety factor does not protect individuals with

genetically-determined inborn errors of metabolism or

acquired senitivities to particular chemicals.

Prediglign_af_cALgisIgsqpic risk for man

It used to be assumed that there could be no safe dose

for man of any agent found to increased the incidence of any

form of neoplasm in laboratory animals. This assumption was

based on the further assumption that any agent that

increases tumour incidence does so by directly causing

genetic damage or because it is converted, by the process

known as 'metabolic activation', to a genotoxin. During

recent years it has become clear that there are . ways in
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which tumour incidence may be increased by agents which are
not themselves genotoxic. The key to understanding how
non-genotoxic agents can give rise to cancer is the
realization that during normal physiological processes
involved in the conversion of ingested foodstuffs to energy,
genotoxins capable of damaging cellular proteins and DNA are
produced in abundance within all the cells of the body
(Ames, 1983). In normal circumstances, DNA repair enzymes
effectively repair almost all the damage these endogenously
produced genotoxins do whilst damaged intracellular proteins
are similarly replaced by newly synthesised ones. However,
DNA-repair is hampered during the short phase of the
cell-replication cycle when the DNA is single stranded.

rHence ,
 any stimulus to increased cell turnover favours the

accumulation of cells with unrepaired DNA damage (ie mutant
cells). Thus, hormones or irritants which, for different
reasons, stimulate cell division can predispose to the
accumulation of mutations and consequently to the risk of
cancer development (Ames and Gold, 1990; Cohen and Ellwein,
1990). Conversely, caloric restriction which leads to
reduced cell-turnover rates (Heller et al, 1990; Lok et al,
1990) is associated with highly significantly reduced cancer
risk in almost all body sites (Roe et al, 1995).

The relationshipg_hglynghKqpic tgicigity,j422g11%
carcingatni_c_ity

A particular difficulty in the case of low-dose
toxicology is that it may be difficult to distinguish
between the effects of a toxicant and the onset and
progression of an ageing process. Ageing can be a feature
of individual cells or of whole organs or tissues.
Furthermore, the ageing of one tissue may impact on the
functioning of another. The predominant manifestations of
ageing vary from species to species. In many strains of
rat, the commonest manifestations are progressive chronic
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nephrosis, myocarditis, degenerative changes in the lower

lumbar spinal cord and corda equina, and increasing

incidence of neoplasms of many organs including particularly

the pituitary and mammary glands and other endocrine and

hormone-responsive tissues. In Westernized humans,
atherosclerosis, which may give rise inter alia to coronary
artery occlusion, cataracts, degenerative changes in hip and
knee joints, Alzheimer's disease and cancers of many
different sites are seemingly the commonest manifestations.

The idea that cancers should not be included within

the spectrum of ageing diseases either in the rat or in man
stemmed from the theory that virtually all cancers can be

attributed to exposure to environmental carcinogens with

just a few being predetermined by genetic inheritance. The

realization that mutagens are produced endogenously during

ordinary metabolic processes opened the way to understanding

how cancers can be a part of the spectrum of ageing-related
diseases as has long been proposed by researchers in the

field of gerontology (e.g. Weindruch and Walford, 1988).

Almost inevitably studies in the field of low-dose,

involve the collection of data on

middle-aged or elderly persons in whom manifestations of

ageing are common. This is, of course, particularly-true

where the anticipated form of toxicity involves

atherosclerosis, reduced lung function, the progressive loss

of neurones in the brain, or one of the common forms of

neoplasia.

In the sections that follow the role of genetic

physiological and anatomical factors as determinants of

response to inhaled acetaldehyde, formaldehyde,

dimethylnitrosamine and ethanol vapour are reviewed in the

light of the above considerations. Other speakers at this

seminar will be considering carbon monoxide, trace metals,



benzene and environmental tobacco smoke in a similar
context.

Inhaled formaldehyde and  acqtalAelly.0„.@4nd cancers of the
no.AP___And_14=i

Some 15 years ago there was great consternation when
it was found that laboratory rats and mice exposed to
formaldehyde vapour in the concentration range of 2 to 14.3
ppm for 6 hours per day on 5 days per week, developed severe
inflammatory changes and squamous cancers of the nasal
epithelium (Swenberg et al, 1980). Rats were far more
sensitive to these effects than mice, and in both species

4exposure to 2 ppm give rise to no nasal neoplasms. The
nasal tumours seen in response to higher concentrations of
formaldehyde arose mainly in the anterior part of the nose
of affected rodents.

In the case of inhaled acetaldehyde vapour similar
responses have been seen in the noses of rats and hamsters
exposed to concentrations in the range of 1000 to 5000 ppm
(Feron et  al, 1982; Woutersen and Feron, 1987). In
hamsters, exposure to 2500 ppm acetaldehyde also gives rise
to tumours of the larynx (Feron et al, 1982).

Insofar as both formaldehyde and acetaldehyde have
given positive results in some laboratory tests for
genotoxicity (IARC, 1982; IARC 1985), it is tempting to
assume that both agents . should be classified as genotoxic
carcinogens for which no level of human exposure should be
regarded as safe. However, the results of epidemiological
studies of humans exposed to formaldehyde at work and the
fact that both formaldehyde and acetaldehyde are formed
endogenously during normal metabolic processes, point to
there being no real risk of any form of neoplasia in humans
exposed to either acetaldehyde or formaldehyde 'Wood and
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Roe, 1992). An explanation of the tumour-inducing properties
of the two agents advanced by Woutersen et al (1986) offers
a resolution of the dilemma. These investigators suggested
that the genotoxicity of formaldehyde depends on its ability
to react with single-strand DNA during cell division when
DNA-repair is hampered. Normally the turnover of cells in
intact nasal epithelium is low and very little irreparable
DNA damage is caused unless exposure also leads to mucosal
damage and regenerative hyperplasia involving increased
cell-turnover rates. In other words, carcinogenesis by
formaldehyde or acetaldehyde are probably examples of
"mitogenesis increasing mutagenesis" (Ames and Gold, 1990).

' In reality, the most serious basis for concern with
regard to human exposure to formaldehyde is not its
irritancy or potential carcinogenicity but the fact that it
ip a potent allergen capable of provoking serious skin and
other reactions in sensitized subjects. In relation to the
animal studies referred to above, it is interesting to point
out that whereas individual humans vary widely in the levels
of airborne formaldehyde that they can tolerate,
concentrations of 4-5 ppm for even short periods of exposure
are intolerable for most people.

Conclusion: The most serious manifestation of toxicity from
exposure of humans to formaldehyde vapour, namely those of
allergy in sensitive individuals, was not predicted by
long-term inhalation studies in laboratory rodents.
Furthermore, the occurrence of nasal and laryngeal tumours
in rodents exposed over long periods to high concentrations
of formaldehyde or acetaldehyde are not matched by any
epidemiological evidence of a similar risk in man.
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pthylnj.trosamine ADMN1,_hg_pAt22LcigityAndsxtrIArycancer
of the liver

Appreciable levels of dimethylnitrosamine (DMN) have

in the past been found in factories and in the air in the

vicinity of factories (Fine, 1978). It is also present in

tobacco smoke (Klimish et al, 1976) and in the air of smoke-

filled rooms (Brunnemann and Hoffmann, 1978). It is of

interest, therefore, to see if exposure to low levels of

airborne DMN gives rise to any toxicity of the kinds seen in

animals heavily exposed to it via other routes.

Historically the hepatotoxicity of DMN was recognised

before its carcinogenicity for the liver. However, the

extent of species differences in its hepatotoxic potential

were only realised later. Barnes and Magee (1954) found

that rats fed on a diet containing 50 ppm DMN survived well

for 40 weeks. By contrast we (Carter et al, 1969) found
that exposure of mink to a diet containing only 2.5 ppm DMN
rendered the animals sick in only 11 days and killed them in
32 days, the cause of death being veno-occlusive
hepatotoxicity. The probable explanation of this more than
20-fold difference in toxicity is that in mink fed on a fish
diet the enzyme needed for the metabolic activation of DMN
to the proximate hepatotoxin (probably the unstable-
hydroxymethyl compound) is present in abundance whereas this
is not so in rats fed on standard laboratory chow.

Peto et al (1984) _undertook a long-term multi-species
study especially designed to study the shape of the
dose-response curve for the induction of tumours of the
liver and other body sites in response to various
carcinogenic nitrosamines. Included in this study were
groups of 48 male and 48 female rats exposed to DMN at dose
levels covering a 500-fold range from 0.033 to 16.9 ppm v/v
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in the drinking water throughout life. Whereas results did

not establish the existence of a threshold for the induction
of tumours of the liver or of any other site in rats, the
findings in the groups exposed to only very low doses are
subject to difficulties in interpretation. One problem is
that the lower the daily dose of a genotoxic carcinogen,
such as DMN, the later in life tumours attributable to
exposure to it are likely to appear. Consequently, the liver
tumours that arose in the low dose groups in the Peto et al
(1984) study did so against the background of an increasing

incidence of liver tumours in untreated control animals.

Another problem is that primary tumours of several different

histological types can arise from kinds of cell in the

liver, and the dose-response relationships are likely to be
different for different kinds of tumour. For these reasons

the Peto et  al study could not confidently define the shape

of the dose-response curve in the very low dose range. On

the other hand, data of a quite different kind are
consistent with there being a threshold. Thus, in two
separate studies, despite the presence of DMN in cigarette
smoke, no evidence of hepatotoxicity or increased incidence
of liver tumours was seen in rats chronically exposed to
inhaled tobacco smoke (Davis et  al, 1975; Dalbey et al,
1980).

Conclusion: Since the liver is the main target for both
toxicity and tumour induction by DMN in the rat, the fact
that no pathological changes were seen in two studies
involving the chronic exposure of different strains of rat
to low doses of DMN in the form of inhaled tobacco smoke is
consistent with the existence of a threshold dose for these
manifestations of DMN toxicity.



Ethg_ag Rataxicity,_cirxhosis and  atherosclerosis

The toxicity of ethanol is usually considered in the
context of oral exposure to it. Nevertheless, appreciable
exposure to ethanol by the inhalation route may occur and it
is relevant therefore to consider whether such exposure has
consequences in terms of toxicity.

Objective discussion of ethanol • toxicity is rendered
difficult because some religions do not permit any
consumption of alcohol and because there is widespread
experience of the social and personal health consequences of
the abuse of alcohol. It is also difficult because alcohol
is collsumed in many different forms and concentrations and
in most cases mixed with other chemicals. Yet another
problem is that comparisons of pre-death clinical diagnoses
with diagnoses based on autopsy point to high levels of
misdiagnosis of cirrhosis of the liver, and of primary liver
cancer with many cases being missed clinically and some
clinical diagnoses not being confirmed at autopsy.

Against this background of religious scruples,,
prejudice, diagnostic inaccuracy and potential confounding
with regard to exposure, there is presently a vociferous
debate concerning the dose-response relationship between the
average daily oral consumption of alcohol and longevity with
particular reference to the risk from coronary heart
disease. Marmot et al (1981) followed up 1422 male civil
servants for over 10 years and found that moderate drinkers
(0.1 to 34g alcohol per day) experienced a statistically
significantly lower mortality from cardiovascular diseases
than either non-drinkers or heavy drinkers. Although a
greater proportion of heavy drinkers were smokers and had
higher mean blood pressures, multivariate analysis showed
the U-shaped relationship between alcohol consumption and

12
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mortality from coronary heart disease to be independent of
differences in smoking, blood pressure, plasma cholesterol
or grade of employment within the civil service. Several
years later Shaper et al (1988) reported similar findings
but considered that the apparent protective effect of
moderate or low intakes of alcohol on health resulted from
flawed methodology. However, more recently other
investigators (Jackson et al, 1991; Rimm et al, 1991; Doll
and Peto (1994), confirmed the earlier conclusions of Marmot
et al (1981). A possible mechanism whereby moderate alcohol
consumption protects against coronary heart disease was
recently suggested by Hendriks et al (1994). These
investigators found that alcohol consumed with the evening
meal reduced the risk of blood clotting.

IARC (1988) reviewed the evidence associating alcohol
consumption with risk of developing cancer of the oral
cavity, pharynx, larynx and liver and concluded that the
consumption of alcohol per se increased cancer risk at these
sites. In contrast, there is no clear evidence that cancers
of the stomach, colon, rectum, pancreas, breast or lung are
associated with alcohol consumption.

The metabolism of ethanol takes place mainly in the
liver and proceeds in three basic steps. First it is
oxidized by alcohol dehydrogenase to acetaldehyde. Next the
acetaldehyde is converted to acetate. Finally the acetate
is oxidized in various tissues to carbon dioxide, fatty
acids and water. Factors such as hormones, medicines,
foodstuffs and vitamin deficiencies which affect the
activities of the enzymes involved in these metabolic steps
influence the acute toxic and mood-changing effects of
alcohol but whether they influence the long-term effects of
consuming ethanol is not clear. Numerous investigators have
studied modification by ethanol of the metabolism of
medicines and foodstuffs etc., and claims have been made
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that such modification may lead to, or increase, the
production of carcinogenic metabolites from the medicines in
question. However, the relevance of much of this research
to real life situations is dubious.

Whereas there is no evidence that moderate oral
alcohol consumption is beneficial in relation to liver
function, there is likewise no evidence that, in the case of
healthy subjects, that it is harmful (Sherlock, 1995). Women
are more susceptible to liver damage from higher intakes
than men. Deficient protein intake is associated with
increased risk of hepatotoxicity in both humans and rats
(Sherlock, 1995).

Conclusions: Although the pharynx and larynx are possible
targets for carcinogenicity by orally consumed ethanol, the
mechanisms involved are not clear and there is no evidence
of any such risks from ' inhaled ethanol.

The U-shaped dose response for coronary heart disease
in relation to alcohol consumption is a good example of the
potential pitfalls involved in predicting toxicity from
low doses on the basis of evidence for high doses.

Despite the clear evidence of toxicity of orally-
consumed ethanol, there is seemingly no evidence either
from studies on humans or from studies on animals that the
inhalation of ethanol vapour gives rise to toxicity.
Commonsense suggests that if such exposure poses any risk it
is that the aroma of ethanol will arouse a desire to imbibe
an alcoholic drink by a person who has been advised on
health grounds not to drink.



General conclusions

The value of animal experiments in the prediction of
the toxicity or safety of a chemical for man is inversely
proportional to the period of exposure required to produce
evidence of toxicity and to the exposure dose. Even in
relation to acute and subacute toxicity, anatomical,
physiological and genetic differences between species and
between individuals of the same species renders prediction
of safety or toxicity for man extremely inexact.

The late Gerhard Minden (1987) drew attention to how
predictive value of animal studies could be improved through
avoidance of what he called "the 10 deadly sins of
toxicology" (see Table 1). However, even with strict
avoidance of these sins it is unlikely that the prediction
of risk to humans from chronic exposure to low doses of
airborne chemicals will be reliable. Nor, alas, are the
prospects that, given the imprecision of exposure dosage and
duration, the inaccuracy in detecting the present of toxic
effects and the lack of information concerning confounding
variables, epidemiologists will be able to define risks to
humans from chronic low dose exposure to potential
toxicants.

In the case of the 4 airborne pollutants considered in
the present paper, commonsense suggests (1) that humans
should avoid exposure to levels of formaldehyde or
acetaldehyde that irritate them, (ii) that whereas it would
always be prudent for them to avoid exposure to carcinogenie
nitrosamines, they need not live in fear that they are at
measurable risk of developing liver disease or liver cancer
because of exposure to low levels of dimethylnitrosamine,
(iii) that there are almost certainly no risks to health
associated with exposure to ethanol vapour, and (iv) that
they may live longer if they consume a little ethanol from
time to time.
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Idiosyncratic sensitivity, either because of
genetically-determined inborn errors of metabolism or
because of allergy, can dramatically affect the
safety/toxicity of particular substances for individual
persons and for many of these idiosyncrasies there are no
good animal models. For the most part these idiosyncrasies
are manifest in the short term. On the other hand,
genetically-determined conditions such as acantitrypsin
deficiency are highly relevant to the development of chronic
progressive lung toxicity in the form of emphysema in
response to the chronic inhalation of irritants such as
nitrogen dioxide.
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Table 1 Reasgag_f2Kincarrggtpredictions from
t2LciPitYAtildig1 

From Minden, 1987

False_nggative resp2nAgA

1. Effect not looked for

2. Use of inappropriate assay method

3. Improper timing of assay

4. Insufficient target organ exposure

5. Incorrect evaluation of an experimental finding

6. Failure to consider absence of pre-existing
pathological condition

7. Inability to identify and measure adverse effect

Egagg flggAO.vq AndIPAAPRgilit-ive  reuPgagigg

8. Failure to consider differences in metabolic
activation and detoxification

9. Disregard of anatomical and physiological
differences between species

10. Inability of animals to express human-specific reaction
patterns
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