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NOTE TO THE READER

The term 'carcinogenic risk' in the lARe Monographs series is taken to mean the pro-
bability that exposure to the chemical will lead to cancer in humans.

Inclusion of a chemical in the monographs does not imply that it is a carcinogen, only
that the published data have been examined. Equally, the fa et that a chemical has not yet
been evaluated in a monograph does not mean that it is not carcinogenic.

Anyone who is aware of published data that may alter the evaluation of the carcinogenic
risk of a chemical to humans is encouraged to make this information available to the
Unit of Carcinogen Identification and Evaluation, Division of Environmental Carcinogenesis,
International Agency for Research on Cancer, 150 cours Albert Thomas, 69372 Lyon Cedex
08, France, in order that the chemical may be considered for re-evaluation by a future
Working Group.

Although every effort is made to prepare the monographs as accurately as possible,
mistakes may occur. Readers are requested to communicate any errors to the Unit
of Carcinogen Identification and Evaluation, so that corrections can be reported in future
volumes.
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IARC MONOGRAPHS PROGRAMME ON THE EVALUATION
OF THE CARCINOGENIC RISK OF CHEMICALS TO HUMANS1

PREAMBLE

1. BACKGROUND

ln 1969, the International Agency for Research on Cancer (IARC) initiated a programme to
evaluate the carcinogenic risk of chemicals to hum ans and to produce monographs on indi-
vidual chemicals. Following the recommendations of an ad-hoc Working Group, which met
in Lyon in 1979 to prepare criteria to select chemicals for lARe Monographs (1), the Mono-
graphs programme was expanded to include consideration of exposures to complex mix-
tures which occur, for e~ample, in many occupations.

The criteria established in 1971 to evaluate carcinogenic risk to humans were adopt-
ed by ail the working groups whose deliberations resulted in the first 16 volumes of the
lARe Monographs series. This preamble reflects subsequent re-evaluation of those criteria
by working groups which met in 1977(2), 1978(3), 1982(4) and 1983(5).

2. OBJECTIVE AND SCOPE

The objective of the programme is to elaborate and publish in the form of monographs
critical reviews of data on carcinogenicity for chemicals, groups of chemicals and industrial
processes to which humans are. known to be exposed, to evaluate the data in terms of
human risk with the help of international working groups of experts, and to indicate where
additional research efforts are needed. These evaluations are intended to assist national
and international authorities in formulating decisjons concerning preventive measures. No
recommendation is given concerning legislation, since this depends on risk-benefit eval-
uations, which seem best made by individual governments and/or other international agen-
cies.

1This project is supported by PHS Grant No. 1 U01 CA33193-02 awarded by the us 
National Cancer Institute,

Department of Health and Human Services.
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The IARC Monographs are recognized as an authoritative source of information on the
carcinogenicity of environ mental and other chemicals. A users' survey, made in 1984, indi-
cated that the monographs are consulted by various agencies in 45 countries. As of February
1985, 36 volumes of the Monographs had been published or were in press. Four sup-
plements have been published: two summaries of evaluations of chemicals associated with
human cancer, an evaluation of screening assays for carcinogens, and a cross index of
synonyms and trade names of chemicals evaluated in the Monographs series(6).

3. SELECTION OF CHEMICALS AND COMPLEX EXPOSURES FOR MONOGRAPHS

The chemicals (natural and synthetic, including those which occur as mixtures and in
manufacturing processes) and complex exposures are selected for evaluation on the basis
of two main criteria: (a) there is evidence of human exposure, and (b) there is some exper-
imental evidence of carcinogenicity and/or there is some evidence or suspicion of a risk to
humans. ln certain instances, chemical analogues are also considered. The scientific liera-
ture is surveyed for published data relevant to the Monographs programme; and the IARC
Survey of ehemicals Being Tested for Carcinogenicity(7) often indicates those chemicals that
may be scheduled for future meetings.

As new data on chemicals for which monographs have already been prepared become
available, re-evaluations are made at subsequent meetings, and revised monographs are
published.

4. WORKING PROCEDURES

Approximately one year in advance of a meeting of a working group, a list of the substan-
ces or complex exposures to be considered is prepared by IARC staff in consultation with
other experts. Subsequently, ail relevant biological data are collected by IARC; recognized
sources of information on chemical carcinogenesis and systems 'such as CANCERUNE,
MEDUNE and TOXUNE are used in conjunction with US Public Health Service Publication
No. 149(8). The major collection of data and the preparation of first drafts for the sections
on chemical and physical properties, on production and use, on occurrence, and on analy-
sis are carried out by SRI International, Menlo Park, CA, USA, under a separate contract
with the US National Cancer Institute. Most of the data so obtained refer to the USA and
Japan; IARC supplements this information with that from other sources in Europe. Repre-
sentatives from industrial associations may assist in the preparation of sections describing
industrial processes. Bibliographical sources for data on mutagenicity and teratogenicity are
the Environmental Mutagen Information Center and the Environmental Teratology Informa-
tion Center, both located at the Oak Ridge National Laboratory, l'N, USA.

Six months before the meeting, reprints of articles containing relevant biological data are
sent to an expert(s), or are used by IARC staff, to prepare first drafts of monographs. These
drafts are then compiled by IARC staff and sent, prior to the meeting, to ail participants of
the Working Group for their comments.

The Working Group then meets in Lyon for seven to eight days to discuss and finalize
the texts of the monographs and to formulate the evaluations. After the meeting, the mas-
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ter copy of each monograph is verified by consulting the original literature, then edited by a
profession al editor before publication. The aim is to publish monographs within nine months
of the Working Group meeting. Each volume of monographs is printed in 4000 copies for
distribution to governments, regulatory agencies and interested scientists. The monographs
are also available via the WHO Distribution and Sales Service.

5. DATA FOR EVALUATIONS

With regard to biological data, only reports that have been published or accepted for publi-
cation are reviewed by the working groups, although a few exceptions have been made: in
certain instances, reports from govermnent agencies that have undergone peer review and
are widely available are considered. The monographs do not cite ail of the literature on a
particular chemical or complex exposure: only those data considered by the Working Group
to be relevant to the evaluation of carcinogenic risk to humans are included.

Anyone who is aware of data that have been published or are in press which are rele-
vant to the evaluations of the carcinogenic risk to humans of chemicals or complex expo-
sures for which monographs have appeared is asked to make them available to the Unit of
Carcinogen Identification and Evaluation, Division of Environmental Carcinogenesis, Interna-
tional Agency for Research on Cancer, Lyon, France.

6. THE WORKING GROUP

The tasks of the Working Group are five-fold: (a) to ascertain that ail data have been col-
lected; (b) to select the data relevant for evaluation; (c) to ensure that the summaries of the
data enable the reader to follow the reasoning of the Working Group; (d) to judge the signif-
icance of the results of experimental and epidemiological studies; and (e) to make an eval-
uation of the carcinogenicity of the chemical or complex exposure.

Working Group participants who contributed to the consideration and evaluation of chem-
icals or complex exposures within a particular volume are listed, with their addresses, at
the beginning' of each publication. Each member serves as an individual scientist and not as
a representative of any organization or government. ln addition, observers are often invited
from national and international agencies and industrial associations.

7. GENERAL PRINCIPLES APPLIED SY THE WORKING GROUP lN EVALUATING
CARCINOGENIC RISK OF CHEMICALS OR COMPLEX MIXTURES

The widely accepted meaning of the term 'chemical carcinogenesis', and that used in
these monographs, is the induction by chemicals (or complex mixtures of chemicals) of neo-
plasms that are not usually observed, the earlier induction of neoplasms that are commonly
observed, and/or the induction of more neoplasms than are usually found - although fun-
damentally different mechanisms may be involved in these three situations. Etymologically,
the term 'carcinogenesis' means the induction of cancer, that is, of malignant neoplasms;
however, the commonly accepted meaning is the induction of various types of neoplasms or
of a combination of malignant and benign tumours. ln the monographs, the words 'tumour'
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and 'neoplasm' areused interchangeably. (ln the scientific literature, the terms 'tumorigen',
'oncogen' and 'blastomogen' have ail been used synonymously with 'carcinogen', although
occasionally 'tumorigen' has been used specifically to denote a substance that induces
benign tumours.)

(a) Experimental Evidence

(i) Evidence for carcinogenicity in experimental animaIs

The Working Group considers various aspects of the experimental evidence reported in
the literature and formulates an evaluation of that evidence.

Qualiative aspects: Both the interpretation and evaluation of a particular stUdy as weil
as the overall assessment of the carcinogenic activity of a chemical (or complex mixture)
involve several considerations of qualitative importance, including: (a) the experimental para-
meters under which the chemical was tested, including route of administration and expo-
sure, species, strain, sex, age, etc.; (b) the consistency with which the chemical has been
shown to be carcinogenic, e.g., in how many species and at which target organ(s); (c) the
spectrum of neoplastic response, from benign neoplasm to multiple malignant tumours; (d)
the stage of tumour formation in which a chemical may be involved: some chemicals act as
complete carcinogens and have initiating and promoting activity, while others may have pro-
moting activity only; and (e) the possible role of modifying factors.

There are problems not only of differential survival but of differential toxicity, which may
be manifested by unequal growth and weight gain in treated and control animais. These
complexities are also considered in the interpretation of data.

Many chemicals induce both benign and malignant tumours. Among chemicals that have
been studied extensively, there are few instances in which the neoplasms induced are only
benign. Benign tumours may represent a stage in the evolution of a malignant neoplasm or
they may be 'end-points' that do not readily undergo transition to malignancy. If a substance
is found to induce only benign tumours in experimental animais, it should nevertheless be
suspected of being a carcinogen, and it requires further investigation.

Hormonal carcinogenesis: Hormonal carcinogenesis presents certain distinctive features:
the chemicals involved occur both endogenously and exogenously; in many instances, long
exposure is required; and tumours occur in the target tissue in association with a stimula-
tion of non-neoplastic growth, although in some cases hormones promote the proliferation
of tumour cells in a target organ. For hormones that occur in excessive amounts, for hor-
mone-mimetic agents and for agents that cause hyperactivity or imbalance in the endocrine
system, evaluative methods comparable with those used to identify chemical carcinogens
may be required; particular emphasis must be laid on quantitative aspects and duration of
exposure. Some chemical carcinogens have significant side effects on the endocrine system,
which may also result in hormonal carcinogenesis. Synthetic hormones and anti-hormones
can be expected to possess other pharmacological and toxicological actions in addition to
those on the endocrine system, and in this respect they must be treated like any other chem-
ical with regard to intrinsic carcinogenic potential.

eomplex mixtures: There is an increasing amount of data from long-term carcinogenicity
studies on complex mixtures and on crude materials obtained by sampling in an occupation-
al environ ment. The representativity of such samples must be considered carefully.
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Quantitative aspects: Dose-response studies are important in the evaluation of carcino-
genesis: the confidence with which a carcinogenic effect can be established is strengthened
by the observation of an increasing incidence of neoplasms with increasing exposure.

The assessment of carcinogenicity in animais is frequently complicated by recognized dif-
ferences among the test animais (species, strain, sex, age) and route and schedule of admin-
istration; often, the target organs at which a cancer occurs and its histological type may
vary with these parameters. Nevertheless, indices of carcinogenic potency in particular exper-
imental systems (for instance, the dose-rate required under continuous exposure to halve
the probability of the animais remaining tumourless(9)) have been formulated in the hope
that, at least among categories of fairly similar agents, such indices may be of some pre-
dictive value in other species, including humans.

Chemical carcinogens share many common biological properties, which include metabo-
lism to reactive (electrophilic(1 0-11)) intermediates capable of interacting with DNA. How-
ever, they may differ widely in the dose required to produce a given level of tumour induction.
The reason for this variation in dose-response is not understood, but it may be due to dif-
ferences in metabolic activation and detoxification processes, in different DNA repair cap ac-
ities among various organs and species or to the operation of qualitatively distinct mecha-
nisms.

Statistical analysis of animal studies: It is possible that an animal may die prematurely
from unrelated causes, so that tumours that would have arisen had the animal lived longer
may not be observed; this possibility must be allowed for. Various analytical techniques have
been developed which use the assumption of independence of competing risks to allow for
the effects of intercurrent mortality on the final numbers of tumour-bearing animais in par-
ticular treatment groups.

For externally visible tumours and for neoplasms that cause death, methods such as
Kaplan-Meier (Le., '!ife-table', 'product-limit or 'actuarial') estimates(9), with associated signif-
icance tests(12,13), have been recommended. For internai neoplasms that are discovered
'incidentally'(12) at autopsy but that did not cause the death of the host, different esti-
mates(14) and significance tests(12, 13) may be necessary for the (mbiased study of the num-
bers of tumour-bearing animais.

The design and statistical analysis of long-term carcinogenicity experiments were review-
ed in Supplement 2 to the Monographs series(15). That review outlined the way in which
the context of observation of a given tumour (fatal or incidental) cou Id be included in an anal-
ysis yielding a single combined result. This method requires information on time to death
for each animal and is therefore comparable to only a Iimited extent with analyses which
include global proportions of tumour-bearing animais.

Evaluation of carcinogenicity studies in experimental animaIs: The evidence of carcino-
genicity in experimental animais is assessed by the Working Group and judged to fall into
one of four groups, defined as follows:

(1) Sufficient evidence of carcinogenicity is provided when there is an increased inci-
dence of malignant tumours: (a) in multiple species or strains; or (b) in multiple exper-
iments (preferably with different routes of administration or using different dose
levels); or (c) to an unusual degree with regard to incidence, site or type of tumour,
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or age at onset. Additional evidence may be provided by data on dose-response
effects.

(2) Limited evidence of carcinogenicity is available when the data suggest a carcino-
genic effect but are Iimited because: (a) the studies involve a single species, strain
or experiment; or (b) the experiments are restricted by inadequate dosage levels,
inadequate duration of exposure to the agent, inadequate period of follow-up, poor
survival, too few animais, or inadequate reporting; or (c) the neoplasms produced
often occur spontaneously and, in the past, have been difficult to classify as malig-
na nt by histological criteria alone (e.g., lung adenomas and adenocarcinomas and
liver tumours in certain strains of mice).

(3) Inadequate evidence is available when, because of major qualitative or quantita-
tive limitations, the studies cannot be interpreted as showing either the presence
or absence of a carcinogenic effect.

(4) No evidence applies when several adequate studies are available which show that,
within the limits of the tests used, the chemical or complex mixture is not carcino-
genic.

It should be noted that the categories suffcient evidence and limited evidence refer only
to the strength of the experimental evidence that these chemicals or complex mixtures are
carcinogenic and not to the extent of their carcinogenic activity nor to the mechanism
involved. The classification of any chemical may change as new information becomes avail-
able.

(ii) Evidence for activity in short-term tests1

Many short-term tests bearing on postulated mechanisms of carcinogenesis or on the
properties of known carcinogens have been developed in recent years. The induction of
cancer is thought to proceed by a series of steps, some of which have been distinguished
experimentally(16-20). The first step - initiation - is thought to involve damage to DNA, result-
ing in heritable alterations in or rearrangements of genetic information. Most short-term
tests in common use today are designed to evaluate the genetic àctivity of a substance.
Data from these assays are useful for identifying potential carcinogenic hazards, in identi-
fying active metabolites of known carcinogens in human or animal body fluids, and in help-
ing to elucidate mechanisms of carcinogenesis. Short-term tests to detect agents with
tumour-promoting activity are, at this time, insufficiently developed.

Because of the large number of short-term tests, it is difficult to establish rigid criteria
for adequacy that would be applicable to ail studies. General considerations relevant to ail
tests, however, include (a) that the test system be valid with respect to known animal carci-
nogens and noncarcinogens; (b) that the experimental parameters under which the chemi-
cal (or complex mixture) is tested include a sufficiently wide dose range and duration of
exposure to the agent and an appropriate metabolic system; (c) that appropriate controls be
used; and (d) that the pu rit y of the compound or, in the case of complex mixtures, that the
source and representativity of the sample being tested be specified. Confidence in positive
results is increased if a dose-response relationship is demonstrated and if this effect has
been reported in two or more independent studies.

1 Based on the recommendations of a working group which met in 1983(5)
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Most established short-term tests employas end-points well-defined genetic markers in
prokaryotes and lower eukaryotes and in mammalian cell lines. The tests can be grouped
according to the end-point detected:

Tests of DNA damage. These include tests for covalent binding to DNA, induction of
DNA breakage or repair, induction of prophage in bacteria and differential survival of
DNA repair-proficient/-deficient strains of bacteria.

Tests of mutation (measurement of heritable alterations in phenotype and/or geno-
type). These include tests for detection of the loss or alteration of a gene product,
and change of function through forward or reverse mutation, recombination and gene
conversion; they may involve the nuclear genome, the mitochondrial genome and resi-
dent viral or plasmid genomes.

Tests of chromosomal effects. These include tests for detection of changes_Jn chro-
mosome number (aneuploidy), structural chromosomal aberrations, sister chromatid
exchanges, micronuclei and dominant-Iethal events. This classification does not imply
that some chromosomal effects are not mutational events.

Tests for cell transformation, which monitor the production of preneoplastic or neoplas-
tic cells in culture, are also of importance because the y attempt to simulate essential steps
in cellular carcinogenesis. These assays are not grouped with those listed above since the
mechanisms by which chemicals induce cell transformation may not necessarily be the result
of genetic change.

The selection of specifie tests and end-points for consideration remains flexible and

should reflect the most advanced state of knowledge in this field.

The data from short-term tests are summarized by the Working Group and the test results
tabulated according to the end-points detected and the biological complexities of the test
systems. The format of the table used is shown below. ln these tables, a '+' indicates that

,
Overall assessment of data from short-term tests

Genetic activity Cell transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes

Fungi/green
plants

Insects

Mammalian ceUs
(in vitro)

Mammals
(in vivo)

Humans
(in vivo)
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the compound was judged by the Working Group to be significantly positive in one or more
assays for the specifie end-point and level of biological complexity; '-' indicates that it was
judged to be negative in one or more assays; and '?' indicates that there were contradictory
results from different laboratories or in different biological systems, or that the result was
judged to be equivocal. These judgements reflect the assessment by the Working Group of
the quality of the data (including such factors as the purity of the test compound, problems
of metabolic activation and appropriateness of the test system) and the relative significance
of the component tests.

An ove rail assessment of the evidence for genetic activity is then made on the basis of
the entries in the table, and the evidence is judged to fall into one of four categories, de-
fined as follows:

(i) Suffcient evidence is provided by at least three positive entries, one of which must
involve mammalian cells in vitro or in vivo and which must include at least two of
three end-points - DNA damage, mutation and chromosomal effects.

(ii) Limited evidence is provided by at least two positive entries.

(iii) Inadequate evidence is available when there is only one positive entry or when
there are too few data to permit an evaluation of an absence of genetic activity or
when there are unexplained, inconsistent fîndings in different test systems.

(iv) No evidence applies when there are only negative entries; these must include
entries for at least two end-points and two levels of biological complexity, one of
which must involve mammalian cells in vitro or in vivo.

It is emphasized that the above definitions are operational, and that the assignment of a
chemical or complex mixture into one of these categories is thus arbitrary.

ln general, emphasis is placed on positive results; however, in view of the limitations of
current knowledge about mechanisms of carcinogenesis, certain cautions should be respec-
ted: (i) At present, short-term tests should not be used by themselves to conclude whether
or not an agent is carcinogenic, nor can they predict reliably the reiative potencies of com-
pounds as carcinogens in intact animais. (ii) Since the currently available tests do not detect
ail classes of agents that are active in the carcinogenic process (e.g., hormones), one must
be cautious in utilizing these tests as the sole criterion for setting priorities in carcinogen-
esis research and in selecting compounds for animal bioassays. (iii) Negative results from
short-term tests cannot be considered as evidence to rule out carcinogenicity, nor does lack
of demonstrable genetic activity attribute an epigenetic or any other property to a sub-
stance(5).

(b) Evaluation of Carcinogenicity in Humans

Evidence of carcinogenicity can be derived from case reports, descriptive epidemiologi-
cal studies and analytical epidemiological studies.

An analytical study that shows a positive association between an exposure and a cancer
may be interpreted as implying causality to a greater or lesser extent, on the basis of the
following criteria: (a) There is no identifiable positive bias. (By 'positive bias' is meant the
operation of factors in study design or execution that lead erroneously to a more strongly
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positive association between an exposure and disease than in fact exists. Examples of posi-
tive bias include, in case-control studies, better documentation of the exposure for cases
than for controls, and, in cohort studies, the use of better means of detecting cancer in
exposed individuals than in individuals not exposed.) (b) The possibility of positive confound-
ing has been considered. (By 'positive confounding' is meant a situation in which the rela-
tionship between an exposure and a disease is rendered more strongly positive than it truly
is as a result of an association between that exposure and another exposure which either
causes or prevents the disease. An example of positive confounding is the association
between coffee consumption and lung cancer, which results from their joint association with
cigarette smoking.) (c) The association is unlikely to be due to chance alone. (d) The asso-
ciation is strong. (e) There is a dose-response relationship.

ln some instances, a single epidemiological study may be strongly indicative of a
cause-effect relationship; however, the most convincing evidence of causality comes
when several independent studies done under different circumstances result in 'positive'
findings.

Analytical epidemiological studies that show no association between an exposure and a
cancer ('negative' studies) should be interpreted according to criteria analogous to those list-
ed above: (a) there is no identifiable negative bias; (b) the possibility of negative confound-
ing has been considered; and (c) the possible effects of misclassification of exposure or
outcome have been weighed. ln addition, it must be recognized that the probability that a
given study can detect a certain effect is limited by its size. This can be perceived from the
confidence limits around the estimate of association or relative risk. ln a study regarded as
'negative', the upper confidence limit may indicate a relative risk substantially greater than
unit y; in that case, the study excludes only relative risks that are above the upper limit.
This usually means that a 'negative' study must be large to be convincing. Confidence in a
'negative' result is increased when several independent studies carried out under different
circumstances are in agreement. Finally, a 'negative' study may be considered to be rele-
vant only to dose levels within or below the range of those observed in the study and is
pertinent only if sufficient time has elapsed since first human exposure to the agent. Expe-
rience with human cancers of known etiology suggests that the period from first exposure
to a chemical carcinogen to development of clinically observed cancer is usually measured
in decades and may be in excess of 30 years.

The evidenòe for carcinogenicity from studies in humans is assessed by the Working
Group and judged to fall into one of four groups, defined as follows:

1. Suffcient evidence of carcìnogenicity indicates that there is a causal relationship

between the exposure and human cancer.

2. Limited evidence of carcinogenicity indicates that a causal interpretation is credible,
but that alternative explanations, such as chance, bias or confounding, could not
adequately be excluded.

3. Inadequate evidence, which applies to both positive and negative evidence, indi-
cates that one of two conditions prevailed: (a) there are few pertinent data; or (b) the
available studies, while showing evidence of association, do not exclude chance,
bias or confounding. .

4. No evidence applies when several adequate studies are available which do not show
evidence of carcinogenicity.
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(c) Relevance of Experimental Data to the Evaluation of Carcinogenic Risk to Humans

Information compiled from the first 29 volumes of the IARC Monographs(4,21 ,22) shows
that, of the chemicals or groups of chemicals now generally accepted to cause or probably
to cause cancer in humans, ail (with the possible exception of arsenic) of those that have
been tested appropriately produce cancer in at least one animal species. For several of the
chemicals (e.g., aflatoxins, 4-aminobiphenyl, diethylstilboestrol, melphalan, mustard gas and
vinyl chloride), evidence of carcinogenicity in experimental animaIs preceded evidence obtain-
ed from epidemiological studies or case reports.

For many of the chemicals (or complex mixtures) evaluated in the IARC Monographs for
which there is suffcient evidence of carcinogenicity in animais, data relating to carcinogeni-
city for humans are either insufficient or nonexistent. ln the absence of adequate data on
humans, it is reasonable, for practical purposes, to regard chemicals for which there is
sufficient evidence of carcinogenicity in animais as if they presented a carcinogenic risk
to humans. The use of the expressions 'for practical purposes' and 'as if they presented a
carcinogenic risk' indicates that, at the present time, a correlation between carcinogenicity
in animais and possible human risk cannot be made on a purely scientific basis, but only
pragmatically. Such a pragmatical correlation may be useful to regulatory agencies in making
decisions related to the primary prevention of cancer.

ln the present state of knowledge, it would be difficult to define a predictable relationship
between the dose (mg/kg bw per day) of a particular chemical required to produce cancer
in test animais and the dose that would produce a similar incidence of cancer in humans.
Some data, however, suggest that such a relationship may exist(23,24), at least for certain
classes of carcinogenic chemicals, although no acceptable method is currently available for
quantifying the possible errors that may be involved in such an extrapolation procedure.

8. EXPLANA TORY NOTES ON THE CONTENTS OF MONOGRAPHS ON CHEMICALS AND
COMPLEX MIXTURES

The sections 1 and 2, as outlined below, are those used in monographs on individual chem-
icals. When relevant, similar information is included in monographs on complex mixtures;
additional information is provided as considered necessary.

(a) Chemical and Physical Data (Section 1)

The Chemical Abstracts Services Registry Number, the latest Chemical Abstracts Primary
Name (9th Collective Index)(25) and the IUPAC Systematic Name(26) are recorded in sec-
tion 1. Other synonyms and trade names are given, but no comprehensive list is provided.
Some of the trade names are those of mixtures in which the compound being evaluated is
only one of the ingredients.

The structural and molecular formulae, molecular weight and chemical and physical prop-
erties are given. The properties listed refer to the pure substance, unless otherwise speci-
fied, and include, in particular, data that might be relevant to carcinogenicity (e.g., lipid solu-
bility) and those that concern identification.
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A separate description of the composition of technical products includes available infor-
mation on impurities and formulated products.

(b) Production, Use, Occurrence and Analysis (Section 2)

The purpose of section 2 is to provide indications of the extent of past and present human
exposure to the chemical.

(i) Synthesis

Since cancer is a delayed toxic effect, the dates of first synthesis and of first commer-
cial production of the chemical are provided. This information allows a reasonable estimate
to be made of the date before which no human exposure could have occurred. ln addition,
methods of synthesis used in past and present commercial production are described.

(ii) Production

Since Europe, Japan and the USA are reasonably representative industrialized areas of
the world, most data on production, foreign trade and uses are obtained from those coun-
tries. It should not, however, be inferred that those areas or nations are the sole or even
the major sources or users of any individual chemical.

Production and foreign trade data are obtained from both governmental and trade publi-
cations by chemical economists in the three geographical areas. ln some cases, separate
production data on organic chemicals manufactured in the USA are not available because
their publication could disclose confidential information. ln such cases, an indication of the
minimum quantity produced can be inferred from the number of companies reporting com-
mercial production. Each company is required to report on individu al chemicals if the sales
value or the weight of the annual production exceeds a specified minimum levaI. These levels
vary for chemicals classified for different uses, e.g., medicinals and plastics; in fact, the mini-
mal annual sales value is between $1000 and $50 000, and the minimal annual weight of
production is between 450 and 22 700 kg. Data on production in' some European countries
are obtained by means of general questionnaires sent to companies thought to produce the
compounds being evaluated. Information from the completed questionnaires is compiled,
by country, and the resulting estimates of production are included in the individual mono-
graphs.

(iii) Use

Information on uses is meant to serve as a guide only and is not complete. It is usually
obtained from published data but is often complemented by direct contact with manufactur-
ers of the chemical. ln the case of drugs, mention of their therapeutic uses does not neces-
sarily represent current practice nor does it imply judgement as to their clinical efficacy.

Statements concerning regulations and standards (e.g., pesticide registrations, maximum
levels permitted in foods, occupational standards and allowable limits) in specifie countries
are mentioned as examples only. They may not reflect the most recent situation, since such
legislation is in a constant state of change; nor should it be taken to imply that other coun-
tries do not have similar regulations.
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(iv) Occurrence

Information on the occurrence of a chemical in the environment is obtained from published
data, including that derived from the monitoring and surveillance of levels of the chemical in
occupational environments, air, water, soi!, foods and tissues of animais and humans. When
no published data are available to the Working Group, unpublished reports, deemed appro-
priate, may be considered. When available, data on the generation, persistence and bioac-
cumulation of a chemical are also included.

(v) Analysis

The purpose of the section on analysis is to give the reader an indication, rather than a
complete review, of methods cited in the literature. No attempt is made to evaluate critically
or to recommend any of the methods.

(e) Biologieal Data Relevant to the Evaluation of Careinogenie Risk to Humans (Section 3)

ln general, the data recorded in section 3 are summarized as given by the author; how-
ever, comments made by the Working Group on certain shortcomings of reporting, of statis-
tical analysis or of experimental design are given in square brackets. The nature and extent
of impurities/contaminants in the chemicals being tested are given when available.

(i) Carcinogenicity studies in animaIs

The monographs are not intended to coyer ail reported studies. Some studies are pur-
posely omitted (a) because they are inadequate, as judged from previously described crite-
ria(27-30) (e.g., too short a duration, too few animais, poor survival); (b) because they only
confirm findings that have already been fully described; or (c) because they are judged irrel-
evant for the purpose of the evaluation. ln certain cases, however, such studies are men-
tioned briefly, particularly when the information is considered to be a useful supplement to
other reports or when it is the only data available. Their inclusion does not, however, imply
acceptance of the adequacy of their experimental design or of the analysis and interpreta-tion of their results. '

Mention is made of ail routes of administration by which the test material has been ade-
quately tested and of ail species in which relevant tests have been done(30). ln most cases,
animal strains are given. Quantitative data are given to indicate the order of magnitude of
the effective carcinogenic doses. ln general, the doses and schedules are indicated as they
appear in the original; sometimes units have been converted for easier comparison. Experi-
ments in which the compound was administered in conjunction with known carcinogens and
experiments on factors that modify the carcinogenic effect are also reported. Experiments
on the carcinogenicity of known metabolites and derivatives are also included.

(ii) Other relevant biological data

LDso data are given when available, and other data on toxicity are included when consid-
ered relevant.

Data on effects on reproduction, on teratogenicity and embryo- and fetotoxicity and on
placental transfer, from studies in experimental animais and from observations in humans,
are included when considered relevant.
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Information is given on absorption, distribution and excretion. Data on metabolism are
usually restricted to studies that show the metabolic fate of the chemical in experimental
animais and humans, and comparisons of data from animaIs and humans are made when
possible.

Data from short-term tests are also included. ln addition to the tests for genetic activity
and cell transformation described previously (see pages 16-18), data from studies of relat-
ed effects, but for which the relevance to the carcinogenic process is less weil established,
may also be mentioned.

The criteria used for considering short-term tests and for evaluating their results have
been described (see page 18). ln general, the authors' results are given as reported. An
assessment of the data by the Working Group which differs from that of the authors, and
comments concerning aspects of the study that might affect its interpretation are given in
square brackets. Reports of studies in which few or no experimental details are given, or
in which the data on which a reported positive or negative result is based are not available
for examination, are cited, but are identified as 'abstract or 'details not given' and are not
considered in the summary tables or in making the overall assessment of genetic activity.

For several recent reviews on short-term tests, see IARC(30), Montesano et al.(31), de
Serres and Ashby(32), Sugimura et al.(33), Bartsch et al.(34) and Hollstein et al.(35).

(iii) ease reports and epidemiological studies of carcinogenicity to humans

Observations in humans are summarized in this section. These include case reports,
descriptive epidemiological studies (which correlate cancer incidence in space or time to an
exposure) and analytical epidemiological studies of the case-control or cohort type. ln prin-
ciple, a comprehensive coverage is made of observations in humans; however, reports are
excluded when judged to be clearly not pertinent. This applies in particular to case reports,
in which either the clinico-pathological description of the tumours or the exposure history, or
both, are poorly described; and to published routine statistics, for example, of cancer mor-
tality by occupational category, when the categories are so broadly defined as to contribute
virtually no specifie information on the possible relation between cancer occurrence and a
given exposure. Results of studies are assessed on the basis of the data and analyses that
are presented in the published papers. Some additional analyses~of the published data may
be performed by the Working Group to gain better insight into the relation between cancer
occurrence and the exposure under consideration. The Working Group may use these anal-
yses in its assessment of the evidence or may actually include them in the text to summa-
riz..e a study; in such cases, the results of the supplementary analyses are given in square
brackets. Any comments by the Working Group are also reported in square brackets; how-
ever, these are kept to a minimum, being restricted to those instances in which it is felt that
an important aspect of a study, directly impinging on its interpretation, should be brought to
the attention of the reader.

(d) Summary of Data Reported and Evaluation (Section 4)

Section 4 summarizes the relevant data from animais and humans and gives the critical
views of the Working Group on those data.

(i) Exposures

Humanexposure to the chemical or complex mixture is summarized on the basis of data
on production, use and occurrence.
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(ii) Experimental data

Data relevant to the evaluation of the carcinogenicity of the test material in animais are
summarized in this section. The animal species mentioned are those in which the carcino-
genicity of the substance was clearly demonstrated. Tumour sites are also indicated. If the
substance has produced tumours after prenatal exposure or in single-dose experiments, this
is indicated. Dose-response data are given wh en available.

Significant findings on effects on reproduction and prenatal toxicity, and results from
short-term tests for genetic activity and cell transformation assays are summarized, and the
latter are presented in tables. An overall assessment is made of the degree of evidence for
genetic activity in short-term tests.

(iii) Human data 0

Case reports and epidemiological studies that are considered to be pertinent to an assess-
ment of human carcinogenicity are described. Other biological data that are considered to
be relevant are also mentioned.

(iv) Evaluation

This section comprises evaluations by the Working Group of the degrees of evidence for
carcinogenicity of the exposure to experimental animaIs and to humans. An overall evalua-
tion is then made of the carcinogenic risk of the chemical or complex mixture to humans.
This section should be read in conjunction with pages 00 and 00 of this Preamble for defi-
nitions of degrees of evidence.

When no data are available from epidemiOlogical studies but there is suffcient evidence
that the exposure is carcinogenic to animais, a footnote is included, reading: 'ln the absence
of adequate data on humans, it is reasonable, for practical purposes, to regard chemicals
for which there is sufficient evidence of carcinogenicity in animais as if they presented a car-
cinogenic risk to humans.'
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GENERAL REMARKS ON THE SUBSTANCES CONSIDERED

1. Introduction

This thirty-sixth volume of the IARC Monographs comprises 14 monographs on some
allyl compounds, aldehydes, epoxides and peroxides. Five compounds - acrolein, diglycidyl
resorcinol ether, ethylene oxide, propylene oxide and styrene oxide - had been evaluated
by previous Working Groups (IARC, 1976, 1979, 1982a); new data that had become available
on these compounds have been included in the present monographs and taken into consid-
eration in the re-evaluations.

Four compounds - allyl alcohol, allyl bromide, crotonaldehyde and glutaraldehyde - were
included in a tentative Iist of substances to be evaluated, but consideration of these com-
pounds was postponed since no study of carcinogenicity to experimental animais or to
humans was available. Allyl alcohol has been tested in hamsters by oral administration, but
a published report of the study was not yet available; glutaraldehyde is presently being test-
ed by skin application in mice and rats (IARC, 1982b).

Many of the compounds from the four generic classes of agents considered in this volume
are produced (and, in many cases, have been for several decades) in large quantities. They
possess a broad spectrum of utilty and potential for widespread exposure, and are charac-
terized by high chemical and biological activity, particularly in their ability to alkylate macro-
molecules either directly or after metabolic activation. Several of the compounds occur natu-
rally (e.g., allyl isothiocyanate, eugenol) or are widely present in the environ ment as products
of combustion and in cigarette smoke (e.g., acrolein, acetaldehyde) or as metabolic products
and as endogenous agents (e.g., acetaldehyde, malonaldehyde, hydrogen peroxide).

The relative chemical instability of some substances (peroxides and aldehydes) consider-
ed in this volume may in some cases lead to uncertainties as to the nature and quantity of
the chemical actually tested in in-vitro and in-vivo assays.

An appendix is included in which both the qualitative and quantitative results of the genet-
ic and related short-term assays that are summarized within the monographs are displayed
graphically in 'activity profiles'.

AI/yI compounds

A number of allyl compounds, such as allyl chloride, are widely employed in the pro-
duction of a variety of important chemical agents. Interest in the potential carcinogenicity of
allyl compounds arises from the natural occurrence of a number of the se agents (e.g., allyl
isothiocyanate and eugenol) in some edible plants and their wide application, in particular,
the use of some of these compounds as food additives and flavouring agents. Alkenylben-
zenes, including methyl eugenol (1-allyl-3,4-dimethoxybenzene), have been found in the
essential oil and juice of oranges treated with harvesting agents (Moshonas & Shaw, 1978);
some alkenylbenzenes have been found to have carcinogenic activity (Miler et al., 1983).

-31-
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Aldehydes

Two of the aldehydes considered in this volume (acetaldehyde and acrolein) are widely
used in many industrial processes. Aldehydes occur in natural vegetative processes, and
have been found as gaseous by-products of incomplete combustion of wood and coal,
in exhaust effluents from gasoline and diesel engines, industrial waste gases and fumes,
tobacco smoke and wood fires (Bailey et al., 1981; National Academy of Sciences, 1981;
Lipari et al., 1984). Formaldehyde, which has received the most attention because of
its widespread occurrence, use and toxic properties, was evaluated previously (IARC,
1982a,c).

Epoxides

Ethylene oxide and propylene oxide are among the industrial chemicals produced in the
largest volumes and have a wide variety of uses. Epoxides are directly-acting alkylating
agents, reacting with nucleophiles without the need for metabolic transformation; they react
with cellular macromolecules such as nucleic acids and proteins.

Peroxides

The commercial organic peroxides and hydrogen peroxide are produced in considerable
volume and have many applications, including use in plastics and elastomers, as bleaching
agents for fats, oils, waxes, flour and cheese, and in pharmaceutical and cosmetic prepa-
rations. Hydrogen peroxide is a normal cellular constituent.

2. Metabolism

Several of the compounds considered are interrelated via their metabolic pathways (Fig.
1): the allyl compounds are presumably metabolized in vivo to allyl alcohol, which is in turn
metabolized to acrolein.

Fig. 1 Metabolie pathways of sorne of the allyl eompounds and aldehydes eonsidered in
this volume (marked with an asterisk); ~, reported metabolie pathway; ---~, possible metabo-
lie pathway ~O'l~;~:::=:::::
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Hydrogen peroxide, acetaldehyde and malonaldehyde either occur endogenously or have
been detected in human serum (Zlatkis et al., 1980, 1981), and hydrogen peroxide and acet-
aldehyde have been detected in expired air (Krotoszynski et al., 1977). Hydrogen peroxide
can stimulate lipid peroxidation (Ursini et al., 1981), which results in the production of com-
plex mixtures of aldehydes (Fig. 2).

Fig. 2 Formation of aldehydes from lipid peroxidation (Adapted from Alkino & Ohno, 1981)
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Hydrogenperoxide is evolved by many cellular organelles, for example, by peroxisomes
during the oxidation of fatty acids. Analysis of breakdown products from microsomal perox-
idation stimulated in vitro has shown that an array of carbonyl compounds is produced
(Esterbauer, 1982). Malonaldehyde is the most extensively studied of these degradation prod-
ucts.

3. Epidemiological studies

The numbers of persons exposed to some of the chemicals considered in this volume
are sizeable, and have accrued over several decades of exposure. There are, however, few
epidemiological studies that have addressed the potential health risk to humans associated
with exposures to these chemicals, some of which have been demonstrated to have car-
cinogenic and mutagenic effects in experimental systems. The condúct of adequate epidem-
iological studies is often complicated by several factors, including the relatively small
numbers of workers employed at individual production and manufacturing plants, concur-
rent exposures to other chemicals, and the absence of historical exposure data. Neverthe-
less, additional epidemiological data are needed and should be pursued to assess whether
or not the potential carcinogenic risks identified in experimental systems are present at
detectable levels in exposed human populations.

Cytogenetic methods, mainly using human peripheral blood lymphocytes, are being
used increasingly to evaluate genetic damage in exposed human populations (e.g., to ethyl-
ene oxide). Evaluations of and comparisons among the se studies were sometimes difficult
because of deficiencies in the study design, and the cytogenetic techniques and statistical
methods employed. More standardized methods would facilitate future evaluations.

4. References

Akino, T. & Ohno, K. (1981) Phospholipids of the lung in normal, toxic, and diseased states.
GriL. Rev. Tòxicol., 9, 201-274

Bailey, R.A., Clarke, H.M., Ferris, J.P., Krause, S. & Strong, R.L. (1981) ehemistry of the
Environment, New York, Academie Press, p. 266



34 IARC MONOGRAPHS VOLUME 36

Esterbauer, H. (1982) Aldehydeic products of lipid peroxidation. ln: McBrien, D.C.H. &
Slater, T.F., eds, Free Radicals, Lipid Peroxidation and eancer, London, Academie
Press, pp. 101-128

IARC (1976) IARC Monographs on the Evaluation of Carcinogenic Risk of Chemicals to
Man, Vol. 11, Cadmium, Nickel, Some Epoxides, Miscel/aneous Industrial Chemicals
and General Considerations on Volatie Anaesthetics, pp. 125-129, 157-167, 191-199,

201-208

IARC (1979) IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to
Humans, Vol. 19, Some Monomers, Plastics and Synthetic Elastomers, and Acrolein,
pp. 275-283, 479-494

IARC (1982a) lARe Monographs on the Evaluation of the Carcinogenic Risk of Chemicals
to Humans, Supplement 4, Chemicals, Indus trial Processes and Industries Associa-
ted with Cancer in Humans. lARe Monographs, Volumes 1 to 29, Lyon, pp. 126-128,
131-132, 229-233

IARC (1982b) Information Bul/etin on the Survey of ehemicals Being Tested for Carcino-
gen~ity, No. 11, Lyon, pp. 163,200,237

IARC (1982c) lARe Monographs on the Evaluation of the Carcinogenic Risk of Chemicals
to Humans, Vol. 29, Some Industrial ehemicals and Dyestuffs, Lyon, pp. 345-389

Krotoszynski, B., Gabriel, G. & O'Neill, H. (1977) Characterization of human expired air: A
promising investigative and diagnostic technique. J. chromatogr. Sci., 15, 239-244

Lipari, F., Dasch, J.M. & Scruggs, W.F. (1984) Aldehyde emissions from wood-burning fi re-
places. Environ. Sci. Technol., 18, 326-330

Miller, E.C., Swanson, AB., Phillips, D.H., Fletcher, T.L., Liem, A. & Miller, J.A. (1983) Struc-
ture-activity studies of the carcinogenicities in the mouse and rat of some naturally
occurring and synthetic alkenylbenzene derivatives related to safrole and estragole.
Cancer Res., 43, 1124-1134

Moshonas, M.G. & Shaw, P.E. (1978) Compounds new to essential orange oil from fruit treat-
ed with abscission chemicals. J. agric. Food ehem., 26, 1288-1290

National Academy of Sciences (1981) Formaldehyde and Other Aldehydes, Washington, DC,
National Academy Press, pp. 36-131

Ursini, F., Maiorino, M., Ferri, L., Valente, M. & Gregolin, C. (1981) Hydrogen peroxide and
hematin in microsomal Iipid peroxidation. J. inorg. Biochem., 15, 163-169

Zlatkis, A., Poole, C.F., Brazeli, R., Bafus, D.A & Spencer, P.S. (1980) Volatile metabolites
in sera of normal and diabetic patients. J. ehromatogr., 182, 137-145

Zlatkis, A, Brazell, R.S. & Poole, C.F. (1981) The role of organic volatile profiles in clinical
diagnosis. Clin. ehem., 27, 789-797



THE MONOGRAPHS





ALL YL COMPOUNDS





ALL YL CHLORIDE

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 107-05-1

Chem. Abstr. Name: 1-Propene, 3-chloro-

IUPAC Systematic Name: 3-Chloropropene

Synonyms: AC; chlorallylene; chloroallylene; 1-chloropropene-2; 3-chloropropene-1;
1-chloro-2-propene; 3-chloro-1-propene; ex-chloropropylene; 3-chloropropylene;

3-chloro-1-propylene; NCI-C04615; 2-propenyl chloride

1.2 Structural and molecular formulae and molecular weight

CH2 =CH-CH2CI

C3HsCI MoL. wt: 76.5

1.3 Chemical and physical properties of the pure substance

From DeBenedictis (1979), unless otherwise specified

(a) Description: Colourless liquid with a pungent, garlic-like odour (Verschueren, 1977)

(b) Boilng-point 44.96°C (Beacham, 1978)

(c) Freezing-point: -134.5°C

(cf Density: Specifie gravit y (20°C), 0.9392

(e) Refractive index: nßo 1.4160 (Beacham, 1978)

(f) Spectroscopy data: Proton magnetic resonance spectra have been reported
(Bothner-By et al., 1966).

-39-
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(g) Solubilty: Slightly soluble (0.36 wt %) in water; miscible with chloroform, diethyl
ether, ethanol and petroleum ether (Windholz, 1983)

(h) Viscosity: 0.336 cP at 20°C

(/) Volatiity: Vapour pressure, 295.5 mm Hg at 20°C (Beacham, 1978)

(j) Stabiliy: Flash-point (closed-cup), -31.70C

(k) Reactivity: Reacts as both an olefin (e.g., additions) and an organic halide (e.g.,
hydrolysis); undergoes a variety of nucleophilic substitution reactions

(~ Conversion factor: 1 ppm = 3.13 mg/m3 at 760 mm Hg and 25°C (Irish, 1963)

1.4 Technical products and impurities

ln 1949, allyl chloride was available in the USA as a single grade with a purity of 97%
min. Possible impurities were said to be 2-chloropropene, isopropyl chloride, n-propyl
chloride and traces of 3,3-dichloropropene (Vesper, 1949).

ln 1973, allyl chloride was available in two grades in the USA. A water-washed grade con-
tained 0.01 % acidity (as hydrogen chloride) max and an anhydrous grade contained 0.10%
acidity max. Both grades met the following specifications: purity, 97% min; apparent specif-
ie gravit y (20/20°C), 0.935-0.939; and distillation range, 43.0-49.0°C (Baies, 1977).

Allyl chloride is available in western Europe with the following specifications: purity, 97.5%
min; water, 200 mg/kg max; specifie gravit y, 0.932-0.938; and distilation range, 43-500C.

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Allyl chloride was first prepared in 1857 by Cahours and Hofmann by the reaction of
allyl alcohol with phosphorus chloride (Vesper, 1949). It was first produced commercially in
1945 from propylene (IARC, 1979a) by means of non-catalytic, high-temperature (500-5100C)
chlorination (Beacham, 1978); this method is still used for commercial production (De Bene-
dictis, 1979).

US production of allyl chloride in 1977 was estimated to have been almost 180 million
kg (DeBenedictis, 1979). Only two US companies presently produce it (at three plant loca-
tions), and production data are not disclosed (see Preamble, section 8(b)(ii)). Separate data
on US imports and exports of allyl chloride are not published.

Allyl chloride is produced commercially by one comp'any in France, one company in
the German Democratie Republic, three companies in Germany and one company in the
Netherlands.
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The commercial production of allyl chloride in Japan started in about 1961. Three Japan-
ese companies currently manufacture it by the chlorination of propylene; 1982 production
is estimated to have been 30-40 million kg.

(b) Use

Allyl chloride is used almost exclusively as a chemical intermediate. The major use is as
an intermediate for epichlorohydrin (see IARC, 1976). It is also used to make sodium allyl-
sulphonate and a series of allyl amines and quaternary ammonium salts as weil as the allyl
ethers of a variety of alcohols, phenols and polyols, and a number of barbiturate hypnotic
agents.

An estimated 150 million kg of allyl chloride were used as a chemical intermediate (pro-
bably unisolated) for epichlorohydrin manufacture in the USA in 1982. Epichlorohydrin is used
principally for the manufacture of epoxy resins and glycerol (Beacham, 1978).

Sodium allylsulphonate is made by the reaction of allyl chloride with sodium sulphite; it
is used as a component in metal plating baths (DeBenedictis, 1979). US production of this
chemical was last reported separately in 1973, when it amounted to 843 thousand kg (US
International l'rade Commission, 1975).

Allyl chloride is used to make mono-, di-, and triallylamine as weil as mixed amines con-
taining other alkyl groups (e.g., diallylmethylamine). These amines find use as such, and as
intermediates for other chemicals, such as ambuside (a diuretic), diallyl 2-chloroacetamide
(a herbicide) (Beacham, 1978), and several quaternary ammonium salts. The most important
allyl amine derivative is believed to be diallyl dimethylammonium chloride, which finds use
as a comonomer with acrylamide and other monomers in the production of cationic floccu-
lating agents.

Allyl ethers of polyols such as trimethylol propane have reportedly been used commer-
cially in polyester furniture finishes to improve their drying properties. Another ether made
from allyl chloride, allyl starch, was formerly made in commercial quantities in the USA for
use in surface coatings (Beacham, 1978).

The following six barbiturate hypnotic agents may be made from allyl chloride: aprobar-
bital, butalbital, methohexital sodium, secobarbital, talbutal and thiamylal sodium, although
one source (Swinyard, 1975) has indicated that such products are made from allyl bromide.

Allyl chloride is also used to make allyl isothiocyanate (see p. 55 of this volume), euge-
nol (see p. 75 of this volume) and 1,2-dibromo-3-chloropropane (see IARC, 1979b). It has
reportedly been used in Japan to make allyl esters (e.g., diallyl phthalate).

Other commercial uses which have been reported for allyl chloride include the synthe-
sis of glycerol chlorohydrins, trichloropropane and cyclopropane (Shell Ghemical Corp.,
1949).

ln Japan, allyl chloride is used as a chemical intermediate for epichlorohydrin (the major
use) and other chemicals (e.g., pesticides and pharmaceuticals).

Occupational exposure to allyl chloride has been limited by regulation or recommended
guidelines in at least 11 countries. The standards are ìisted in Table 1.

The US Environmental Protection Agency (EPA) (1983) requires that notification be given
whenever discharges containing 454 kg or more of allyl chloride are made into waterways,
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Table 1. National occupational exposure limits for allyl chloride8

Country Year Concentration Interpretationb Status

mg/m3 ppm

Australia 1978 3 1 TWA Guideline
Belgium 1978 3 1 TWA Regulation
Finland 1981 3 1 TWA Guideline

9 3 STEL
German Democratie Republic 1979 3 TWA Regulation

6 Maximum (30 min)
Germany, Federal Republic of 1984 3 1 TWAC Guideline
ltaly 1978 3 1 TWA Guideline
Netherlands 1978 3 1 TWA Guideline
Romania 1975 3 TWA Regulation

6 Maximum
Switzerland 1978 3 TWA Regulation
USAd

OSHA 1978 3 1 TWA Regulation
300 Maximum (30 min)e

ACGIH 1984/85 3 1 TWA Guideline
6 2 STEL

NIOSH 1976 3 1 TWA Guideline
9 3 Ceilng (15' min)

Yugoslavia 1971 3 1 Ceilng Regulation

aFrom International Labour Office (1980); Nationallnstitute for Occupational Safety aM Health (1980); National Fin-
nish Board of Occupation al Safety and Health (1981); American Conference of Governmental Industrial Hygienists
(1984); Deutsche Forschungsgemeinschaft (1984)

bTWA, time-weighted average; STEL, short-term exposure limit

cCarcinogenic risk notation added

dOSHA, Occupation al Safety and Health Administration; ACGIH, American Conference of Governmental Industrial
Hygienists; NIOSH, National Institute for Occupation al Safety and Health

eSkin irritant notation added

but has proposed that this be revised to require notification when discharges containing
2270 kg are made.

As part of the Hazardous Materials Regulations of the US Department of Transportation
(1982), shipments of allyl chloride are subject to a variety of labellng, packaging, quantity
and shipping restrictions consistent with its designation as a hazardous materia!.

2.2 Occurrence

(a) Naturaloccurrence
Allyl chloride has not been reported to occur in nature.

(b) Occupational exposure
It has been estimated that approximately 5000 workers in the USA are potentially ex-

posed to allyl chloride. Occupations involving potential exposure to allyl chloride have been
reported to include producers of allyl chloride, epichlorohydrin (crude epichlorohydrin can
contain 10-15% allyl chloride), glycerol, diallyldimethylammonium chloride, allyl alcohol (by a
process no longer in current use) and medicinal products (Nationallnstitute for Occupation-
al Safety and Health, 1976).

Occupational exposure has been reported in a plant producing allyl chloride in the Ger-
man Democratie Republic. The data are summarized in Table 2.
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Table 2. Occupational exposure to allyl chloride at various locations in an allyl chio ride
plant in the German Democratie Republics

Plant area Concentration (mg/m3)

Laboratory
Filling
Production
Tank storage
Pump room

aFrom Hausler and Lenich (1968)

3
19

53-59
43-310

1 89-350

Results of personnel monitoring at two US allyl chloride plants are summarized in Tables
3 and 4.

Table 3. Levels of allyl chloride at a US allyl chloride manufacturing siteS

Job No. of Concentrationb (mg/m3)
classification sam pies 

High Low Average

Control room, operator A 6 2.82 0.59 1.40
Control room, operator C 8 2.91 0.74 1.77
Instrument 4 14.63c 0.37 6.70
Laboratory 4 2.20 0.71 1.24
Shift foreman 4 12.49c 0.37 4.03
Maintenance 4 18.88c 2.42 9.46
Class 2 operator 5 19.00c 0.016 5.36
Head packaging operator 2 0.28 0.062 0.16
Chief material- handling technician 2 0.96 0.40 0.58

aFrom National Institute for Occupational Safety and Health (1976)
bit is possible that high values are caused by acetone interference.
CPotential exposure; protective equipment was worn during sampling operations and process upsets.

Table 4. Results of allyl chloride monitoring at a US manufacturing plantS

Job Eight-hour TWAb Peak (up to 15 min) Commentsclassification
No. of Range Meanc No. of Range Meanc
TWAs (mg/m3) (mg/m3) samples (mg/m3) (mg/m3)

Loading 8 1.2-9.9 5.9 5 19.2-122.5 60.5 Loading operators
wear breathing masks.
Drum-Ioading measure-
ments were taken prior
to installation of venti-

lation system. Tank car
and tank truck loading
rate is 2-3 h/day for each.Operators, except 70 -:0.3-11.2 1.46 15 0.3-95.2 35.0 Evaluations are for rou-for G-300
tine operations and do
not include shut-down
orstart-up periods
when full breathing

G-300 operators 5 0.3-16.4 _d
~pparatus is worn.

Shift foreman 16 0.3-10.5 1.89

aFrom National Institute for Occupation al Safety and Health (1976)
bTWA, time-weighted average
cThis represents the arithmetic mean, which is an overestimate of the central tendency of distribution; the data
appear to follow a log-normal distribution with a lower geometric mean.
dFour of five sam pies contained -:1 mg/m3.
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Occupational exposure to allyl chloride associated with the production of epichlorohydrin
has been reported. Data reported on US units in 1976 are summarized in Table 5 (which
mainly reflects potential exposures, since protective equipment was generally used) and
Table 6. Data on US manufacturing facilities from reports made in 1977 and 1978 are shown
in Table 7.

Table 5. Levels of allyl chloride at a US epichlorohydrin unit8

Job No. of Concentrationb (mg/m3)
classification samples

High Low Average

Control room, 5 3A4c 0.12 1.52
operator A
Instrument 2 3.84c 0.96 2042
Laboratory 6 10.60c 0.12 4.96
Shift foreman 3 14A8c 1.21 5.86
Epichlorohydrin 4 8AOc 0.16 2.73
helper
Control finisher 2 4 AOc 0.84 2.64
Maintenance 13 1.58 0.16 0.62

8From National Institute for Occupation al Safety and Health (1976)
bit is possible that high values are caused by acetone interference.
CPotential exposure; protective equipment was worn during sampling operations and process upsets.

Table 6. Occupational exposure to allyl chloride at a US epichlorohydrin-manufacturing
site8

Job Eight-hour TWAb Peak (up to 15 min) Comments
classifica-
tion

No. of Range Meanc No. of Range Meanc
TWAs (mg/m3) samples (mg/m3) (mg/m3)

Marine cargo 5 ..0.3-804 2.8 Gauging and inspecting
inspection crude epichlorohydrin

barges. Exposure is
limited to about 13-20
min/barge and 2-3 bar-
ges/month. Allyl chlor-
ide is a contaminant
(10-15%) in crude epi-

Dockman 1 ..0.3
chlorohydrin.

7 ..0.3-18.6 4.7 Connecting and dis-
connecting barge load-
ing lines on crude epi-
chlorohydrin barges

8From National Institute for Occupational Safety and Health (1976)
bTWA, time-weighted average
cThis represents the arithmetic mean, which is an overestimate of the central tendency of distribution; the data

appear to follow a log-normal distribution with a lower geometric mean.
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Table 7. Occupational exposure to allyl chloride at various locations in epichlorohydrin
manufacturing facilitiesa

Job classification Plant No. of Time-weighted average (mgjm3)b
sam pIes 

Range Median

8 ,0.16-2.11 0.56
12 ,0.16-27.6 ,0.16
6 ,0.3-44.2 1.43
5 ,0.3-1.59 0.64
5 ,0.3-0.95 0.32
5 ,0.03-2.06 0.32

3 ,0.16-0.93 0.53
3 ,0.16-0.62 0.53
1 0.53 0.53
6 ,0.3-0.95 (0.21)
1 0.31
1 ,0.3
1 ,0.16 ,0.16
1 ,0.3
3 ,0.16 ,0.16
3 ,0.16 ,0.16
5 ,0.3-0.95 ( ,0.3)
1 0.3 ,0.16
2 0.32-0.54 (0.44)

Chemical operators A
B
C
C
C
C

A
B
B
C
C
C
B
C
A
B
C
B
C

Foremen
Epichlorohydrin production

Epoxide plant production
Tank truck loading

Pipe fitters
Control room area

Glycerol production area

aFrom Baies (1978)
bTime-weighted average concentration to which workers may be exposed for a normal eight-hour working day of

a 40-hour week; figures in square brackets were calculated by the Working Group.

The majority of exposures were within the time-weighted average (TWA) for allyl chlo-
ride recommended by the Nationallnstitute for Occupational Safety and Health. Although at
plants Band C levels for two chemical operators reached 27.6 and 44.2 mg/m3 (TWA), res-

pectively, these samples were considered abnormal since they were taken during the repair-
ing of processing machinery; the operators were wearing cartridge respirators so that actual
exposure was considered to be significantly less.

(c) Air

Diurnal urban air samples, collected in the USA from Denver, CO, Houston, TX, River-
side, CA, and St Louis, MO, were found to contain .c16 ng/m3 of allyl chloride, whereas
samples from Pittsburgh, PA, were found to contain a mean of 64 ng/m3. None was detect-
ed in Chicago, IL, or Staten Island, NY (Singh et al., 1982).

2.3 Analysis

Typical methods for the analysis of allyl chloride in various matrices are summarized in
Table 8.
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Table 8. Methods for the analysis of allyl chloride

Sam pIe matrix Sample preparation Assay Limit of Reference
procedurea detection

Air Trap onto Tenax-GC; desorb GCjFID not given Brown & Pumell (1979)
thermally
Trap onto charcoal; desorb GCjFID 1.8-7.19 mgjm3 National Institute of
with benzene (range of validation) Occupation al Safety and

Health (1977)

Concentrate on a glass wool GCjEC .c3 ngjm3 (:t 15%) Singh et aL. (1982)
trap at liquid oxygen temper-
ature; desorb thermally

GC 0.2 mgjm3 Yu et al. (1981)
Trap onto Tenax-GC; desorb GCjMS 83 ngjm3 Krost et al. (1982)
thermally

Waste water Sparge with an inert gas; GCjMS 2 jigjl Spingarn et al. (1982)
trap volatiles onto
Tenax-GC; desorb thermally

BAbbreviations: GCjFID, gas chromatographyjflame ionization detection; GCjEC, gas chromatographyjelectron cap-
ture detection; GC, gas chromatography; GCjMS, gas chromatographyjmass spectroscopy

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(a) Oral administration

Mouse: Groups of 50 male and 50 female B6C3F 1 mice, five weeks old, were given doses
of 172 or 199 and 129 or 258 mg/kg bw (Iow- or high-dose males and females, respec-
tively) allyl chloride (technical grade; purity, 98%) per day in corn oil by gavage on five days
per week for 78 weeks. Groups of 20 animaIs of each sex received corn oit alone and ser-
ved as vehicle controls, and a further 20 animaIs of each sex served as untreated controls.
AnimaIs were maintained without further exposure through week92. There was excessive
mortality in male mice; 48% of mice in the high-dose group had died by week 27, and the 10
mice surviving longer than 48 weeks were kiled at week 56. Survival rates in other groups
at the end of the study were 8/20, 14/20 and 23/50 in untreated controls, vehicle controls
and the low-dose group, respectively. Of the females, 70-90% of mice were stil alive at the
end of the study. Treatment-related lesions were observed in the forestomachs of animaIs
of both sexes. A metastasizing squamous-cell carcinoma was found in 2/46 low-dose male
mice, but not in high-dose (0/50), vehicle-control (0/20) or untreated (0/18) males. Acanthosis
and hyperkeratosis of the forestomach were found in 9/46 low-dose and 19/50 high-dose,
but not in control males. ln females, a squamous-cell carcinoma wasfound in 2/48 low-dose,
but not in high-dose (0/45), vehicle-control(0/19) or untreated (0/20) groups. Squamous-cell
papilomas were observed in three high-dose and in one low-dose female. Acanthosis and

- hyperkeratosis of the forestomach occurred in 17 low-dose and 25 high-dose females, but
not in controls. The incidence of forestomach tumours in male and female mice was not sta-
tistically different from that in controls (National Cancer Institute, 1977; Weisburger, 1977).
(The Working Group noted the high mortality in treated males.)

Rat Groups of 50 male and 50 female Osborne-Mendel rats, six weeks of age, were
given initial doses of 70 and 140, and 55 and 110 mg/kg bw (Iow-dose and high-dose males
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and females, respectively) allyl chloride (technical grade; purity, 98%) per day in corn oïl by
gavage on five days per week. Due to toxicity the doses were reduced on two occasions;
average time-weighted doses over a 78-week treatment period were 57 and 77 mg/kg bw
for low- and high-dose males and 55 and 73 mg/kg bw for low- and high-dose females, res-
pectively. Ali surviving animais were maintained without further treatment up to a maximum
of 110 weeks. A group of 20 rats of each sex was treated with corn oil alone and served
as vehicle controls, and a further group of 20 rats of each sex served as untreated con-
trois. ln the high-dose group, 50% of males had died by week 14 and 50% of females by
week 38; the number of animaIs at risk for developing tumours was insufficient for analysis
of these results. ln the low-dose group, 50% of males were stil alive at 77 weeks and 50%
of females at 99 weeks; no increased incidence of tumours related to treatment was ob-
served (National Cancer Institute, 1977; Weisburger, 1977).

(b) Skin application

Mouse: Groups of 30 female Ha:ICR Swiss mice, six to eight weeks of age, received skin
applications of 31 or 94 mg allyl chIo ride (technical grade) (pu rit y unspecifiedl in 0.2 ml
acetone three times per week for 440-594 days. No skin tumour was observed in treated
animaIs, and the incidence of other tumours did not differ significantly from that in controls.
No skin tumour occurred in 30 controls treated with 0.1 ml acetone alone (Van Duuren et al.,
1979).

ln a two-stage mouse-skin assay, groups of 30 female Ha:ICR Swiss mice, aged six to
eight weeks, received a single skin application of 94 mg allyl chloride (technical grade) (purity
unspecifiedl inO.2 ml acetone, followed 14 days later by thrice-weekly applications of 5 i.g
phorbol myristyl acetate (12-0-tetradecanoylphorbol 13-acetate, l'PAl in 0.2 ml acetone for

life (median survival, 428-576 days). Seven papilomas were found in 6/90 control animais
treated three times weekly with 5 i.g TPA alone. A total of 10 papillomas was found in 7/30
treated mice (p , 0.025). The first tumour appeared at day 197 in the allyl chloride-treated
group and at day 449 in the TPA-treated controls (Van Duuren et al., 1979).

(c) Intraperitoneal administration

Mouse: Groups of 10 male and 10 female A/St mice, six to eight weeks of age, receiv-
ed intraperitoneal injections in tricaprylin of allyl chloride (technical grade, without further
purification) three times weekly for eight weeks at total-dose levels of 15.6, 38.4 and 76.8
mmol/kg bw (1.2, 2.9 and 5.9 g/kg bw). Controls received tricaprylin alone. Ali animais were
killed 24 weeks after the first injection, when the numbers of survivors were 16/20, 20/20,
20/20 and 20/20 in the control, low-, medium- and high-dose groups, respectively. The num-
bers of lung adenomas seen grossly per mou se in animais of both sexes combined were
0.19 + 0.1, 0.60 + 0.20, 0.50 + 0.27 and 0.60 + 0.15 in the control, low-, medium- and
high-dõse groups, respectively. The incidence of lung tumours in the high-dose group differ-
ed statistically from that in controls by one of two statistical tests (p , 0.05) (Theiss et al.,
1979).

3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

The oral LDsos of ail yI chloride (pu rit y, ::99 %) have been reported to be 425 mg/kg bw
in mice and 460 mg/kg bw in rats. ln mice, the oral LDso of a commercial-grade sam pIe
(purity, 90%) was 550 mg/kg bw. Inhalation studies in a static exposure system gave the
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following LCso values for two-hour exposures: female mice, 11 500 mg/m3; rats, approxima-
tely 11 400 mg/m3; and guinea-pigs, 5800 mg/m3 (Lu et al., 1982). Exposure by inhalation to
2000 ppm (6200 mg/m3) allyl chloride vapour for four hours was lethal for 1/6 rats (Smyth
& Carpenter, 1948).

Allyl chloride has strong irritating properties. Inhalation of vapours produces inflamma-
tory and necrotizing effects in the respiratory ducts and lung damage is the usual cause of
death in rats and guinea-pigs. The major systemic effects are degenerative changes of kid-
ney and to a lesser extent of the Iiver (Adams et al., 1940). Long-term inhalation studies, in
which rabbits and cats were exposed to 206 mg/m3 allyl chloride vapour for six hours per
day on six days per week for three months, resulted in the development in rabbits of flac-
cid paralysis with muscular atrophy, which were in part reversible after cessation of ex po-
sure; cats were affected to a lesser extent. Exposure to 17.5 mg/m3 under comparable con-
ditions was tolerated without adverse effects (Lu et al., 1982).

Ali of six rabbits injected subcutaneously with 50 mg/kg bw allyl chloride three times for
one week followed by 100 mg/kg bw three times a week for up to 11 weeks developed peri-
pheral neuropathy (He et al., 1980).

Inhalation exposure of rats, guinea-pigs and rabbits to 8 ppm (24.8 mg/m3) allyl chloride
vapour in a dynamic-flow system for seven hours per day, on five days per week for five
weeks caused histological damage to the Iivers and kidneys, whemas exposure to 3 ppm
(9.3 mg/m3) for six months under the same conditions caused no observable toxic effect in
rats, guinea-pigs, rabbits or dogs (Torkelson et al., 1959).

ln a bioassay gavage study (described in section 3.1), rats received daily time-weighted
average doses of 57 or 77 (males) and 55 or 73 (females) mg/kg bw ail yi chloride in corn
oil for 78 weeks. A slight depression of body-weight gain was observed in the high-dose
groups, but a dose-dependent reduction in mean survival times was seen in both the high-
and low-dose groups. Hunched appearance and some respiratory distress were also repor-
ted. Mice received daily time-weighted average doses of 172 or 199 (males) and 129 or 258
(females) mg/kg bw. No depression of body weight was observed, but a significant decrease
in mean survival times, accompanied by loss of equilibrium and abdominal distention, was
reported in high-dose males (National Cancer Institute, 1977).

Effects on reproduction and prenatal toxicity

Groups of 25-39 Sprague-Dawley rats and 20-25 New Zealand white rabbits were ex-
posed via inhalation to 0, 30 or 300 ppm (0, 93 or 930 mg/m3) allyl chloride (purity, 98.6%)
vapour for seven hours per day on gestation days 6-15 (rats) or 6-18 (rab bits). Exposure to300 ppm resulted in decreased maternai weight gain during the first two or three days of
exposure. Only minor alterations of the foetal skeleton were seen, including delayed ossifi-
cation of the sternebrae and vertebral centra among rats at the highest exposure level (John
et al., 1983).

A group of 10-15 Sprague-Dawley rats received intraperitoneal injections of 80 mg/kg bw
ail yi chloride (purity unspecified) in corn oil on days 1-15 of gestation. Foetuses were exam-
ined on day 21 of gestation. Maternai heart, liver, spleen and kidney weights were signifi-
cantly increased by treatment, but no histopathological change was evident. There viere
significant increases in the occurrence of oedematous foetuses and foetuses with short
snout and protruding tongue in treated Iitters (Hardin et al., 1981).

(The Working Group noted that these studies differed in the route of administration.)
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Absorption, distribution, excretion and metabolism

Male rats dosed subcutaneously with allyl chloride (1 ml of a 10% v/v solution in arachis
oil) excreted mercapturic acids in the urine which were identified as 3-hydroxypropylmer-
capturic acid and allylmercapturic acid and its sulphoxide (Kaye et al., 1972). This suggests
that allyl chio ride is metabolized through two different pathways (see also Fig. 1, General
Remarks on the Substances Considered, p. 32). Allylglutathione and S-allyl-L-cysteine have
been detected in the bile of a rat given allyl chloride (Kaye et al., 1972).

Allyl chloride in the presence of NAD PH and oxygen partially destroyed rat hepatic micro-
somal cytochrome P-450 with loss of haem (Patel et al., 1981).

Allyl chloride exerts direct alkylating properties in vitro (Eder et al., 1980, 1982a,b).

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-Term Tests', p. 329).

Allyl chloride is positive in the bacterial polA + /polA- DNA-repair assay with Escherichia
coli (McCoy et al., 1978).

The mutagenicity of allyl chloride for Salmonel/a typhimurium TA 1535 and TA 100 but not
TA 1538 can be demonstrated if precautions are taken to prevent its escape due to volatilty
(McCoy et al., 1978; Bignami et al., 1980; Eder et al., 1980; Norpoth et al., 1980; Simmon,
1981; Eder et al., 1982a,b); its activity is greatly decreased by the presence of an exoge-
nous metabolic system (Eder et al., 1980, 1982a,b).

Allyl chloride ìs mutagenic to Streptomyces coelicolor but not to Aspergilus nidulans
(Bignami et al., 1980); it induces gene conversions in Saccharomyces cerevisiae (McCoy et
al., 1978).

(b) Humans

Toxic effects

Workers exposed to concentrations of allyl chloride ranging from 1-113 ppm (3-350
mg/m3) for 16 months were reported to have developed liver damage, as determined by
serum enzyme activities, which was shown to be reversible after cessation or minimization
of exposure (HäusJer & Lenich, 1968). ln another study of exposure to unknown concen-
trations of allyl chloride, workers were reported to have impaired kidney function (Ali-Zade,
1979). Both motor and sensory neurotoxic damage at the distal parts of the extremities (si mi-
larto that seen after exposure to n-hexane or tri-ortho-cresyl phosphate) was reported in 17
industrial workers, which was reversible after cessation of exposure and treatment; how-
ever, thìs effect recurred after return to work. The sa me symptoms were induced in rabbits
exposed under similar laboratory conditions (He et al., 1980).

Effects on reproduction and prenatal toxicity

Potential adverse effects of allyl chloride (as weil as the structurally similar epichlorohy-
drin and 1,3-dichloropropene) on male fertility were investigated in employees of a glycerol
factory in Texas, USA (Venable et al., 1980). ln general, no difference in a variety of sperm
counts was found between 64 exposed and 63 control workers, although a subgroup of 10
workers exposed to ail three chemicals had a significantly lowered sperm cou nt in compar-
ison to the remainder of the study group. The eight-hour time-weighted average for ail of
these chemicals was estimated to have been -:1 ppm (-:3.1 mg/m3) during the five years
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immediately preceding the study. Two other subgroups, exposed to epichlorohydrin and allyl
chloride or 1,3-dichloropropane and allyl chloride, showed no evidence of decreased sperm
counts. (The Working Group noted the multiple exposures evaluated, the possible exposure
of controls to other chemicals, as weil as possible variations in individual sam pIe collections
and processing time, making this study inadequate for the evaluation of the effects of allyl
chloride on semen quality.)

No data were available to the Working Group on absorption, distribution, excretion and
metabolism or on mutagenicity and chromosomal effects.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

No data were available to the Working Group.

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Allyl chloride has been produced commercially since 1945 and is used almost exclusively
as a chemical intermediate, principally in the production of epichlorohydrin.

4.2 Experimental data

Allyl chloride has been tested for carcinogenicity by intragastric intubation in mice and
rats, by skin application in mice, both by repeated application and in a two-stage assay, and
by intraperitoneal injection in mice. Following its oral administration to mice, a nonsignificant
increase in the incidence of squamous-cell papilomas and carcinomas of the forestomach
was observed; the experiment in rats was inadequate for evaluation. No skin tumour was
observed in mice following repeated skin applications; however, a single application fol-
lowed by treatment with 12-0-tetradecanoylphorbol 13-acetate gave some evidence that allyl
chloride acts as an initiator. Following its intraperitoneal injection to strain A mice, a slight
increase in the incidence of lung adenomas was observed.

Inhalation exposure to allyl chloride of high purity did not induce teratogenicity in rats
or rabbits.

Allyl chloride caused DNA damage in bacteria, and was mutagenic to bacteria and fungi.
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Overall assessment of data from short-term tests: allyl chloridea

Genetic activity

DNA damage Mutation Chromosomal Cell
effects transformation

Prokaryotes + +

FungijGreen plants +

Insects

Mammalian cells
(in vitro)

Mammals
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Limited Cell transformation: No
data

aThe groups into which the table is divided and the symbol + are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.

4.3 Human data

No case report or epidemiological study of the carcinogenicity of allyl chloride to humans
was available to the Working Group.

4.4 Evaluation 1

There is inadequate evidence for the carcinogenicity of allyl chloride in experimen-
tal animais.

ln the absence of epidemiological data, no evaluation cou Id be made of the carcinogeni-
city of allyl chloride to humans.
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1. Chemical and Physical Data

1.1 Synonyms and trade names

ehem. Abstr. Services Reg. No.: 57-06-7

Chem. Abstr. Name: 1-Propene, 3-isothiocyanato-

IUPAC Systematic Name: Allyl isothiocyanate

Synonyms: AITC; AITK; allyl isorhodanide; allyl isosulphocyanate; allylisothiocyanate;
allyl mustard oil; allylsenevol; allylsenföl; allyl sevenolum; allyl thiocarbonimide; arti-
ficial mustard oil; artificial oil of mustard; FEMA No. 2034; 3-isothiocyanatopropene;
3-isothiocyanato-1-propene; isothiocyanic acid allyl ester; NCI-C50464; Oil of Mus-
tard BPC 1949, Synthetic; oleum sinapis; oleum sinapis volatile; 2-propenyl isothio-
cyanate; propylene-3-isothiocyanate; synthetic mustard oil; synthetic mustard oil
volatile; volatile mustard oil; volatile oil of mustard

Trade Names: Carbospol; Redskin

1.2 Structural and molecular formulae and molecular weight

CH2 =CH-CH2N =C =5
C4HsNS MoL. wt: 99.2

1.3 Chemical and physical properties of the pure substance

From Windholz (1983), unless otherwise specified

(a) Description: Colourless or pale-yellow liquid with a pungent, irritating odour and
an acrid taste

(b) Boilng-point: 148-154°C

(c) Meltng-point: -102.5°C (Furia & Bellanca, 1975)

(d) Density: 1.013-1.020

-55-
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(e) Refractive index: nõo 1.5268-1.5280

(f) Spectroscopy data: Infrared spectral data have been reported (National Research
Council, 1981)

(g) Solubilty: Slightly soluble in water; limited solubility in 70% aqueous ethanol (0.1
in 1 1); miscible with ethanol and most organic solvents

(h) Volatility: Vapour pressure, 40 mm Hg at 67.4°C (Verschueren, 1977)

(/) Stability: Flash-point, 46.1°C (Hawley, 1981); tends to darken on ageing (Furia &
Bellanca, 1975); converts to methyl allylthiocarbamate in methanol and to uniden-
tified products in water (Ina et al., 1981)

(j) Conversion factor: 1 ppm = 4.1 mg/m3 at 760 mm Hg and 25°C (calculated by the
Working Group)

1.4 Technical products and impurities

ln 1972, allyl isothiocyanate was available in the USA as a chemical grade with a purity
of 93-94%. A food grade was available with the following specifications: purity, 93% min;
arsenic, 0.0003% max; lead, 0.001 % max. It was also required to pass a test for phenol

content (Food and Drug Research Laboratories, 1972).

ln the USA, to meet the requirements of the Food Chemicals Codex, allyl isothiocya-
nate must pass an infrared identification test and meet the following specifications: purity,
93% min; refractive index (20°C), 1.527-1.531; specifie gravit 

y (25°C), 1.013-1.020; distillationrange, 148-154°C; and pass a test for phenols (National Research Council, 1981).

ln western Europe, allyl isothiocyanate is available as a clear, almost colourless
or pale-yellow liquid with the following specifications: assay, 93% min; density (200C),
1.015-1.020; and refractive index, nõo 1.527-1.530. It has a typical flash-point (closed-cup) of
46°C (Bush Boake Allen Ltd, undated).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Allyl isothiocyanate can be prepared by synthetic methods or by isolation from natural
sources. Apparently it was first synthesized by Dulière in 1920 by the reaction of allyl iodide
and potassium thiocyanate (Windholz, 1983). It is probably produced commercially by the
reaction of allyl chloride with sodium or potassium thiocyanate at elevated temperatures.

Natural allyl isothiocyanate (so-called volatile mustard oil) is made by macerating the
dried ripe seeds (free from fixed oil) of the mustard plants Brassica nigra or B. juncea with
water, followed by distilation. The allyl isothiocyanate is freed from the glucoside sinigrin,
in which it occurs naturally, by the action of the water and an enzyme, myrosinase (Food
and Drug Research Laboratories, 1972). The content of allyl isothiocyanatein the resulting
volatile mustard oil is more than 90% (US Food and Drug Administration, 1975).
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Synthetic allyl isothiocyanate was first produced commercially in the USA in 1937 (US
Tariff Commission, 1938).

Approximately 15 thousand kg of allyl isothiocyanate were used by the US food indus-
try in 1970 (National T oxicology Program, 1982), but separate total US production data have
never been published. Two US companies reported total combined production in the range
of 9.1-90.8 thousand kg in 1977, and another producing company claimed confidentiality for
its production volume (NIH/EPA Chemical Information System, 1984). Only one US com-
pany currently manufactures allyl isothiocyanate. Separate data on US imports and exports
of this compound are not published.

Allyl isothiocyanate is produced commercially by one company each in Germany and
the UK.

One Japanese company currently manufactures allyl isothiocyanate by the reaction of
allyl chloride with sodium thiocyanate, and production in 1982 is estimated to have been two
thousand kg.

(b) Use

Allyl isothiocyanate is used principally as a flavouring agent. It is also used as a denatu-
rant for ethanol and as a rubefacient (counterirritant) in medicine. Several other uses have
been proposed, but their present commercial significance is unknown.

Allyl isothiocyanate is used extensively as a flavouring agent at low concentrations (nor-
mally 85 mg/kg max) in pickled products, condiments, meats and spice flavours. A survey in
1977 on the use of food additives in US industry (National Research Council/National Acad-
emy of Sciences, 1979) reported the information shown in Table 1.

Allyl isothiocyanate is one of numerous denaturants approved for use (at a level of 10
Ib/100 gallons (12 g/I) of alcohol) in the USA in sp~cially denatured alcohol Formula No.
38-B. Although the volume of this formula used in thé USA each year is published, no infor-
mation was available on the amount made with allyl isothiocyanate.

Allyl isothiocyanate has been used in external analgesic products as a counterirritant.
From 1962 to 1972, nearly 15 million package units of such products were marketed in the
USA (US Food and Drug Administration, 1979).

Table 1. Results of a US survey on the use of food additivesa

Food additive Year of Usage No. of No. of Use level (%)first (1976) users food
use (thous- categories Usual Highestand kg)

Allyl isothiocyanate 1950 2.2 13 9b 10-9-0.13 10-9-0.5Allyl isothiocyanate (dis- - 4.5 ,4 2c 0.005-0.05 0.005-0.05tillate)

10-6-0.01
Allyl isothiocyanate 1966 0.15 ,4 6d 5x10-6-0.1(essential oil)

aFrom National Research Council/National Academy of Sciences (1979)
bThe users provided more than 30 respons~s, of which 18 indicated use in condiments/relish
cDressings and condiments/relish
dThe users provided more than 14 responses, of which four indicated use in fish and seafood
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Allyl isothiocyanate has also been reported to have been used as agas in warfare (Win-
dholz, 1983); as a fumigant (Hawley, 1981); as a fungicide and insecticidal fumigant, as a
repellent for cats and dogs, and as an ingredient in some model airplane cements to deter
glue sniffers (Gosselin et al., 1982). It has also been used as a preservative in animal feed
(Ríhová, 1982).

The principal use for allyl isothiocyanate in western Europe is as a flavouring agent. ln
Japan, it is used as a flavouring agent and as a pharmaceutical agent.

Allyl isothiocyanate has been approved for use as a synthetic flavouring substance and
adjuvant in foods, provided it is used in the minimum quantity required to produce its inten-
ded effect (US Food and Drug Administration, 1980).

Allyl isothiocyanate is not permitted for use as a food additive by the Council of Europe.

The Bureau of Alcohol, Tobacco and Firearms of the US Department of the Trea-
sury (1983) lists allyl isothiocyanate among the approved denaturants for specially denatu-
red alcohol Formula No. 38-B.

ln 1979, an advisory review panel on over-the-counter drugs of the US Food and Drug
Administration (FDA) concluded that allyl isothiocyanate is safe and effective for use as an
external analgesic when used within certain dosage restrictions (US Food and Drug Admin-
istration, 1979). ln 1983, the FDA published a tentative final monograph in which it propos-
ed a ru le indicating that external analgesic drug products for over-the-counter use were
generally recognized as safe and effective and not misbranded if they contained 0.5-5% allyl
isothiocyanate as the counterirritant active ingredient (US Food and Drug Administration,
1983).

2.2 Occurrence

Naturaloccurrence

Allyl isothiocyanate has been reported to occur in the plant king dom in the glucoside sini-
grin. During processing to yield essential oils or in cooking, sinigrin is hydrolysed by myro-
sinase to allyl isothiocyanate (Food and Drug Research Laboratories, 1972; Hassan et al.,
1980). The following plants of the eruciferae family have been found to contain ail yi isothio-
cyanate: Brassica nigra L. (black mustard), Sinapis alba (white mustard) (Food and Drug
Research Laboratories, 1972); Allaria offcinalis (wild garlic), Alyssum spp. (madwort), Armo-
racia lapathifolia (horseradish), Barbarea vulgaris (winter cress), eakile maritima (sea rocket),
Capsella bursa-pastoris (shepherd's purse), erambe maritima (sea kale), Diplotaxis muralis
(white wall rocket), Erucastrum gallum, Erysimum cheiranthoides (blister cress), Hesperis
matronalis (rocket), Iberis sempervirens (candytuft), Sinapis arvensis (wild mustard), Sisym-
brium spp. (hedge mustard), Raphanus sativus (radish) (Mitchell & Jordan, 1974); Thlaspi
arvense (penny cress) (Mitchell & Jordan, 1974; Furia & Bellanca, 1975); Brassica oleracea
botrytis (cauliflower), Brassica rapa (turnip) (Cole, 1980); Brassica oleracea capitata (cab-
bage) (Tookey et al., 1980); Brassica juncea (black mustard), eocloleria aroracia (horse-
radish), Wasabia japonica (wasabi) (Ina, 1982); Brassica oleracea italica (broccoli), Brassica
oleracea (kale) (National Toxicology Program, 1982); Brassica oleracea alboglabra (kairan)
at 96 mg/g (Uda et al., 1982a); Brassica napus seeds (Uda et al., 1982b). Naturally-derived
mustard oil was found to contain 97.8% allyl isothiocyanate (Hassan et al., 1980).
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Typical methods for the analysis of allyl isothiocyanate in various matrices are summa-
rized in Table 2.

Table 2. Methods for the analysis of allyl isothiocyanate

Sam pie matrix Limit of
detection

ReferenceSam pie preparation Assay
procedurea

Mustard and rapeseed Add to a solution of allylthiourea S
oils and potassium ferricyanide in dilute

acetic acid

Two alternative procedures: (1)
adsorb volatiles on Porapak Q and
Tenax-GC; desorb either thermally
or by extraction with diethyl ether

and concentra te under nitrogen; or
(2) hydrolyse chopped plant material
in water and extract with dichloro-
methane

Radish (Raphanus sati- Mix juice with ethanol and ammo- S (600 nm)
vus) nium hydroxide; neutralize with ace-

tic acid; incubate with a modified
Grote reagent

Mustard seeds and mus- Extract with 70% methanol
tard preparations
Cruciferous (Chine se and Blanch with boiling water and GC/MS
Japanese) vegetables extract with methanol; extract with

diethyl ether and fier through an
Amberlite-IR 4B column; treat eluate
with aqueous potassium hydroxide
and with myrosinase and ascorbic
acid; steam distil and extract dis-
tilate with diethyl ether and concen-
trate

Mayonnaise (oil compo- Freeze-break the emulsion; evapo- GC/FID
nent) rate oil onto a Tenax-GC column;

desorb thermally
Dissolve in carbon tetrachloride
containing N,N-dimethylaniline as
the internai standard

2.5 ¡tg/ml

Cauliflower (Brassica
oleracea botrytis) and
turnip (Brassica rapa)

GC/FID Not given

20 ¡tg/ml

HPLC/UV Not given

(abstract)
Not given

(abstract)

Not given

Mustard oil PMR Not given

Mukhopadhyay &
Bhattacharyya
(1983)
Cole (1980)

Esaki & Onozaki

(1980)

Henning (1981)

Uda et al. (1982a)

Min (1981); Min &
Tickner (1982)

Hassan et al.
(1980)

aAbbreviations: S, spectrophotometry; GC/FID, gas chromatography/flame ionization detection; HPLC/UV, high-per-
formance liquid chromatography/ultraviolet detection; GC/MS, gas chromatography/mass spectroscopy; PMR, pro-
ton magnetic resonance

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(a) Oral administration

Mouse: Groups of 50 male and 50 female B6C3F1 mice, 57 days old, were administered
0,12 or 25 mg/kg bw allyl isothiocyanate (commercial grade; pu 

rit y, ~93%, found by chrom-
atography and nuclear magnetic resonance spectroscopy, with" six unidentified impurities)
in corn oïl by gavage five times per week for 103 weeks. Survival was comparable among
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the groups: at the end of the study period, 26, 24 and 27 males and 16, 25 and 18 fe-
males in the control, low-dose and high-dose groups, respectively, were still alive. Allyl
isothiocyanate did not increase the incidence of tumours in treated mice of either sex (Dun-
nick et al., 1982; National Toxicology Program, 1982).

Rat: Groups of 50 male and 50 female Fischer 344/N rats, 39 days old, were adminis-
tered 0, 12 or 25 mg/kg bw allyl isothiocyanate (commercial grade; pu rit y, :;93%, found by
chromatography and nuclear magnetic resonance spectroscopy, with six unidentified impu-
rities) in corn oil by gavage five times a week for 103 weeks. Survival was comparable in
ail groups, with 29-33 animais per treated group and 35-37 controls surviving at the end of
the study. ln males, transitional-cell papillomas occurred in the urinary bladder in 0/49 con-
trol, 2/49 low-dose and 4/49 high-dose animais (p ~ 0.05, trend test). Epithelial hyperpla-
sia in the urinary bladder also occurred in 0/49 control, 1/49 low-dose and 6/49 high-dose
males (not the sa me animais that had papilomas). One transitional-cell papilloma and one
epithelial hyperplasia were found in high-dose female rats. Subcutaneous-tissue fibrosarco-
mas occurred in 0/50 control, 0/50 low-dose and 3/50 high-dose females (p ~ 0.05, trend
test) (Dunnick et al., 1982; National Toxicology Program, 1982).

(b) Skin application

Mouse: Mustard oil, which contains :;90% allyl isothiocyanate (US Food and Drug Admin-
istration, 1975), was tested in a two-stage mouse-skin assay. Three control groups of
12-16 'S' strain mice (actual strain, age and sex unspecified) received 0.3 ml of 0.1-0.15%
7,12-dimethylbenz(a)anthracene (DMBA) on the skin of the back followed by no treatment

(two groups) or 21 days later by twice weekly applications for 12 weeks and weekly appli-
cations for 15 weeks of acetone. A fourth group of 16 mice received an initial skin applica-
tion of 0.3 ml of 0.1% DMBA followed 39 days later by applications of a 3-4.5% solution of
mustard oïl in acetone weekly for 20 weeks. The incidence of skin papillomas among ani-
mais surviving to the end of the experiment was 4/21, 1/12 and 1/16 in the combined DMBA
control groups with no secondary treatment, in controls receiving DMBA followed by ace-
tone and in treated mice receiving DMBA and mustard oïl, respectively (Gwynn & Salaman,
1953). (The Working Group noted the extremely short duration of the study and the Iimited
number of animais used.)

3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

The oral LDso of allyl isothiocyanate dissolved in corn oil was reported to be 339 mg/kg
bw in rats (Jenner et al., 1964); in mice, the subcutaneous LDso of a 10% solution of allyl
isothiocyanate in corn oïl was found to be 80 mg/kg bw (Klesse & Lukoschek, 1955).

Allyl isothiocyanate has been described as a strong irritant to skin and mucous mem-
branes (Gosselin et al., 1982).

Acute and chronic effects from short- and long-term oral administration have been report-
ed in the context of a bioassay study (described in section 3.1): a single administration of
the compound in corn oil by gavage caused growth retardation and dose-related, non-spe-
cifie signs of toxicity at dose levels of 200 and 400 mg/kg bw in rats and 100-800 mg/kg
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bw in mice. A 14-day experiment, in which mice and rats received doses of 3-50 and 25-400
mg/kg bw, respectively, resulted in dose-dependent thickening of the stomach mucosa and,
in rats, in adhesion of the stomach wall to the peritoneum; mice given the highest dose devel-
oped a thickening of the urinary-bladder walL. Lethality began with doses of 200 mg/kg bw
in rats and of 50 mg/kg bw in mice. ln a chronic study lasting 103 weeks, daily doses of 12
or 25 mg/kg bw caused a slight, dose-related decrease in body-weight gain and mean sur-
vival time; an increased rate of cytoplasmic vacuolization was noted in the livers of male
mice (National Toxicology Program, 1982).

A reduction in blood clotting and prothrombin times, an increase in total plasma and liver
triglycerides and cholesterol, and a decrease in D-amino acid oxidase (Muztar et al., 1979a,b)
and xanthine oxidase were reported after administration to rats of 0.1 % allyl isothiocyanate
in the diet for 30 days (Huque & Ahmad, 1975).

Allyl isothiocyanate exerts a slight goitrogenic activity. Studies in rats (bw, 150-320 g)
given 2-4 mg as a single dos~ by gavage in water showed inhibition of iodine uptake into
the thyroid gland (Langer & Stolc, 1963). This effect may be due, according to in-vitro
studies, to an inhibition of inorganic iodide storage, as weil as organic binding of iodine (Lan-
ger & Greer, 1968).

Effects on reproduction and prenatal toxicity

The teratogenic potential of allyl isothiocyanate was evaluated in mice, rats, hamsters
and rabbits (Food and Drug Research Laboratories, 1973). Groups of 23-25 CD-1 mice were
treated with 0, 0.3, 1.3, 6.0 or 28.0 mg/kg bw allyl isothiocyanate (purity unspecified) in corn
oil by oral gavage on gestation days 6-15. Foetuses were examined on day 17 for malfor-
mations. Groups of 25 Wistar rats received 0, 0.2, 0.85, 4.0 or 18.5 mg/kg bw in corn oil by
oral intubation on gestation days 6-15. Foetuses were examined for malformations on day
20. Groups of 25-27 golden hamsters received doses of 0, 0.2, 1.1, 5.1 or 23.8 mg/kg bw
in corn oil by oral intubation on days 6-10 of gestation. Foetuses were examined on day 14
for malformations. Groups of 11-14 Dutch-belted rabbits received doses of 0, 0.123, 0.6, 2.8
or 12.3 mg/kg bw in corn oil by oral intubation on days 6-18 of gestation. Foetuses were dei 

iv-ered by caesarean section on day 29. No evidence of maternai toxicity or treatment-relat-
ed malformation was observed in any species. ln mice, there appeared to be an increase
in dead and resorbed foetuses in the high-dose group, although no statistical analysis of
the data was presented (at the highest dose level, 38/276 implantation sites were dead or
resorbed compared to 15/264 in the control group, and the average number of live pups per
litter was 9.92 compared to 11.3).

Groups of pregnant Wistar rats (29 animais in the control group, five in the low-dose and
unstated for the high-dose groups) were given 0, 60 or 120 mg/kg bw of allyl isothiocya-
nate (purity unspecified) in corn oil by oral intubation on days 12 or 13 of gestation as part of
an effort to determine structure-activity relationships for chemicals similar to the teratogen
ethylenethiourea. Despite the occurrence of maternai toxicity at the high dose, no adverse
effect on the foetuses was found (Ruddick et al., 1976).

Two groups of six and eight pregnant Holtzman rats received 50 or 100 mg/kg bw allyl
isothiocyanate (pu rit y unspecified), respectively, by subcutaneous administration (the vehi-
cIe was either propylene glycol or distilled water) on days 8 and 9 of gestation. A group of
54 pregnant rats served as controls. Maternai toxicity was evident with the high dose. Foe-
tuses were examined on day 20; those in the low-dose group weighed significantly less than
controls, while an increased incidence of resorptions was seen in the high-dose group. No
treatment-related malformation was observed (Nishie & Daxenbichler, 1980).
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Absorption, distribution, excretion and metabolism

Fischer 344 rats and B6C3F 1 mice were used to study the tissue distribution and meta-
bolism of allyl isothiocyanate (pu rit y, /98%). Wh en measured 15 min after intravenous injec-
tion of 25 mg/kg bw, allyl isothiocyanate-derived radioactivity was found at the highest con-
centration in the urinary bladder of male rats and mice and in the kidneys of male mice; the
bladders of males contained five to ten times more radioactivity than the bladders of fe-
males. After oral and intravenous administration, most of the radioactivity was cleared

through urine (70-80%), while exhaled air (13-15%) and faeces (3-5%) contained less. The
major metabolite detected in urine was N-acetyl-S-(N-allylthiocarbamoyl)-L-cysteine (Ioannou
et al., 1984). (See also Fig. 1, General Remarks on the Substances Considered, p. 32.)

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-Term Tests', p. 330).

Allyl isothiocyanate was negative in the Bacilus subtils rec+ /ree- DNA-repair assay (Oda
et al., 1978).

Allyl isothiocyanate (purity unspecified) was mutagenic to Salmonella typhimurium T A98
and TA 100 using the preincubation procedure; the presence of an exogenous metabolic sys-
tem (S9) from the Iivers of polychlorinated biphenyl-induced rats had no effect on this activ-
ity (Yamaguchi, 1980). However, addition of an exogenous metabolic system was report-
ed to abolish a weak response in strain TA 100 following a modified treatment procedure
with allyl isothiocyanate (purity, 99.8%) (Eder et al., 1980, 1982a,b). Using the standard plate
incorporation test, Kasamaki et al. (1982) reported (data not given) that allyl isothiocyanate
(purity, 90-95%) was not mutagenic in strains TA98 and TA100 in the presence or absence
of a rat-liver S9. Negative results were obtained in strains TA1535, TA1537 and TA1538
(Yamaguchi, 1980). Allyl isothiocyanate (purity, 95%) induces mutations in Escherichia coli
WP67; this activity requires the presence of an exogenous metabolic system; rodent, goat
and monkey liver were tested (Ríhová, 1982).

Allyl isothiocyanate induces chromosomal aberrations in root-tip cells of Allum cepa
(Sharma & Sharma, 1962).

Allyl isothiocyanate was reported to induce sex-Iinked recessive lethal mutations in Oro-
sophila melanogaster (Auerbach & Robson, 1944). However, in an abstract, Schalet and Her-
skowitz (1954) reported no induction of sex-linked recessive lethal mutations.

Allyl isothiocyanate has been reported to induce chromosomal aberrations in Chinese
hamster B241 cells. (The Working Group noted the extremely low effective dose (5 nM)
reported in this study.) An exogenous metabolic system derived from Aroclor-induced rats
had no effect on the activity (Kasamaki et al., 1982).

Allyl isothiocyanate does not induce dominant lethal mutations in mice when doses of up
to 19 mg/kg bw are given intraperitoneally (Epstein et al., 1972).

Mustard oil, which is reported to contain /90% allyl isothiocyanate, was reported not to
induce 'genetic effects' in Saccharomyces cerevisiae in a host-mediated assay with mice
treated with up to 130 mg/kg bw (US Food and Drug Administration, 1975). (Data were not
available to the Working Group.)

Mustard oil did not induce chromosomal aberrations in cultured human embryonic lung
cells nor in the bone marrow of rats given up to 100 mg/kg bw (US Food and Drug Admin-
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istration, 1975 (no data given)). It has been reported to induce chromosomal aberrations
in the root tips of wheat (Swaminathan & Natarajan, 1956, 1959).

The induction by mustard oH of sex-linked lethal mutations has been reported in Droso-
phila melanogaster (Auerbach & Robson, 1947). It did not induce dominant lethal mutations
in rats at levels of up to 100 mg/kg bw (US Food and Drug Administration, 1975 (no data
given)).

(b) Humans

Toxic effects

Allyl isothiocyanate has been found to produce irritation of mucous membranes and ecze-
matous or vesicular skin reactions (Gaul, 1964). Contact dermatitis was reported in a wait-
ress who handled salad plants; patch tests in this woman with radishes and with allyl
isothiocyanate produced positive reactions (Mitchell & Jordan, 1974).

No data were available to the Working Group on effects on reproduction and prenatal
toxicity, on absorption, distribution, excretion and metabolism, or on mutagenicity and chro-
mosomal effects.

3.3 Case reports and epidemiological studies of carcinogenicityto humans

No data were available to the Working Group.

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Allyl isothiocyanate occurs widely in natural products in the glucoside sinigrin. Synthetic
allyl isothiocyanate has been produced commercially since 1937. Allyl isothiocyanate is also
prepared from the seeds of mustard plants, Brassica nigra and B. juncea. It is used princi-
pally as a flavouring agent in a variety of foods. Exposures can also occur from its use as
an alcohol denaturant and in external analgesic products.

4.2 Experimental data

Allyl isothiocyanate was tested for carcinogenicity by gastric intubation in mice of one
strain and in rats of one strain. ln mice, no increase in the incidence of tumours was obser-
ved. An increased incidence of epithelial hyperplasia and transitional-cell papilomas of the
urinary bladder was observed in male rats only, and some subcutaneous fibrosarcomas
occurred in female rats given the high dose. .

Allyl isothiocyanate was not teratogenic to mice, rats, hamsters or rabbits, but resorptions
were seen in mice and rats.

Allyl isothiocyanate did not induce DNA damage in bacteria. It induced mutations in bac-
teria and insects and chromosomal aberrations in plants. It did not induce dominant lethal
mutations in mice.
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Overall assessment of data from short-term tests: aUyl isothiocyanate8

Genetic activity Cell
transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes - +

Fungi/Green plants +

Insects +

Mammalian cells
(in vitro)

Mammals -
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Limited Cell transformation: No
data

aThe groups into which the table is divided and the symbols are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.

4.3 Human data

No case report or epidemiological study of the carcinogenicity of allyl isothiocyanate to
humans was available to the Working Group.

4.4 Evaluation 1

There is Iimited evidence for the carcinogenicity of allyl isothiocyanate to experimen-
tal animais.

ln the absence of epidemiological data, no evaluation could be made of the carcinogeni-
city of allyl isothiocyanate to humans.
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1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 2835-39-4

Chem. Abstr. Name: Butanoic acid, 3-methyl-, 2-propenyl ester

IUPAC Systematic Name: Allyl isovalerate

Synonyms: Allyl isovalerianate; allyl 3-methylbutyrate; FE MA No. 2045; isovaleric acid,
allyl ester; 3-methylbutanoic acid, 2-propenyl ester; 3-methylbutyric acid, allyl ester;
2-propenyl isovalerate; 2-propenyl 3-methylbutanoate

1.2 Structural and molecular formulae and molecular weight

o
Il

CH2=CH-CH2-O-C-CH2 -CH(CH3)2

CsH1402 Mot. wt: 142.2

1.3 Chemical and physical properties of the pure substance

From Furia and Bellanca (1975), unless otherwise specified

(a) Description: Colourless liquid (Opdyke, 1979)

(b) Boilng-point: 89-90°C

(c) Refractive index: 1.4162 at 21°C

(d) Spectroscopy data: Infrared spectral data have been reported (Opdyke, 1979).

1.4 Technical products and impurities

No information was available to the Working Group.
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2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Allyl isovalerate can be prepared by the reaction of allyl alcohol with isovaleric acid
(Opdyke, 1979).

Although ail yi isovalerate has reportedly been used since the 1950s (Opdyke, 1979), com-
mercial production has been reported in the USA only since 1973 (USIi'ternational Trade
Commission, 1975). Since that time only one US company has produced it, and production
data are not disclosed (see Preamble, section 8(b)(ii)). Separate data on US imports and
exports of allyl isovalerate are not published.

Allyl isovalerate is not produced commercially in western Europe or Japan.

(b) Use

Allyl isovalerate has been used as a raw material to impart a fruit-Iike (apple, cherry)
aroma (Furia & Bellanca, 1975). It has been reported to be used in soaps, detergents,

creams, lotions and perfumes (Opdyke, 1979). However, a survey of US industry on the use
of food additives in 1977 did not indicate that it is used in foods, and a recent compilation
of chemicals used in cosmetics did not include it.

Allyl isovalerate has been approved for use as a synthetic flavouring substance and adju-
vant in foods provided it is used in the minimum quantity required to produce its intended
effect (US Food and Drug Administration, 1980).

Allyl isovalerate is not permitted for use as a food additive by the Council of Europe.

2.2 Occurrence

Natural occurrence

Allyl isovalerate has not been reported to occur as such in nature.

2.3 Analysis

No information on methods for the analysis of allyl isovalerate were available to the
Working Group.
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3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

Oral administration

Mouse: Groups of 50 male and 50 female B6C3F1 mice, 50 days of age, received 0, 31
or 62 mg/kg bw allyl isovalerate (purity, 95.6%) in corn oil by gavage five times per week
for 103 weeks. Survivors were killed at 112-114 weeks of age. The numbers of males sur-
viving to the end of the experiment were 29 controls, 31 in the low-dose group and 31 in
the high-dose group; the numbers of females surviving were 32 controls, 17 in the low-dose
group and 24 in the high-dose group; the main cause of death in females was a genital-tract
infection. Squamous-cell papilomas were observed in the forestomach of male mice in 0/50
controls, and in 1/50 low-dose and 3/48 high-dose animaIs (p -0 0.05, incidental tumour test);
and epithelial hyperplasia was seen in the forestomach of 1/50 controls, 1/50 low-dose and
7/48 high-dose male mice. Forestomach les ions observed in control, low-dose and high-dose
female mice, respectively, were: squamous-cell papilomas, 1/50, 0/50 and 2/50; and epithe-
liai hyperplasia, 0/50, 2/50 and 3/50. The incidence of Iymphomas was increased in males:
4/50 controls, 6/50 low-dose and 8/50 high-dose, but was not significant by the trend test
or by the incidental tumour test; in females, the corresponding incidences were 11/50, 11/50
and 18/50, which, using life-table analysis, gave a dose-response trend, the high dose giving
significantly different (p -0 0.05) tumour incidences from those in controls (National Toxico-
logy Program, 1983).

Rat: Groups of 50 male and 50 female Fischer 344/N rats, 46 days of age, were adminis-
tered 0, 31 or 62 mg/kg bw allyl isovalerate (purity, 95.6%) in corn oil by gavage five times
per week for 103 weeks. Of the males, 34 control s, 30 low-dose and 28 high-dose rats lived
to the end of the study and were killed at 112-114 weeks of age; of the females, 38 con-
trois, 36 low-dose and 29 high-dose animais survived to the end of the experiment. The inci-
dence of mononuclear-cell leukaemia in males was 1/50 in controls, 4/50 in low-dose and
7/50 in high-dose animaIs; in females, it was 4/50, 6/50, and 9/49. Using Iife-table anal-
ysis, both sexes showed a significant (p -0 0.05) dose-response trend, and the incidence in
high-dose males was significantly increased (p -0 0.05) when compared to controls. Two
high-dose male and two high-dose female rats had gliomas (astrocytoma, meduloblastoma)
of the central nervous system, while no such tumour was found in low-dose or control ani-
maIs (National Toxicology Program, 1983).

3.2 Other relevant biological data

(a) Experimental systems

Taxie effeets

The acute oral LDso of allyl isovalerate in rats is reported to be 230 mg/kg bw, and the
dermal LDso in rabbits, 560 mg/kg bw (Opdyke, 1979).

When administered undiluted, allyl isovalerate has low irritating potency on rabbit skin
(Opdyke, 1979).
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Allyl isovalerate caused cell necrosis in the liver of rats given 60-150 mg/kg bw per day
for 10 days by intragastric intubation (Drake, 1975).

ln the course of a National Toxicological Program bioassay (described in section 3.1),
daily oral doses of 31 or 62 mg/kg bw given on five days per week for 103 weeks did not
significantly depress body-weight gain in rats or mice of both sexes, nor was median sur-
vival time reduced significantly (National Toxicological Program, 1983).

Effects on reproduction and prenatal toxicity

No data were available to the Working Group.

Absorption, distribution, excretion and metabolism

Allyl isovalerate is hydrolysed in vivo in rats to allyl alcohol and isovaleric acid (Drake,
1975). Allyl alcohol is then oxidized to acrolein (see p. 133, this volume). (See also Fig. 1 of
General Remarks on the Substances Considered, p. 32).

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-Term Tests', p. 331)

Allyl isovalerate was not mutagenic to Salmonel/a typhimurium TA1535, TA1537, TA98
or TA100 in a preincubation assay, in the presence or absence of metabolic activation sys-
tems (S9) from livers of Aroclor-induced rats and hamsters (National Toxicology Program,
1983).

Allyl alcohol, a metabolite of allyl isovalerate, has been tested in several studies for muta-
genicity in S. typhimurium; activity appears to be dependent upon the experimental condi-
tions used. Negative results were obtained in strains TA 1535, TA 1537 , TA 1538, T A98 and

TA 100 with the standard plate incorporation assay in the presence or absence of an exo-
genous metabolic system (S9) (Lijinsky & Andrews, 1980; Rosen et al., 1980; Carere & Mor-
purgo, 1981; Principe et al., 1981). With a 90-minute pulsed exposure, allyl alcohol (pu rit y,
99.9%) was mutagenic to strain TA100; activity was decreased by addition of Aroclor-in-
duced rat Iiver S9 (Eder et al., 1982; Lutz et al., 1982). The preincubation procedure, with
and without S9, yielded negative results with strain TA 100 (Ujinsky & Andrews, 1980; Yama-
guchi, 1980). Mutagenicity was demonstrated in strain TA1535 in the presence of hamster
S9 (Ujinsky & Andrews, 1980).

Allyl alcohol was not mutagenic to Aspergilus nidulans or Streptomyces coelicolor. The
tests were carried out in the absence of an exogenous metabolic system (Carere & Mor-
purgo, 1981; Principe et al., 1981).

(b) Humans

T oxic effects

The irritating potency of liquid ail yi isovalerate on human skin has been described as low.
A 'maximization skin sensitization test' in volunteers was negative after administration of
1 % allyl isovalerate (Opdyke, 1979).

No data were available to the Working Group on effects on reproduction and prenatal
toxicity, on absorption, distribution, excretion and metabolism, or on mutagenicity and chro-
mosomal effects.
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3.3 Case reports and epidemiological studies of carcinogenicity to humans

No data were available to the Working Group.

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Allyl isovalerate has been used since the 1950s as a fragrance raw material in cosmet-
ics, lotions and perfumes and in certain food products, although it is not known whether it
is used in these applications currently.

4.2 Experimental data

Allyl isovalerate was tested for carcinogenicity by intragastric intubation in mice of one
strain and in rats of one strain. ln mice, it induced papilomas of the forestomach in males
and increased the incidence of Iymphomas in females. ln rats, an increased incidence of
mononuclear-cell leukaemia was observed in animaIs of both sexes.

Allyl isovalerate was not mutagenic to bacteria.

Overall assessment of data from short-term tests: allyl isovaleratea

Genetic activity Cell
transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes -
Fungi/Green plants

Insects

Mammalian cells
(in vitro)

Mammals
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Inadequate Cell transformation: No
data

aThe groups into which the table is divided and the symbol - are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.

4.3 Human data

No case report or epidemiological study of the carcinogenicity of allyl isovalerate to
humans was available to the Working Group.



74 IARC MONOGRAPHS VOLUME 36

4.4 Evaluation 1

There is limited evidence for the carcinogenicity of allyl isovalerate to experimen-

tal animais.

ln the absence of epidemiological data, no evaluation cou Id be made of the carcinogeni-
city of allyl isovalerate to humans.
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1. Chemical and Physi'cal Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 97-53-0

Chem. Abstr. Name: Phenol, 2-methoxy-4-(2-propenyl)-

IUPAC Systematic Name: 4-Allyl-2-methoxyphenol

Synonyms: 4-Allylcatechol-2-methyl ether; allylguaiacol; 4-allylguaiacol; p-allylguaiacol;
1-allyl-4-hydroxy-3-methoxybenzene; 4-allyl-1-hydroxy-2-methoxybenzene; caryo-
phyllic acid; eugenic acid; 1,3,4-eugenol; p-eugenol; FEMA No. 2467; 1-hy-
droxy-4-allyl-2-methoxybenzene; 4-hydroxy-3-methoxyallylbenzene; 1-hydroxy-
2-methoxy-4-allylbenzene; 1-hydroxy-2-methoxy-4-propenylbenzene; 1-hydroxy-2-
methoxy-4-prop-2-enylbenzene; 2-methoxy-4-allylphenol; 2-methoxy-1-hydroxy-
4-allyl benzene; 2-methoxy-4-prop-2-enylphenol; 2-methoxy-4-(2-propenyl)phenol;
2-methoxy-4-(2-propen-1-yl)phenol; NCI-C50453

Trade Name: FA 100

1.2 Structural and molecular formulae and molecular weight

OH

~OCHJ

CH2-CH = CH2
ClOH1202 MoL. wt: 164.2

1.3 Chemical and physical properties of the pure substance

From Windholz (1983), unless otherwise specified

(a) Description: Colourless or pale-yellow liquid with an odour of cloves and a spicy,
pungent taste

-75-
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(b) Boilng-point: 255°C

(c) Melting-point: -9.2 to -9.1°C

(d) Density: d~o 1.0664

(e) Refractive index: nôo 1.5410

(f) Opt;cal rotation: -1 °30' (Furia & Bellanca, 1975)

(g) Spectroscopy data: Infrared spectral data have been reported (National Research
Council, 1981)

(h) Solubilty: Practically insoluble in water; limited solubility in 70% aqueous ethanol
(1 ml in 2 ml); soluble in glacial acetic acid and aqueous al kalis; miscible with chlo-
roform, diethyl ether and oils

(/) Volatilty: Vapour pressure, 10 mm Hg at 123°C (Verschueren, 1977)

(j) Stabilty: Flash-point, approx. 104°C (Furia & Bellanca, 1975); darkens and thickens
on exposure to air

(k) Reactivity: Rearranges to isoeugenol when treated with strong alkali (Van Ness,
1983)

(~ Conversion factor: 1 ppm = 6.71 mg/m3 at 760 mm Hg and 25°C (Hake &
Rowe, 1963)

1.4 Technical products and impurities

ln the USA, to meet the requirements of the Food Chemicals Codex, eugenol must pass
an infrared identification test, meet the following specifications: phenols by volume, 100%;
refractive index, nôo, 1.540-1.542; solubility in 70% ethanol, 1 ml in 2 ml; specifie grav-
ity (25°C), 1.064-1.070; distilation range, 95% min in 250-255°C range; and pass a test for
hydrocarbons (National Research Council, 1981).

The specifications for USP grade eugenol are the sa me as those for the Food Chemicals
Codex except that the heavy metals content must not exceed 0.004% max (US Pharmaco-
peial Convention, Inc., 1980).

Eugenol is available in western Europe with the following specifications: density (20°C),
1.064-1.068; refractive index, nßo, 1.540-1.542. It has a typical flash-point (closed-cup) of

113°C, and one volume dissolves in two volumes of 70% ethanol at 20°C (Bush Boake Allen
Ud, undated).

Eugenol is available in the UK with a purity of 97% min and as eugenol Da (dental qual-
ity) with a pu rit y of 98% min.
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2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Eugenol was first prepared in 1919 by Claisen and was first isolated from oil of cloves
(Eugenia caryophyl/ata) in 1929 (Windholz, 1983). It can be extracted from clove oil with
aqueous potassium hydroxide, followed by liberation with an acid, and distillation in a stream
of carbon dioxide (Hawley, 1981). It can be synthesized by the reaction of allyl chloride (see
p. 41 of this volume) with guaiacol (Varagnat, 1981).

Commercial production of eugenol was first reported in the USA in 1941-1943 (US Tariff
Commission, 1945). Annual US production reached a peak in 1972 when eight companies
reported combined production of 215 thousand kg (US Tariff Commission, 1974). ln 1982,
seven US companies reported combined production of 145 thousand kg (US' International
Trade Commission, 1983). Separate data on US imports and exports of eugenol are not

published.

Eugenol is produced by six companies in France, three companies each in Italy and the
UK, and one company each in Germany and the Netherlands. One company in the UK pro-
duced 20.4 tonnes of eugenol and 2.7 tonnes of eugenol DO in 1983.

Eugenol is produced by seven companies in Japan by extraction from clove oil. Japa-
nese imports of c10ve oil for ail purposes amounted to 172 thousand kg in 1982.

(b) Use

Eugenol is used principally as a fragrance and flavouring agent, as an analgesic in den-
tal materials and nonprescription drug products, as an insect attractant, and as a chemical
intermediate. Several other applications have been reported, the commercial status of which
is unknown.

Oil of cloves (which is principally eugenol) has reportedly been in use as a fragrance
raw material since the nineteenth century. ln 1975, the quantity of eugenol used in fragran-
ces in the USA was estimated to have been less than 45.4 thousand kg per year
(Opdyke, 1975).

Clove-bud oil has been reported to be used as a flavouring agent in pharmaceuti-
cals, baked goods, sweets, mouthwashes and chewing gum (Rogers, 1981). A survey of US
industry on the use of food additives (National Research CouncillNational Academy of Scien-
ces, 1979) reported that 1.8 thousand kg of c1ove-bud oil were used in 1976 as an essen-
tial component of many flavours added to foods such as condiments, sweets and chewing
gum at usual levels of up to 0.0099%.

Eugenol is used as a component of several dental materials (e.g., dental cements, impres-
sion pastes and surgical pastes). Such products are principally combinations of zinc oxide
and eugenol in varying ratios (Paffenbarger & Rupp, 1979). They are reported to be widely
used in dentistry as temporary filing materials, cavity liners for pulp protection, capping
materials, temporary cementation of fixed protheses, impression materials and major ingre~
dients of endodontic sealers (Miller et al., 1978). ln addition, eugenol has been used in den-
tistry for disinfecting root canals (US Food and Drug Administration, 1979). Nonprescription
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medicines for toothache commonly contain eugenol, and some products for canker-sore
treatment may do so (American Pharmaceutical Association, 1982).

A mixture of eugenol and 2-phenylethyl propionate is used as an attractant to trap Japa-
nese beetles (Metcalf, 1981).

Eugenol esters (acetate, benzoate and formate) and its methyl ether, ail of which find
use as f1avouring agents, are made commercially from eugenol. It can also be used in the
synthesis of vanilln, and the use of oil of cloves as a source of eugenol was the most
popular commercial route to synthetic vanillin during the last quarter of the nineteenth cen-
tury and the first quarter of this century (Van Ness, 1983), although it is not believed to be
in use today.

Eugenol is one of numerous denaturants approved for use (at a level of 10 Ibs/100 gal-
Ions (12 g/I) of alcohol) in the USA in specially denatured alcohol Formula No. 38-B. Although
the volume of this formula used in the USA each year is published, no information is avail-
able on the amount made with eugenol.

Eugenol can be used as an antioxidant in inks (Burachinsky et al., 1981), and it has been
reported to be useful as a fungicide in pharmaceuticals and cosmetics (Turner, 1966); no

indication was found that eugenol is being used commercially for such purposes at present.
Eugenol was formerly used internally in human medicine as an antiputrescent, but is no long-
er employed for this purpose. It has also been used in the treatment of flatulent colic (US
Food and Drug Administration, 1979).

ln western Europe, eugenol is used mainly in dental and oral hygiene products, and to a
lesser degree in perfumes. ln Japan, eugenol is used as a fragrance raw material and, of
much lesser importance, in pharmaceuticals.

Clove and its derivatives (oíl, buds, leaves, etc, including eugenol) are approved in the
USA for use in foods as flavouring agents and adjuvants (US Food and Drug Administration,
1980a). Eugenol is also approved for use in the manufacture of textiles and textile fibres
which are intended for use in contact with food surfaces (US Food and Drug Administration,
1980b).

The Councíl of Europe in 1984 permitted the use of eugenol as el food additive.

The Joint FAO/WHO Expert Committee on Food Additives established a conditional
acceptable daily intake of eugenol for humans of 0-5 mg/kg bw (WHO, 1967).

An advisory review panel on over-the-counter drugs of the US Food and Drug Admin-.
istration (FDA) (1979) concluded that eugenol was safe but that there was insufficient evi-
dence to decide whether it was effective for use as an external analgesic. ln 1982, another
FDA advisory review panel (US Food and Drug Administration, 1982) concluded that euge-
nol and clove oil were safe and effective for use at specifie dose levels as a dental analgesic
for the relief of toothache provided that the eugenol content of the preparation was 85-87%
and that the product was labelled 'Do not use if you are allergie to eugenol'. ln 1983, the
US Food and Drug Administration (1983) proposed a rule requiring that any external analge-
sic products containing eugenol not be marketed unless they were the subject of an approv-
ed new drug appplication.

The Bureau of Alcohol, Tobacco and Firearms of the US Department of the Treasury
(1983) lists eugenol USP among the approved denaturants for specially denatured alcohol
Formula No. 38-8.
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(a) Natural occurrence
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Eugenol is widely distributed in the plant kingdom, where it is mainly found as a compo-
nent of essential oils. Typical concentrations of eugenol in various plants and derived oils
are summarized in Table 1.

The Flavor and Extract Manufacturers' Association of the United States (1978) has report-
ed the occurrence of eugenol, without specifie concentrations, in the following food sour-
ces: cocoa, Japanese ginger oil, loganberries, mace essential oil, sweet marjoram, dried

Table 1. Concentration of eugenol in various plants and derived oils

Plant or derived oil ReferenceConcentration (g/kg,
except where noted)

Alfalfa (Medicago sativa) oil
Almond hull (Prunus amygdalus) oil

var. Mission
var. Nonparei!

Artemisia scoparia oil
Bilberry (Vaccinium myrtillus)
Cinna mon (Cinnamomum cassia) bark oil
Cinnamon (Cinnamomum zeylanicum)

leaf oil
bark oil

Clove (Eugenia caryophyllata) oil

buds
leaves

Common woodworm (Artemisia absinthium L) essential
oil

Cranberry (Vaccinium macrocarpon), press residue
Dry eider (Sambucus nigra L) f10wers

essential oil
isopentane extract

Fennel (Foeniculum vulgare Miler)
mot essential oil
seedling essential oil

Glossocardia bosvalla DC essential oil
Fleabane (Erigeron philadelphicus)

essential oils fram:
flowers
leaves
stalks
raots

Jasmine (Jasminium grandiflorum L)
oil originating fram:

France
Italy
Algeria

Juniper (Juniperus virginiana L. leaf oil (grown in
Washington DG)

Lingonberry (Vaccinium vitus-idaea minus), press residue
Mikania micrantha essential oil
Basil (Ocimum gratissimum)

light oils

heavy oils
Basil (Ocimum suave Wild) oils
Oak (Quercus dentata Thunb.) leaf essential oil
Roman woodworm (Artemisia pontica L) essential oil
Savory (Satureja hortensis L) essential oil
Sweet basil (Ocimum basilicum L) essential oil

7

9
80
200
0.05 mg/kg (estimated)
120

945
420
896-908
749
918-921
785-824
4

0.002 mg/kg (estimated)

6
43

2
3
68

9
10
8
1

11
8
35
-:5

0.008 mg/kg (estimated)
4.8

542-639
828-940
715
41
1

;:1
40-279

Buttery & Kamm (1980)
Buttery et al. (1980)

Sarin et al. (1982)

FEMAa (1978)
Lockwood (1979)
Rabha et al. (1979)

Chiang et al. (1983)
Gracza (1980)
Yu & Fang (1981)

Chialva et al. (1982)

FEMAa (1978)
Toulemonde & Richard
(1983)

Fujita et aL. (1980)

Sharma & Garg (1980)
Miyazawa et al. (1981)

Verzele et al. (1981)

Adams et al. (1981)

FEMAa (1978)
Nicoller & Thompson (1981)
Nizharadze & Bagaturiya
(1980)

Chogo & Crank (1981)
Kameoka et al. (1983)
Chialva et al. (1982)

Chialva et al. (1982)

Fleisher (1981)

aFEMA, Flavor and Extract Manufacturers' Association of the United States
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mushrooms, nutmeg, yellow passion fruit, black pepper, peppermint, pimento berry oil and
tomatoes. Additional reported occurrences of eugenol are as follows: allspice tincture
(Gracza, 1980); Alpinia galanga oil (Rui et al., 1982); Apium graveolens seed essential oil
(Gupta & Baslas, 1978); Artemisia glacialis (glacier woodworm) essential oïl (Shirokov et al.,
1980); Bupleurum chinense D.C. essential oil (Pu et al., 1983); Capsicum spp. (red pepper)
(Keller et al., 1981); Castanea creata Sieb et Zucc (chestnut) flower (Yamaguchi & Shiba-
moto, 1980); Cinnamomum pauciforum Nees) leaf essential-oil (Lin & Hua, 1980); corn silage
(Sakata et al., 1982); Curcuma longa (Chen et al., 1983); eytisus scoparius Link flower essen-
tial oil (Kurihara & Kikuchi, 1980a); fermented plum juice (Ismail et al., 1980); Homalomena
occulta oil (Rui et al., 1982); Jasminium odoratissimum oïl (Cheng & Chao, 1979); Juglans
regia leaf oil (Nahrstedt et al., 1981); Laurus nobils L. leaf (Yoshida, 1979); Ligustrum japoni-
cum Thunb. flower essential oil (Kikuchi et al., 1981a); Ligustrum obtusifolium Sieb et Zucc
flower essential oil (Kikuchi, 1981); Ligustrum ovalifolium Hassk flower essential oil (Ku ri-
hara & Kikuchi, 1980b); Lonicera japonica flower essential oil (Wu & Fang, 1980); Magnolia
salicifolia Maxim. bud (Kikuchi et al., 1981 b); Melaxis accuminata bulb essential oil (Gupta
et al., 1978); Menyantes triforiata essential oils (Sakai et al., 1979); Natu tobacco (Nagaraj &
Chakraborty, 1979); Ocimum micranthum Wild oil (Khosla et al., 1980); Trachycarpus excelsa
and T. fortune': (Oh et al., 1979); and Vetiveria zizamioides G. root essential oit (Shibamoto
& Nishimura, 1982).

The potential for the simultaneous occurrence of structurally-related natural agents should
be noted. For example, eugenol and safrole (IARC, 1976) are both found in essential oils
of nutmeg (Bejnarowicz & Kirch, 1963) and in Magnolia salicifolia Maxim. (Fujita &
Fujïta, 1972).

(b) Occupational exposure

On the basis of the 1974 National Occupational Hazard Survey, the National Institute for
Occupational Safety and Health (1980, 1981) estimated that 33 000 US workers in 17 indus-
tries were exposed to eugenol.

(c) Water and sediment

Eugenol has been identified in the final effluent of a US municipal wastewater treatment
plant (Ells et al., 1982). It has also been found at a lever of 47 ltg/kg in the untreated
waste stream from a paper mill, but it was not detected in the influent stream or the treat-
ed effluent stream from this mill or in any of the streams at four other US/Canadian paper
mills (Turoski et al., 1983).

(d) Food, beverages and animal feeds

Eugenol has been identified in commercially available alcoholic beverages within the fol-
lowing ranges (mg/I): whiskies, ..0.01-0.58; cognacs and brandies, ..0.01-0.27; dark rums,
..0.01-1.36; and white rums, ..0.01-0.18. Since eugenol has been reported to be the main
component of the phenolic fraction of an ethanolic extract of oak, the eugenol content of
various whiskies is dependent on the type of barrer used for ageing and the number of times
it has been used (Lehtonen, 1983).

ln 1970, 51 companies reported use of eugenol in the food categories shown in Table
2. Daily per-capita consumption of eugenol was estimated to have been 0.605 mg. Eugenol
has also been reported in smoked pork bellies at a level of 1.0 mg/kg and at an estimated
level of 0.075 mg/kg in rye crispbread (Flavor and Extract Manufacturers' Association of the
United States, 1978).
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Table 2. Levels of eugenol in various food categoriesa
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Food category Number of firms Level (mg/kg)
reporting usage

Usual Maximum

23 15 21.3
23 1.33 2.19
18 10.3 14.9
15 1.82 3.79
13 1.55 2.75
11 29.5 43.6
9 94.6 221
4 50.8 102
4 0.5 1.0

,c3 49 100
,c3 625 750
,c3 520 814

Baked goods
Beverages (non-alcoholic)
Soft sweets
Frozen dairy products
Gelatin
Hard sweets
Chewing gum
Meat products
Beverages (alcoholic)
Condiment relishes
Confectionary frosting
Miscellaneous

aFrom Flavor and Extract Manufacturers' Association of the United States (1978)

Eugenol has also been reported in buckwheat flour, which is used to make buckwheat
noodles (Yajima et al., 1983), and has been identified as a component of the steam volatile
oils obtained from blueberries (Horvat et al., 1983).

2.3 Analysis

Typical methods for the analysis of eugenol in various matrices are summarized in
Table 3.

Table 3. Methods for the analysis of eugenol

Sam pie matrix ReferenceSam pie preparation Assay
procedurea

Almond hulls

Japanese chestnut (Castanea crea ta
Sieb et Zuee) flowers

Cinnamon bark and leaf oil

Ocimum suave Wild (tropical shrub)

Flowers, leaves, stalks and roots
of Erigeron philadelphicus

Leaves of juniper trees (Juniperus
virginiana)
Essential oils of jasmine (Jasminium
grandiforum L.)

Steam distil/extraet with GC/MS; GC/IR
hexane; freeze out water
and eoneentrate
Steam distil/extraet with GC/FID
diehloromethane; dry over
sodium sulphate and eon-
centrate
Dissolve in butan-1-01 GC/FID

Two alternative procedures GC/MS
to isolate oils: (1) ste~m dis-
til; or (2) extract with 95%
ethanol, fier and concen-
tfáte, re-extract with diethyl

ether, separate into
aeidie, basic and
neutral components
Steam distil; extract with GC/MS
diethyl ether; eoncentrate
under nitrogen; separate into
neutral, acidic and phenolic
fractions
Steam distil; dry over GC/MS
sodium sulphate
Two alternative procedures: GC/MS
(1) vacuum evaporation and
cold trapping; or (2) head-
space analysis

Buttery et al. (1980)

Yamaguchi & Shibamoto

( 1980)

Analytical Methods Commit-
tee (1981)

Chogo & Crank (1981)

Miyazawa et al. (1981)

Adams et al. (1981)

Verzele et al. (1981)
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Sam pie matrix Sam pie preparation Assay Reference
procedurea

Alfalfa (Medicago sativa) Steam distil/extract with GC/MS Buttery & Kamm (1980)
hexane; separate from water
and concentrate

Dried roots of Vetiveria zizamioides Steam distil, dissolve in GC/MS; NMR Shibamoto & Nishimura
diethyl ether and wash (1982)
(sodium bicarbonate, then
sodium hydroxide); extract
aqueous layer at pH 5-6 with
diethyl ether; dry over
sodium sulphate and con-
centrate

Clove (Eugenia caryophy/lata) oil Aspirate oil droplets into a HPLC/UV Hashimoto et al. (1981)
microcapílary tube and dis-
solve in chloroform
React with m-amino- S Sastry et al. (1982)
phenol and sodium meta-
periodate
Direct analysis NMR Chiang et aL. (1983)

Sweet basil (Ocimum basilcum L.) ail Steam distil; extract GC Fleisher (1981)
aqueous layer with
chloroform; dry over sodium
sulphate and concentrate

Mikania micranthia Steam distil; fractionate on GC/FID Nicoller & Thompson
aluminium oxide column with (1981)
hexane

Alcoholic beverages (whisky, dark React with 1-fluoro-2,4-dini- GC/ECb Lehtonen (1980, 1983)
rum, white rum, cognac, armagnac trobenzene to form a 2,4-dinitro-
and other brandies phenyl ether derivative

Eider (Sambucus nigra L.) flowers Three alternative proce- GC/MS; IR Toulemonde & Richard
dures: (1) ste am distil and (1983)
concentrate; fraction-
ate on Florisil column with
petroleum ether/
petroleum ether-diethyl
ether/methanol; (2) soak with
ethanol, extract with isopen-

tane; or (3) reflux with petro-
leum ether, concentrate and
dissolve in ethanol

Buckwheat flour Steam distil/extract with GC/FID; GC/MS Yajima et al. (1983)
diethyl ether, fractionate into
basic, acidic, weakly acidic
and neutral components

T omatoes Two alternative procedures: GC/FID; GC/MS Chung et al. (1983)
(1) steam distil, saturate with
sodium chloride and extract
with diethyl ether, concen-
trate, separate into neutral,
basic, phenolic and acidic
fractions; or (2) heat, trap
headspace volatiles on
Tenax-GC, desorb thermally

Foeniculum vulgare Miller Steam distil and fraction- GC/MS Fujita et al. (1980)
ate using an alumina column

Ligustrum obtusifolium Sieb et Zucc Extract with diethyl ether, GC Kikuchi (1981)
steam distil, separate into
neutral and phenolic frac-
tions
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Sample matrix Sample preparation Assay
procure-

Reference

Water

Paper mill influent and effuent
streams

Two alternative procedures: GC/MS
(1) extract at pH 11 with
dichloromethane, extract at
pH 6 with dichloromethane,
combine extracts, dry over
magnesium sulphate and
concentrate; or (2) adsorb on
XAD-2 and XAD-8 resin,
desorb with diethyl ether, dry
over magnesium sulphate
and concentrate
Extract with dichlorometh-
ana at pH 3; evaporate
extract

Ells et al. (1982)

Turoski et al. (1983)

8Abbreviations: GC/MS, gas chromatography/mass spectrometry; GC/IR, gas chromatography/infrared detection;
GC/FID, gas chromatography/flame ionization detection; NMR, nuclear magnetic resonance; HPLC/UV, high-perfor-
mance Iiquid chromatography/ultraviolet detection; S, spectrophotometry; GC, gas chromatography; GC/EC, gas
chromatography/electron capture detection; IR, infrared detection

bLimit of detection, 0.001 mçi/I

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(å) Oral administration

Mouse: Groups of 50 male and 50 female B6C3F1 mice, six to seven weeks old, were
fed diets containing USP-extra-grade eugenol (purity, :;99%, with up to four trace impurities)
at levels of 0, 3000 or 6000 mg/kg of diet for 103 weeks. Survival at 106 weeks was 41/50,
35/50 and 35/50 among control, low-dose and high-dose males, respectively; survival in
females varied between 80-90%. The incidences of hepatocellular adenomas in males were
4/50 in control, 13/50 in low-dose and 10/49 in high-dose animaIs; and for females: 0/50
in control, 4/49 in low-dose and 3/49 in high-dose animais. The incidences of hepatocellu-
lar carcinomas in males were 10/50 in control, 20/50 in low-dose and 9/49 in high-dose
animais; and for females: 2/50 in control, 3/49 in low-dose and 6/49 in high-dose animais.
The total numbers of male mice with hepatocellular tumours were 14/50 in control, 28/50
in low-dose and 18/49 in high-dose animais; and those of females: 2/50 in control, 7/49 in
low-dose and 9/49 in high-dose animais. For hepatocellular tumours in female mice, a trend
test was significant (p = 0.02), as was a pair-wise comparison test between the high-dose
and control groups (p = 0.02). For male mice, the trend test was not significant, but the
pair-wise comparison test between the low-dose group and the control group was signifi-
cant (p = 0.004). Tumours at other sites were not increased in treated animais compared
with controls (National Toxicology Program, 1983). (The Working Group noted that the inci-
dence of hepatocellular tumours in historical controls reported from the sa me laboratory
showed little variation between experiments and that the incidences in male and female CGrt-
troIs in the present experiment fell within this range, thus supporting the observed increase
in incidences in treated animals.J

Groups of 30 female Charles River CD-1 mice, approximately eight weeks old, were fed
a diet corúaining 0.5% eugenol (pu rit y, :;98%) for 12 months and maintained for an addition-
al eight months before killng. ln addition, some of the groups were given 0 or 0.05% phe-
nobarbital in the drinking-water throughout the experiment. Control groups of 30 mice were
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also set up, some of which received 0.05% phenobarbital in the drinking-water. Survival at
18 months was 30/30 in untreated controls, 29/30 in phenobarbital controls, 29/30 in the
eugenol group and 24/30 in the eugenol and phenobarbital group. There was no increase in
the incidence of tumours in treated animais (Miller et al., 1983). (The Working Group noted
the short duration of the experiments.)

A group of 59 male and 55 female Charles River CD-1 mice, four days old, received 2.5
¡.mol/g bw (0.4 mg/g bw) eugenol (purity, ::98%) in trioctanoin by stomach tube twice weekly
for five weeks; the experiment was terminated at 14 months. A group of 65 males and 52
females served as controls. No increased tumour incidence was found (Miller et al., 1983).
(The Working Group noted the short treatment period, the short duration of the experiment
and that survival data were not reported, although, under the same conditions, safrole and
estragole gave positive results.)

Rat: Groups of 50 male Fischer 344 rats, six to seven weeks old, were fed diets contai-
ning 'USP-extra-grade' eugenol (purity, ::99%, with up to four trace impurities) at concen-
trations of 3000 or 6000 mg/kg of diet for 103 weeks, while groups of 50 female Fischer 344
rats, six to seven weeks old, were fed diets containing eugenol at 6000 or 12 500 mg/kg
of diet for 103 weeks. Groups of 40 rats of each sex served as controls. ln both male and
female rats, survival was better among high-dose animais than controls, and 52-88% of the
high-dose animaIs survived to the end of the experiment. An increased incidence of endo-

metrial stromal polyps was observed in treated females (controls, 6/40; low-dose, 6/50;
high-dose, 16/50; P = 0.02 by a trend test), but the incidence in the high-dose group was
not significant by a pair-wise comparison test (National T oxicology Program, 1983).

(b) Skin application

Mouse: ln a two-stage mouse-skin assay, groups of 20 female ICR/Ha Swiss mice,
eight weeks old, received either a single initiating skin application of 150 ¡.g 7, 12-dimethyl-
benz(a)anthracene (DMBA) in 0.1 ml acetone followed two to three weeks later by applica-
tions of 5 mg eugenol (purified by vacuum distillation (final purity not given)) in 0.1 ml ace-
tone three times weekly, or treatment with eugenol alone three times per week. The exper-
iments were terminated after 63 weeks. No skin tumour was foundin 13/20 mice receiving
eugenol alone and surviving to the end of the experiment. Mice receiving DMBA followed by
eugenol had three papillomas (first appearing at 270 days); 14/20 mice survived to the end
of the experiment. ln 20 mice receiving DMBA followed by acetone, no skin papilloma was
found, and nine mice survived to the end of the experiment. ln the positive controls receiving
DMBA followed by 25 ¡.g croton resin, 19 mice had papilomas and three had carcinomas;
6/20 mice survived to the end of the experiment (Van Duuren et al., 1966). (The Working
Group noted the short duration of the experiment and the small number of animaIs used.)

(c) Intraperitoneal administration

Mouse: A group of 52 male CD-1 mice received four intraperitoneal injections of eugenol
(pu rit y, ::98%) in trioctanoin on days 1, 8, 15 and 22 after birth (total dose, 9.45 ¡.mol (1.6
mg)). A group of 59. male mice that received 0.01 ml/g bw trioctanoin only served as vehi-
cie controls and another group of 50 male mice served as untreated controls. Mortality data
were not given. The study was terminated at 12 months; no increase in the incidence of
tumours was observed (Miller et al., 1983). (The Working Group noted the short duration
of the experiment, although under the same conditions, safrole and estragole gave positive
results.)
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(d) Carcinogenicity studies on possible metabolites

Mouse: A group of 53 male CD-1 mice received four intraperitoneal injections of 2' ,3'-
epoxyeugenol in trioctanoin on days 1, 8, 15 and 22 after birth (total dose, 9.45 ¡.mol (1.5
mg)). A group of 59 male mice that received 0.01 ml/g bw trioctanoin only served as vehi-
cie controls, and another group of 50 male mice served as untreated controls. No mortality
data were given. The study was terminated at 12 months; no increase in the incidence of
tumours was observed (Miler et al., 1983). (The Working Group noted the short duration
of the ex periment, although under the same conditions, safrole and estragole gave positive
results.)

Groups of 40 eight-week old female CD-1 mice were treated topical/y on four days a
week for six weeks with applications of 0.15 ml redistilled acetone containing 11.2 ¡.mol (2
mg) 2',3'-epoxyeugenol or 0.15 ml acetone alone. Starting one week after the last dose of
epoxide, ail of the mice were treated topically twice weekly with 0.15 ml of 0.6% croton oil
in acetone until termination of the experiment at 40 weeks, by which time 38-40 mice were
alive in each group. 2',3' -Epoxyeugenol induced benign skin tumours (average number of
tumours per mou se, 0.9) in 40% of mice, whereas benign skin tumours (average number of
tumours per mouse, 0.1) were found in only 7% of acetone- and croton oil-treated controls
(Miler et al., 1983).

Rat: Groups of 20 male Fischer rats, five weeks of age, were given a total dose of 2
mmol (360 mg) per rat of 2',3'-epoxyeugenol in trioctanoin or trioctanoin al one as 20 subcu-
taneous injections of 0.2 ml in the right-hind leg. At 20 months, 16-19 rats per group were
still al ive; the surviving rats were killed at 24 months. Treated rats had two sarcomas at
the injection site, while no ne were found in the controls. The incidences of tumours at other
sites were not increased. The results were not significant (Miller et al., 1983). (The Working
Group noted that the degree of exposure was inadequate.)

3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

Acute toxicity studies have shown oral LDsos for eugenol of 2680 mg/kg bw(Jenner et
al., 1964) and 1930 mg/kg bw (Sober et al., 1950) in rats, 3000 mg/kg bw in mice, and 2130
mg/kg bw in guinea-pigs (Jenner et al., 1964).

ln guinea-pigs, the possible skin sensitization potency of eugenol has been predicted to
be 20% (Itoh, 1982) and 30 or 70% (according to the concentration) (Maurer et al., 1979)
in a maximization test. Eugenol exerts a low irritating effect on mucous membranes. A 5%
emulsion of eugenol administered on a dog's tongue for five minutes produced erythema,
ulcers and inflammatory infilration (Lilly et al., 1972).

Intravenous administration of varying doses (0.05-0.15 ml of a 1 :20 or 1 :60 dilution) in
dogs led to a transient fall in blood pressure and a reduction of myocardial contractile force
(Sticht & Smith, 1971). After single oral doses of 500 mg/kg bw eugenol, 2/4 dogs with pre-
dominant symptoms of vomiting died; ail animaIs receiving doses of 250 mg/kg bw survived
(Lauber & Hollander, 1950). Single and repeated oral administration of a 5% aqueous eu-
genol emulsion to dogs caused degeneration of the gastric mucosal cells (Hollander & Gold-
fischer, 1949).
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Oral doses increasing from 1400-4000 mg/kg bw administered to rats over 34 days resul-
ted in slight liver enlargement with yellow discolouration. Moderately severe hyperplasia and
hyperkeratosis associated with focal ulceration were seen in the forestomach (Hagan et al.,
1965).

During prescreening for a National Toxicology Program bioassay (described in section
3.1) in Fischer 344 rats and B6C3F1 mice, administration of increasing doses of eugenol in
the diet over 14 days resulted in loss in body-weight gain at 25000 mg/kg in rats and at
12500 mg/kg in mice, and death at 100000 mg/kg in male and female mice, female rats and
1/5 male rats. ln the chronic feeding study, lasting 103 weeks, in which dietary levels of
eugenol of 3000 or 6000 and 6000 or 12500 mg/kg were fed to male and female rats, res-
pectively, and 6000 or 3000 mg/kg to mice, no change in body-weight gain or in mean sur-
vival time was observed (National Toxicology Program, 1983).

Effects on reproduction and prenatal toxicity

No data were available to the Working Group.

Absorption, distribution, excretion and metabolism
No penetration of mouse skin was demonstrated after dermal application of eugenol

(Meyer & Meyer, 1959).

Eugenol has been reported to be metabolized to 2',3'-epoxyeugenol and 2'3'-dihy-
droxy-2'3'-dihydroeugenol by cultured epithelial cells derived from rat livers (Delaforge et
al., 1976; Dorange et al., 1977). The 2',3'-epoxide has also been detected when eugenol is
incubated in the presence of microsomes derived from the livers of female mice (Miller et
al., 1979).

Two metabolites of eugenol, 3-piperidyl-1-(3' -methoxy-4' -hydroxyphenyl)-1-propanone
and 3-pyrrolidinyl-1-(3' -methoxy-4' -hydroxyphenyl)-1-propanone, have been isolated from rat
urine (Green & Savage, 1978).

Inhibition of glucuronidation reactions was observed in liver slices incubated with varying
concentrations of eugenol (Hartiala et al., 1966).

A slight increase in pentobarbital and ethanol sleeping-time was observed in rats that
received intraperitoneal doses of 50 and 100 mg/kg bw eugenol, respectively (Seto & Keup,
1969).

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-Term Tests', p. 332).

Reports concerning the activity of eugenol in the Bacilus subtils rec+ /rec- DNA-repair

assay are contradictory: positive results were reported by Sekizawa and Shibamoto (1982)
and no activity was found by Yoshimura et al. (1981), both in the absence of a metabolic
system (S9).

Eugenol was not mutagenic to Escherichia coli WP2 uvrA when tested in the presence
or absence of S9 derived from the livers of Aroclor-induced rats (Sekizawa & Shiba-
moto, 1982).

Eugenol was not mutagenic to Salmonel/a typhimurium TA1530, TA1535, TA1537,
TA 1538, T A98 or TA 100 in the presence of S9 from the Iivers of polychlorinated biphenyl-

induced rats, or Aroclor-induced Syrian hamsters or mice. The procedures used included
the standard plate incorporation assay, dise diffusion, pre-incubation and pulsed expo-
sure (Delaforge et al., 1977; Dorange et al., 1977; Green & Savage, 1978; Miler et al., 1979;
Rockwell & Raw, 1979; Swan son et al., 1979; Eder et al., 1980; Florin et al., 1980; Nestmann
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et al., 1980; Rapson et al., 1980; Yoshimura .et al., 1981; Eder et al., 1982a,b; Pool & Lin,
1982; Sekizawa & Shibamoto, 1982; To et al., 1982; Haworth et al., 1983; National Toxicol-
ogy Program, 1983). However, supplementation with 3'-phosphoadenosine-5'-phosphosul-
phate and S9 from the livers of Aroclor-induced rats was reported to result in significant,
although not dose-dependent, mutagenicity to S. typhimurium TA 1535 (To et al., 1982).

ß-Glucuronidase-treated urine (300 JlI) of Sprague-Dawley rats given 0.5 ml eugenol by
intubation was not mutagenic to S. typhimurium TA 100 or T A98 in the presence of S9 de-
rived from the Iiver of the same strain of rat (Rockwell & Raw, 1979). Similarly, eugenol was
not mutagenic to S. typhimurium TA1950, TA1951, TA1952 or TA1964 in the host-medi-
ated assay in which male C3HlHeJ mice were given 200 mglkg bw intramuscularly (Green &
Savage, 1978).

Eugenol (concentration not indicated) induced neither mutation nor gene conversion in
Saccharomyces cerevisiae (Nestmann & Lee, 1983).

Eugenol induced chromosomal aberrations in Chinese hamster ovary ceUs in the absence
of an exogenous metabolic system (Stich et al., 1981). ln a second study, chromosomal aber-
rations were induced by eugenol in Chine se hamster ovary cells only in the presence of S9
from Aroclor-induced rats; a small increase in the incidence of sister chromatid exchan-
ges was also observed in the presence or absence of S9 (National Toxicology Pro-
gram, 1983).

2' ,3' -Epoxyeugenol was mutagenic to S. typhimurium TA 1535 and TA 100 in the absence
of an exogenous metabolic system but not to strains TA 1537 , TA 1538 or T A98 in the pres-
ence or absence of a metabolic system (Delaforge et al., 1977; Dorange et al., 1977; Mil-
ler et al., 1979; Swanson et al., 1979).

Two metabolites of eugenol present in rat urine, 3-piperidyl-1-(3' -methoxy-4' -hydroxyphe-
nyl)-1-propanone and 3-pyrrolidinyl-1-(3' -methoxy-4' -hydroxyphenyl)-1-propanone, were not
mutagenic to S. typhimurium in the presence or absence of 89 from the livers of male
C3HlHeJ mice. Similarly these metabolites were not mutagenic to S. typhimurium in the
host-mediated assay in male C3HlHeJ mice at doses of 200 mglkg bw (Green & Savage,
1978).

(b) Humans

Toxic effects

Many reports have been published on the high potential of eugenol and of clove-Ieaf
oil (approximately 85% eugenol) for skin sensitization (for a review, see Rothenstein et al.,
1983). Patch tests for eugenol in patients suffering from 'cosmetic dermatitis' were posi-
tive in 2.6% (4l155) of cases (Itoh, 1982).

No data were available to the Working Group on effects on' reproduction and prenatal
toxicity, on absorption, distribution, excretion and metabolism, or on mutagenicity and chro-
mosomal effects.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

No data were available to the Working Group.
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4. Summary of Data Reported and Evaluation

4.1 Exposure data

Eugenol occurs widely as a component of essential oils and is a major constituent of clove
oil. It has been used since at least the nineteenth century, primarily as a flavouring agent, in
a variety of foods and pharmaceutical products, and as an analgesic in dental materials.

4.2 Experimental data

Eugenol was tested in mice of one strain and in rats of one strain by oral administration
of a diet containing a high dose of eugenol. ln mice, there was a significant increase in the
incidence of liver tumours in females; in males, the increase was significant only for those
receiving the lower dose. ln rats, no increased incidence of tumours was observed. Other
studies in mice by oral administration, skin application and intraperitoneal injection were in-
adequate for an evaluation of carcinogenicity, mainly due to the short duration of treatment.

Eugenol gave both positive and negative results in tests for DNA damage in bac-
teria. It was not mutagenic in several studies in bacteria. The compound was not active in
a host-mediated assay in mice, nor was the urine of rats treated with eugenol mutagenic.
Eugenol induced chromosomal aberrations and a sm ail increase in sister chromatid ex-
changes in mammalian ceUs in vitro.

ln one two-stage mouse-skin assay, 2',3'-epoxyeugenol, an in-vitro metabolite of eugenol,
showed initiating activity.

Overall assessment of data from short-term tests: eugenoia

Genetic activity

Cell
DNA damage Mutation Chromosomal transformation

effects

Prokaryotes ? -
FungilGreen plants

Insects

Mammalian ceUs
+(in vitro)

Mammals
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Inadequate
Cell transformation: No
data

aThe groups into which the table is divided and the symbols are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.
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2' ,3'-Epoxyeugenol was mutagenic to bacteria. Two urinary metabolites of eugenol,
3-piperidyl-1-(3' -methoxy-4' -hydroxyphenyl)-1-:propanone and 3-pyrrolidinyl-1-(3' -meth-
oxy-4'-hydroxyphenyl)-1-propanone were not mutagenic to bacteria or in the host-
mediated assay.

4.3 Human data

No case report or epidemiological study of the carcinogenicity of eugenol to humans was
available to the Working Group.

4.4 Evaluation 1

There is Iimited evidenee for the carcinogenicity of eugenol to experimental animais.

ln the absence of epidemiological data, no evaluation could be made of the carcinogeni-
city of eugenol to humans.
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ACETALDEHYDE

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 75-07-0

Chem. Abstr. Name: Acetaldehyde

IUPAC Systematic Name: Acetaldehyde

Synonyms: Acetic aldehyde; acetylaldehyde; 'aldehyde'; ethanal; ethylaldehyde; ethyl
aldehyde; NCI-C56326

1.2 Structural and molecular formulae and molecular weight

CH3 - CHO

C2H40 MoL. wt: 44.1

1.3 Chemical and physical properties of the pure substance

From Hagemeyer (1978), unless otherwise specified

(a) Description: Colourless, mobile liquid with a pungent, suffocating odour

(b) Boiling-point: 20.160C

(c) Melting-point: -123.50C

(d) Density: d~o 0.7780

(e) Refractive index: nßo 1.33113

(f) Spectroscopy data: Infrared spectral data have been reported (National Research
Council, 1981)

(g) Solubilty: Miscible with water and most common organic solvents

(h) Volatilty: Vapour pressure, 755 mm Hg at 200C

- 101 -
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(/) Stabilty: Flash-point (closed-cup), -38°C; decomposes above 400°C to form prin-
cipally methane and carbon monoxide

(j) Reactivity: A highly reactive compound which undergoes numerous condensation,
addition and polymerization reactions

(k) Conversion factor: 1 ppm = 1.8 mgjm3 at 760 mm Hg and 25°C (Fassett, 1963)

1.4 Technical products and impurities

Acetaldehyde is available in the USA with the following typical specifications: purity, 99.5%
min; acidity (as acetic acid), 0.1% max; and specifie gravit y, 0.780-0.790 at 15.6°C (Eastman
Kodak Company, 1982). Typical properties are: boilng-point, 21°C; freezing-point, -123°C;
autoignition temperature, 193°C; specifie gravit y , 0.79; refractive index, ngo 1.33; flash- and
fire-points, -39°C; and miscible with water, diethyl ether and ethanol (Eastman Kodak Com-
pany, 1983).

ln the USA, to meet the requirements of the Food Chemicals Codex, acetaldehyde must
pass an infrared identification test and meet the following specifications: purity, 99.0% min;
acidity (as acetic acid), 0.1 % max; nonvolatile residue, 0.006% max; and specifie gravit y
(OOj200C), 0.804-0.811 (National Research Council, 1981).

Acetaldehyde is available as a technically pure grade (purity, 99.5%) in western Europe.

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Acetaldehyde was first prepared in 1774 by Scheele by oxidation of ethanol using man-
ganese dioxide and sulphuric acid. Although it has been produced commercially in the USA
by the controlled hydration of acetylene and by the air oxidation of butane as weil as being
recovered as a by-product or co-product of certain processes to produce acrylonitrile, neo-
prene and glycerin, these sources of acetaldehyde have either been abandoned or are used
for the production of minor quantities. Until 1968, most acetaldehyde produced in the USA
was made by the partial oxidation of ethanol over a silver catalyst; however, currently Jess
than 5% of US capacity is based on this process. The Iiquid-phase oxidation of ethylene
using a catalytic solution of palladium and copper chlorides was first used commercially in
the USA in 1960 (Hagemeyer, 1978), and an estimated 96% of the acetaldehyde is now made
by this process.

Acetaldehyde was first produced commercially (by the controlled hydration of acetylene)
in 1916. This process was subsequentiy replaced by one involving the oxidation of ethanol,
and US production by this method grew from 63.5 thousand tonnes in 1940 to 408 thou-
sand tonnes by 1960. US production of acetaldehyde peaked in 1969 when 748 thousand
tonnes were made (Hagemeyer, 1978) and has steadily fallen since. The total production of
the two US companies producing acetaldehyde in 1982 amounted to 281 thousand tonnes.
US imports of acetaldehyde have been negligible for many years and amounted to only 1.4
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thousand kg in 1982 (US Department of Commerce, 1983). Separate data on US exports
are not published.

Acetaldehyde is produced by three companies in Germany, two companies in Spain and
one company each in France, Italy and Switzerland. Total acetaldehyde production in west-
ern Europe on 1 January 1983 was more than 0.5 million tonnes, and production capacity
is estimated to have been nearly 1 milion tonnes. Most of this was based on the catalytic
oxidation of ethylene; less than 10% was based on partial oxidation of ethanol, and a very
small percentage was based on the hydration of acetylene.

Acetaldehyde is produced (by oxidation of ethylene) by seven companies in Japan. Their
combined production is estimated to have been 278 thousand tonnes in 1982, down from
an estimated 323 thousand tonnes in 1981. Japanese imports and exports of acetaldehyde
are negligible.

(b) Use.

Acetaldehyde is used principally as a chemical intermediate, predominantly for the manu-
facture of acetic acid. The use pattern for the estimated 281 thousand tonnes of acetalde-
hyde used in the USA in 1982 was as follows: acetic acid, 61 %; pyridine and pyridine bases,
9%; peracetic acid, 8%; pentaerythritol, 7%; 1,3-butylene glycol, 2%; chloral, 1 %; and other
applications (including use as a food additive and exports), 12%.

An estimated 25-30% of ail US capacity for the production of acetic acid is current-
Iy based on synthesis from acetaldehyde. This percentage has been constantly decreasing
from 1970 when it was 38%. Acetic acid is an important chemical intermediate used prin-
cipally to make vinyl acetate (see IARC, 1979), cellulose acetate and other acetic esters as
weil as being used as a solve nt in the manufacture of terephthalic acid and dimethyl tere-
phthalate.

Reaction of acetaldehyde (alone or in combination with formaldehyde) with ammonia is
used to produce pyridine and pyridine bases that have alkyl substituents on the pyridine
ring. These chemicals are used as intermediates in the synthesis of herbicides, insecticides,
fungicides, tyre-cord adhesives, pharmaceuticals and cosmetics ingredients.

Oxidation of acetaldehyde with oxygen using free-radical type catalysts is used to make
peracetic acid, which finds use in the production of epoxy compounds and a number of other
applications.

Alkaline condensation of acetaldehyde and formaldehyde is used to produce pentaerythri-
toI. This polyol is used principally to make alkyd resins. Smaller quantities are used for the
production of fatty acid esters used as synthetic lubricants and in other applications.

Sm ail amounts of acetaldehyde are used as a food additive. A survey of US industry on
the use of food additives reported that 8.6 thousand kg of acetaldehyde were used in 1976
as an important component of many flavours added to foods, such as milk products, baked
goods, fruit juices, candies, desserts and soft drinks, at usuallevels of up to 0.047% (Nation-
al Research Council/National Academy of Sciences, 1979).

Among the other uses of acetaldehyde in the USA are the synthesis of crotonaldehyde,
various acetals used as flavour and fragrance chemicals, acetaldehyde 1, 1-dimethylhydra-
zone, acetaldehyde cyanohydrin, acetaldehyde oxime, various acetic esters (by the Tish-
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chenko reaction of acetaldehyde alone or in combination with other aldehydes such as n-
and iso-butyraldehyde), its cyclic trimer (paraldehyde) and tetramer (metaldehyde, a mollusc-
icide widely used to kil slugs and snails), various polymers (including the homopolymer),

halogenated derivatives other than chloral, acetaldol and the sodium sulphite addition pro-
duct.

Acetaldehyde is one of the denaturants approved for use (at a level of 10 Ibs/100 gallons
(12 g/I) of alcohol) in the USA in specially denatured alcohol Formula No. 29. Although the
volume of this formula used in the USA each year is published, no information is available
on the amount made with acetaldehyde.

Acetaldehyde was formerly used in the USA as a chemical intermediate for 2-ethyl.-1-buta-
nol, glyoxal, acrolein (see p. 133 of this volume) and acetaldehyde-aniline condensate (a rub-
ber-processing chemical; see IARC, 1982).

Acetaldehyde has been used to make aniline dyes, plastics, synthetic rubber and for sil-
vering mirrors and hardening gelatin fibres (Windholz, 1983). It has also been used in the
production of polyvinyl acetal resins, as a preservative for fruit and fish, in fuel composi-
tions and for the prevention of mould growth on leather (Hayes, 1963).

The use pattern for the estimated 706 thousand tonnes of acetaldehyde used in western
Europe in 1980 was as follows: acetic acid, 62%; ethyl acetate, 19%; pentaerythritol, 5%;
synthetic pyridines, 3%; and ail other uses, 11 %.

The consumption pattern for acetaldehyde in Japan in 1982 is estimated to have been as
follows: acetic acid, 40%; ethyl acetate, 30%; pentaerythritol, 3%; and ail other applications
(including the synthesis of n-butanol and peracetic aCid), 27%.

Acetaldehyde is used as a chemical intermediate in a process for producing butadiene
from ethanol which is currently used by plants in India and China.

Occupational exposure to acetaldehyde has been limited by regulation or recommended
guidelines in at least 15 countries. The standards are Iisted in Table 1.

The Bureau of Alcohol, Tobacco and Firearms of the US Department of the Treasury
(1983) lists acetaldehyde among the approved denaturants for specially denatured alcohol
Formula No. 29.

Acetaldehyde is generally recognized as safe by the US Food and Drug Administration
(1980) for its intended use as a synthetic flavouring substance and adjuvant. It is also approv-
ed for use as a component of phenolic resins in moulded articles intended for repeated
use in contact with nonacid food.

The US Environmental Protection Agency (EPA) (1982) has exempted acetaldehyde from
a tolerance on its residues on apples and strawberries when used after harvest as a stor-
age fumigant. The EPA has also identified acetaldehyde as a toxic waste and requires that
persons who generate, transport, treat, store or dispose of it comply with the regulations
of a federal hazardous waste management programme. Distillation bottoms and side cuts
from the production of acetaldehyde from ethylene are included in a list of hazardous
wastes in which the trimer of acetaldehyde, paraldehyde, was identified as one of the hazard-
ous constituents (US Environmental Protection Agency, 1980). The EP A also requires that
notification be given whenever discharges contairiing 454 kg or more of acetaldehyde are
made into waterways (US Environmental Protection Agency, 1983).
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Table 1. National occupational exposure limits for acetaldehyde8

StatusCountry Year Concentration

mg/m3 ppm

Australia 1978 180 100
Belgium 1978 180 100
Czechoslovakia 1976 200

400
Finland 1981 90 50

135 75
German Democratie 1977 100
Republic 100
Germany, Federal 1984 90 50
Republic of

100Italy 1978 55
Netherlands 1978 180 100
Pol and 1976 100
Romania 1975 100

200
Sweden 1981 45 25

90 50
Switzerland 1978 180 100
USAC

OSHA 1978 360 200
10000

ACGIH 1984/85 180 100
270 150

USSR 1977 5
Yugoslavia 1971 360 200

Interpretationb

TWA Guideline
TWA Regulation
TWA Regulation
Ceiling (10 min)
TWA Guideline
STEL
TWA Regulation
Maximum (30 min)
TWA Guideline

TWA Guideline
TWA Guideline
Ceiling Regulation
TWA Guideline
Maximum
TWA Guideline
STEL
TWA Regulation

TWA Regulation
Maximum (30 min)
TWA Guideline
STEL
Maximumd Regulation
Ceiling Regulation

aFrom International Labour Office (1980); National Finnish Board of Occupational Safety and Health (1981); National
Swedish Board of Occupational Safety and Health (1981); American Conference of Governmental Industrial Hygien-
ists (1984); Deutsche Forschungsgemeinschaft (1984)

bTWA, time-weighted average; STEL, short-term exposure Ii mit
cOSHA, Occupational Safety and Health Administration; ACGIH, American Conference of Governmental Industrial

Hygienists
dThe USSR has also established a maximum of 0.2 mg/m3 for acetaldehyde tetramer

As part of the Hazardous Materials Regulations of the US Department of Transportation
(1982), shipments of acetaldehyde are subject to a variety of labelling, packaging, quantity
and shipping restrictions consistent with its designation as a hazardous materia!.

2.2 Occurrence

(a) Natural occurrence

Acetaldehyde is reported to be a metabolic intermediate in higher plants and a product
of alcohol fermentation. It has been identified as a volatile component of mature cotton
leaves and cotton blossoms (Berni & Stanley, 1982) and was detected by Kami (1983) in the
essential oil of alfalfa at a concentration of about 0.2%. It was also detected at trace levels
in two kinds of mushrooms (Armilaria mel/ea and Boletus luteus) (Stepanova & Tsapalova,
1982).

Acetaldehyde has been identified as a component of the steam volatile oils obtained
from blueberries (Horvat et al., 1983). It occurs in oak leaves and tobacco leaves. It is also a
natural constituent of apples, broccoli, coffee, grapefruit, grapes, lemons, onions, oranges,
peaches, pears, pineapple, raspberries and strawberries. It is found in the essential oils of
rosemary, balm, clary sage, daffodil, bitter orange, camphor, angelica, fennel, mustard and
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peppermint (National Academy of Sciences/National Research Council, 1965; Furia & Bel-
lanca, 1975).

(b) Occupational exposure

On the basis of the 1974 National Occupational Hazard Survey, the National Institute for
Occupational Safety and Health (1980, 1981) estimated that 1700 US workers in four non-
agricultural industries wereexposed to acetaldehyde. The principal industry in which expo-
sure was found was the industrial organic chemicals industry, and some exposure was noted
in the fabricated rubber products and biological products industries.

Aldehydes of low molecular weight, such as acetaldehyde, occur as decomposition pro-
ducts of some polymers; however, acetaldehyde concentrations above the detection limits
were not found in the workroom air of four US plants in which polymers were heated
for various purposes, when surveyed by the National Institute for Occupational Safety and
Health. The plants were in the following industries: textile finishing (Iimits of detection
ranged from 1.2-3.4 mg/m3) (Rosensteel & Tanaka, 1976); polypropylene boUle production
(Iimit of detection of 1 mg/m3l (Ahrenholz & Gorman, 1980); fabrication of prosthetics (Ch ros-
tek & Shoemaker, 1981); and production of scientific glass gauges (Chrostek, 1981). Acetal-
dehyde concentrations were below the limit of detection (2.3 mg/m3) in an industrial hygiene
survey at a urea-formaldehyde foam-insulation manufacturing plant in the USA, where acet-
aldehyde was being used at low concentrations as a reactant in the production of resins
(Herrick, 1980).

Acetaldehyde was reported at levels of 1-7 mg/m3 in the workroom air of an aldehyde
factory in the German Democratie Republic after equipment leakages (BiUersohl, 1975).

(c) Air

Eimutis et al. (1978) estimated that annual US atmospheric emissions of acetalde-
hyde amounted to 12.2 milion kg. The various sources of these emissions are given in
Table 2.

Subsequently, Anderson et al. (1980) estimated atmospheric emissions of acetaldehyde
from 1978 to be 2.2 milion kg/year. Total US acetaldehyde emissions to the air in 1978 from
ail sources have been estimated at 52 millon kg, 86% of which was due to wood burning
in residences (Lipfert & Dungan, 1982).

Table 2. Sources of emissions of acetaldehyde in the air in the USAa

Source Emissions
(1 000 kglyear)

5056.4
4411.5
1460.9
1094.6

57.8
51.6
20.8

4.5
1.9
0.5
0.2
0.1

Residential external combustion of wood
Coffee raasting
Acetic acid manufacture
Vinyl acetate manufacture fram ethylene
Ethanol manufacture
Acrylonitrile manufacture
Acetic acid manufacture fram butane
Cratonaldehyde manufacture
Acetone and phenol manufacture from cumene
Acetaldehyde manufacture by hydration of ethylene
Polyvinyl chloride manufacture
Acetaldehyde manufacture by oxidation of ethanol

aFram Eimutis et aL. (1978)
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Pellzzari (1979) has reported the detection of acetaldehyde at unidentified levels ìn the
atmospheres of several cities in the USA. It was detected in the air at several locations in the
USA by Arnts and Meeks (1981), as follows: none detected-15.0 i-g/m3 in Tulsa, OK; none
detected-16.9 i-g/m3 in Rio Blanco County, CO; and none detected-24.0 i-g/m3 in the Smokie
Mountains, TN. Singh et al. (1982) measured acetaldehyde concentrations in air of 0.36-4.68
i-g/m3 in Pittsburgh, PA, and 1.62-6.12 i-g/m3 in Chicago, IL, during April 1981. Air-monitor-
ing data accumulated between 1975 and 1978 show that this compound occurred at mean
ambient concentrations of 5-124 i-g/m3 at seven other US locations (Brodzinsky & Singh,
1982). It was also detected in the ambient air in southern California under conditions of
moderate to severe photochemical pollution at levels of 5.4-63 i-g/m3 (Gros jean, 1982).

It has been reported that photolysis and reaction with hydroxyl radicals cause a daily loss
rate of about 80% of atmospheric acetaldehyde emissions (Singh et al., 1982).

Acetaldehyde was detected at unspecified levels in a study of indoor and outdoor air in
and around homes in the areas of Washington, DC and Chicago, IL (Jarke et al., 1981).

Acetaldehyde emissions have been reported from coffee-roasting operations (14-22
mg/m3), from a lithographie plate coater (0.5-4.1 mg/m3), from an automobile-spray booth
(2.5-3.4 mg/m3) (Levaggi & Feldstein, 1970), from plants manufacturing acrylic acid (Serth et
al., 1978), and from a fat-rendering plant at levels of 3.4-6.8 mg/m3 (Van Langenhove et al.,
1983).

Acetaldehyde was detected in air from several Japanese sources as summarized in Table
3 (Hoshika et al., 1981). It was also detected in ambient air and air near and in a refuse-recla-
mation area in Japan at levels of 5.4-13.7 i-g/m3 (Aoyama & Yashiro, 1983).

Table 3. Acetaldehyde detected in air from several Japanese sources8

Exhaust gas trom a corn starch manutacturing works
Exhaust gas trom poultry manure driers
Exhaust gas trom a metal paint dryer
Exhaust gas trom a shell mould processing plant
Exhaust gas trom kraft pulp recovery boilers
Ambient air near a tishmeal tactoFY

Sewage treatment plant
Night-soil treatment plant

Concentration
(mg/m3)

9.6
7.5-8.1
38.2
0.9-2.0
0.3-0.5
0.06
0.01-0.02
0.005-0.02

Odour source

aFrom Hoshika et al. (1981)

(d) Water and sediments

Acetaldehyde has been detected in finished drinking-water in several US cities at levels
of up to 0.1 i-g/1. It has also been detected in US well- and river-water, and effluents from
sewage-treatment plants and chemical plants (US Environmental Protection Agency, 1975;
Shackelford & Keith, 1976).

Acetaldehyde has been identified as a constituent in the wastes from petroleum refin-
ing, coal processing, the oxidation of alcohols, saturated hydrocarbons or ethylene, and
the hydration of acetylene. Degradation of hydrocarbons, sewage and solid biological
wastes also produces acetaldehyde (Versar, Inc., 1975).
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(e) Food, beverages and animal feeds

Acetaldehyde has been found in vegetables and fruit (see p. 105).

The acetaldehyde concentration in 18 European beers was reported to range from
2.6-13.5 mg/I (Delcour et al., 1982). Okamoto et al. (1981) detected acetaldehyde in commer-
cial wine sam pIes in Japan at levels of 0.2-1.2 mg/!. It has also been identified in Cuba in the
aqueous condensate obtained from the concentration of sweet orange juice (Pino, 1982).

Acetaldehyde has been detected in cheese, heated skim milk, cooked beef, cooked
chicken and rum (National Academy of Sciences/National Research Council, 1965; Furia &
Bellanca, 1975).

Trace quantities of acetaldehyde are present in a flavouring used to impart a butter-
like flavour to processed foods, especially margarine (US Food and Drug Administration,
1982).

(f) Tobacco and marijuana smoke

Hoffmann et al. (1975) detected acetaldehyde in the smoke of tobacco cigarettes (980
Jlg/cigarette) and marijuana cigarettes (1200 Jlg/cigarette).

Vapour-phase deliveries of acetaldehyde in smoke from several types of cigarettes
ranged from 1.14-1.37 mg/cigarette when detected by high-performance liquid chromato-
graphy and 0.87-1.22 mg/cigarette when detected by gas chromatography. Three types of
low-tar cigarettes delivered 0.09-0.27 mg/cigarette (Manning et al., 1983).

(g) Pyrolysis products

Typical emissions of acetaldehyde from burning wood have been estimated at about 0.7
g/kg; total annual acetaldehyde emissions in the USA from the residential burning of wood
have been estimated at 45 milion kg (Lipfert & Dungan, 1982). Fireplace emissions ranged

from 0.083-0.200 g/kg of wood burned (Lipari et al., 1984).

According to the results of a Swedish study (Rudling et al., 1982), the acetaldehyde emis-
sions from combustion of wood and wood-chips in small furnaces and stoves were as fol-
lows (mg/kg of fuel): prechamber oyen (wood chips), 1-72; central heating furnace (wood),
62-620; and fireplace stove (wood), 9-710.

Ramdahl et al. (1982) measured acetaldehyde emissions from wood-burning stoves in
Norway and reported emissions of 14.4 mg/kg of dry wood under normal burning condi-
tions, and as much as 992 mg/kg of dry wood under low efficiency (air-starved) combus-
tion. Burning of charcoal emits significantly less acetaldehyde.

Acetaldehyde has been reported to be a combustion product of plastics (e.g., polyphe-
nylene oxide) (Boettner et al., 1973).

Acetaldehyde was detected as a combustion product. of polycarbonate and of hard and
soft polyurethane foams of western European origin (Hagen, 1967).

It has been reported to occur in heavy-duty diesel exhaust at levels of 0.05-6.4 mg/m3
(Hare & Bradow, 1979) and in gasoline exhaust (1.4-8.8 mg/m3) (Verschueren, 1977). Con-
centrations of acetaldehyde in automobile exhaust are reported in Table 4.
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Table 4. Concentrations of acetaldehyde in automobile exhaust8

Vehicle type Acetaldehyde emissions (mg/m3)

Cold start Hot start

Prototype ethanol-fuelled vehicle
1974 (no catalyst) gasoline-fuelled vehicle
1981 (catalyst) gasoline-fuelled engine
1978 (5.7-1, V-8) diesel vehicle without exhaust gas recirculation
1980 (5.7-1, V-8) diesel vehicle with exhaust gas recirculation

aFrom Lipari & Swarin (1982)

36.5
1.2
0.1
0.2
0.3

18.2
1.1

.c 0.02
0.2
0.2

The results of one US study of emissiòns from gasoline- and diesel-powered vehicles are
summarized in Table 5.

Table 5. Acetaldehyde emissions from gasoline- and diesel-powered vehiclesa

Vehicle type Acetaldehyde emissions
(mg/km)

Light-duty gasoline
Catalyst-equipped
Non-catalyst

Light-duty diesel
Heavy-duty gasoline
Heavy-duty diesel

0.0-0.63
1.42-6.74
1.00-10.50
10.21-16.03
1.76-45.69

aFrom Carey (1981)

(h) Human tissues and secretions

Acetaldehyde is formed during the intracellular oxidation of ethanol (Eriksson, 1983).

The concentration of acetaldehyde in the whole blood of four fasting, normal human sub-
jects was reported by Lynch et al. (1983) to be 1.30 Jlmol/I (57 Jlg/I).

Acetaldehyde has been detected in mother's milk in the USA (Pellizzari et al., 1982).

(/) Other

ln the USSR, acetaldehyde was reported to be formed as a gaseous product during the
pulping of aspenwood-chips by oxidative ammonolysis (Kondakova et al., 1981).

2.3 Analysis

Analytical methods for acetaldehyde were summarized briefly by Hagemeyer (1978).

Typical methods for the analysis of acetaldehyde in various matrices are given in Table 6.
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Table 6. Methods for the analysis of acetaldehyde

Sample matrix Sam pie preparation Assay Limits of Reference
procedurea detection

Air Collect in impinger containing HPLC/UV Approx. 0.2-4 J!g/m3 Grosjean (1982)
aqueous acidic 2,4-dinitrophenylhy- for 60-litre samples
drazine and cyclohexane:isooctane
(9:1); extract (hexane and dichlo-
romethane); evaporate; dissolve
(methanol)
Collect in cartridge containing GC/MS Not given Krost et aL. (1982)
Tenax GC or other resin; desorb
thermally and collect in a trap
cooled by liquid nitrogen
Trap using Iiquid argon Ge 0.09-4 ¡ig/m3 Hoshika et al. (1981)
Collect on silica gel treated with GC/FTD 0.09-0.45 ¡ig/m3 for Aoyama & Yashiro
2,4-dinitrophenylhydrazine; desorb samples of 50-1 00 (1983)with carbon tetrachloride litres

Indoor and outdoor Collect in stainless steel tube con- GC/MS 0.9 ¡i~/m3 for 2-litre Jarke eta/. (1981)
air taining a porous polymer based on samp e

2,6-diphenyl-p-phenylene oxide
Industrial emissions Collect in impingers containing GC/FID 1.2 mg/m3 r200-litre Levaggi & Feldstein
(air) sodium bisulphite solution sam pies) (1970); Rosensteel &

Tanaka (1976)
Occupational air Adsorb on activated charcoal; elute GC 18 mg/m3 for 5-litre National Institute for

(carbon disulphide) sample Occupation al Safety
and Health (1974)

Collect in bubbler containing HPLC 170-670 mg/m3 Gunderson & Ander-
aqueous Girard T reagent at con- (range of detection) son (1980)
trolled pH

Automobile exhaust Dilute gases with room air, bubble HPLC/UV 18 ¡ig/m3 for 20-litre Lipari & Swarin
through midget impingers containing sam pies (1982)aqueous 2,4-dinitrophenylhydrazine/
acetonitrile solution; inject directly

Flue gases (from Collect with impingers containing GC/FID Not given Rudling et aL. (1982)wood furnaces & 2,4-dinitrophenylhydrazine in hydro-
stoves) chloric acid; extract (dichloro-

methane); concentrate

Volatile emissions Collect in stainless-steel tube with GC/FID Not given Thibodeaux et aL.
from wastewater liquid oxygen (1982)
Waste water (e.g., Collect waste-water vapour phase GC/FID 100 mg/I Geodakyan et al.
from chloroprene

(1981 )production)
Aqueous solution Mix with 3-methyl-2-benzothiazol- S Not given Sawicki et al. (1961)

one hydrazone hydrochloride; allow
to react (option al heating); add
ferric chloride; dilute (acetone)

Aqueous solution/in- Purge with nitrogen gas; trap with GC/MS 200 ¡ig/I Spingarn et al. (1982)
dustrial effluent Tenax GC sorbent and silca gel;

desorb thermally
Polyethylene tere- Grind under liquid nitrogen; inject GC/FID 50 ¡ig/kg Dong (1981)
phthalate resin into headspace
Alfalfa Steam distil; extract (diethyl ether) GC/MS and Not given Kami (1983)

GC
Plants (cotton) Steam distil; collect on Tenax GC GC/MS Not given Berni & Stanley

(1982)
Biological fluids Inject into headspace with internai GC/FID 0.5-32 mg/I (range of Suitheimer et al.

standard (e.g., n-propanol) solution; detection) (1982)
heat

Blood Mix with perchloric acid to precipi- GC 4 J!g (artefactual Eriksson et al. (1982)
tate protein; centrifuge; transfer acetaldehyde is cor-
supernatants to hee.dspace bottles rected for or blocked

with sodium azide)C

Mother's milk Warm and purge with helium; trap GC/MS Not given Pellzzari et al. (1982)
on Tenax cartridge; desorb ther-
mally
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Sam pie matrix Sample preparation Assay Limits of
procedurea detection

Reference

Wine Add internai standard (proponalde- HPLC
hyde); extract (ammonium acetate/
acetic acid/acetylacetone); dry over
anhydrous sodium sulphate

Beer Steam distil; extract (pentane/di- HPLC
chloromethane); react to form the
p-nitrobenzyloxyamine derivative

Cultures of lactic acid Steam distil into 3-methyl-2-ben- S
bacteria zothiazolone hydrazone reagent

mixture

0.01 ¡ig Okamoto et al. (1981)

Not given Piendl et al. (1981)

0-24 ¡ig/ml (range of Schmidt et al. (1983)
detection)

ßAbbreviations: HPLC/UV, high-performance liquid chromatography/ultraviolet detection; GC/MS, gas chromato-
graphy/mass spectrometry; GC, gas chromatography; GC/FTD, gas chromatography/flame thermoionic detection;
GC/FID, gas chromatography/flame ionization detection; HPLC, high-performance Iiquid chromatography; S, spectro-
photometry

bAccording to Eriksson (1983), the blood acetaldehyde levels detected in earlier studies are due mainly to artefac-
tuai acetaldehyde formation during analysis.

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(a) Inhalation and/or intratracheal administration

Rat: Four groups of 105 male and 105 female Cpb:WU albino Wistar rats were exposed
to 0, 750, 1500 or 3000 (reduced progressively over a period of 11 months to 1000 ppm due
to toxicity) ppm (0, 1350, 2700 or 5400-1800 mg/m3) acetaldehyde vapour (purity unspeci-
fied) for six hours per day on five days per week for a maximum of 27 months. Each group
comprised five subgroups, three of which were used for interim kils at weeks 13, 26 and 52,
respectively. Of the animais kiled at these intervals, only one had a tumour of the respira-
tory tract: a female of the high-dose group killed in week 53, bearing a nasal squamous-cell
carcinoma. To date, only results obtained during the first 15 months of the study have been
reported. Mortality at month 15 was 60% in the high-dose group and 3-4% in each of the
other groups. ln animais that died spontaneously or were kiled in extremis during the first
15 months of the study, the incidences of nasal carcinomas (squamous-cell carcinomas and
adenocarcinomas) were (males and females): 1/7, 1/2, 5/8 and 23/63 in the control, low-,
mid- and high-dose groups, respectively. No tumour was found in other segments of the res-
piratory tract. A variety of compound-related lesions, including hyperplastic and inflamma-
tory changes, occurred in the nose and larynx of acetaldehyde-exposed rats (Woutersen et
al., 1984).

Hamster: Groups of 35 male Syrian golden hamsters were exposed to 0 or 1500 ppm
(2700 mg/m3) acetaldehyde vapour for seven hours per day on five days per week for 52
weeks, and to weekly intratracheal instilations of 0, 0.0625, 0.125, 0.25, 0.5 or 1 mg ben-
zo(a)pyrene suspended in saline for the sa me period. Groups of five animais were kiled at
the 52nd week and the remainder allowed to survive untreated for an addition 

al 26 weeks.
There was no significant difference in mortality between the animais exposed to acetalde-
hyde and those exposed to air, except for the subgroup treated with the highest dose of
benzo(a)pyrene, for which the mortality in the acetaldehyde-exposed animaIs was in-
creased more rapidly than the mortality in the corresponding benzo(a)pyrene group ex-
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posed to air (p , 0.001 in both groups). No tumour was found in hamsters exposed to acet-
aldehyde only; but 3/30, 4/30, 9/30, 25/29 and 26/28 hamsters exposed to benzo(a)pyrene
alone developed respiratory-tract tumours and 1/28, 5/29, 8/29, 16/29 and 29/30 hamsters
exposed to benzo(a)pyrene and acetaldehyde vapour developed the same type of tumour
(Feron, 1979).

Groups of 36 male and 36 female Syrian golden hamsters, six weeks of age, were ex-
posed for seven hours per day on five days per week to room air (chamber controls) or to
decreasing concentrations of acetaldehyde (distiled and analysed by gas chromatography)
(initial concentration, 2500 ppm (4500 mg/m3); final concentration, 1650 ppm (2970 mg/m3))
for 52 weeks.. Six animaIs killed and examined from each group had no tumour. The remain-
ing animais were observed until 81 weeks and killed. The incidences of respiratory-tract
tumours were 0/30, 8/29, 0/28 and 5/29 in control males, exposed males, control females
and exposed females, respectively (p , 0.05). The acetaldehyde-induced tumours were pre-
dominantly laryngeal carcinomas with a few laryngeal polyps, and nasal polyps and carci-
nomas (Feron et al., 1982).

Seven groups of 35 male and 35 female Syrian golden hamsters, 11 weeks old, were
given the following treatments weekly or biweekly for 52 weeks: intratracheal instilations of
saline (0.2 ml weekly; vehicle controls); acetaldehyde alone (two groups: one receiving 0.2
ml 2% acetaldehyde weekly, and one receiving 0.2 ml 4% acetaldehyde weekly); acetalde-
hyde plus benzo(a)pyrene or N-nitrosodiethylamine; or benzo(a)pyrene or N-nitrosodiethyl-
amine (positive controls). After 13, 26 and 52 weeks, three animais per sex and per group
were killed and autopsied. The experiment was terminated at week 104, when the survi-
vors were killed. At that time, overall mortality was 83% in males and 97% in females. Intra-
tracheal instillation of acetaldehyde alone produced extensive 'peribronchiolar adenomatoid
lesions' in the lungs, but no tumour. Both benzo(a)pyrene and N-nitrosodiethylamine in-

duced a va ri et y of tumours in several segments of the respiratory tract. This tumour res-
ponse was notinfluenced by simultaneous treatment with acetaldehyde (Feron, 1979).

ln a similar experiment to that described above, groups of 30 male and 30 female Syrian
golden hamsters were exposed to air or to 2500-1650 ppm (4500-2870 mg/m3) acetaldehyde
vapour for seven hours per day on five days per week for 52 weeks and were given simul-
taneous weekly intratracheal instiliations of 0.2 ml 0.175% or 0.35% benzo(a)pyrene (total
amounts instilled, 18.2 and 36.4 mg/hamster) suspended in saline or subcutaneous injections
once every three weeks of 0.2 ml 0.0625% (total volume injected, 2.1 l!i) N-nitrosodiethyl-
amine in saline. The experiment was terminated at 81 weeks. The types and incidences
of benign and malignant respiratory-tract tumours in the various groups are summar-
ized in Table 7. The main difference between the air- an acetaldehyde-exposed groups
was a three- to five-fold increase in malignant respiratory-tract tumours in the acetaldehyde/
high-dose benzo(a)pyrene group (Feron et al., 1982).

(b) Subcutaneous administration
Rat: A group of 20 rats (strain, sex and age unspecified), weighing 80-140 g, received

26-41 subcutaneous injections of 0.5-1 ml 0.5% acetaldehyde (pu 
rit y unspecified) solution

(solvent unspecified) followed by 40-50 subcutaneous injections of 1-1.5 ml acetaldehyde
solution, the concentration of which was gradually increased from 1 % to 5% (total number
of injections ranged from 76-81). The injections were given twice a week during the first
three weeks and once a week thereafter. The study lasted 489-554 days. Four of 14 rats that
received injections until the end of the experimental period (no further specificationgiven)
developed sarcomas at the site of injection. There was no metastasis; three of the four
tumours were transplantable (Watanabe & Sugimoto, 1956). (The Working Group noted that
the experiment was inadequate for evaluation because of the small number of animais and
the lack of a control group.)



Table 7. Types and incidences of respiratory-tract tumours in hamsters exposed to air or acetaldehyde and treated
intratracheally with benzo(a)pyrene or subcutaneously with N-nitrosodiethylamine8

Carcinogen Type of Treatment with air Treatment with acetaldehyde
tumour

Males Females Males Females

Benzora)pyrene, low dose Benign 3 papilomas 3 papilomas 4 papilomas 5 papilomas ):1 adenoma 1 adeno-squamous 1 adeno-squamous adenoma 1 adenoma ()1 adeno-squamous adenoma adenoma mMalignant None None 1 carcinoma in situ 7 squamous-cell carcinomas -l
9 squamous-cell carcinomas ):Totaib 5 in 4/29 3 in 3/27 15 in 12/29 13 in 11/29 r

Benzora)pyrene, high dose Benign 8 papilomas 1 papiloma 3 papilomas 0
9 adenomas 5 adenomas 1 adenoma m
2 adeno-squamous adenomas 2 adeno-squamous adenomás :i

-(Malignant 2 squamous-cell carcinomas 2 squamous-cell car- 3 carcinomas in situ 2 carcinomas in situ 03 adenocarcinomas cinomas 17 squamous-cell carcinomas 9 squamous-cell carcinomas
m2 anaplastic carcinomas 1 adenocarcinoma 4 adenocarcinomas 1 adeno-squamous carcinoma

1 sarcoma 2 sarcomas 1 anaplastic carcinomaTotaib 27 in 19/30 9 in 7/24 32 in 22/27 19 in 16/29
N-Nitrosodiethylamine Benign 14 papillomas 13 papiiiomas 8 papillomas 2 papilomas

Malignant 1 adenocarcinoma None 3 carcinomas in situ 3 carcinomas in situ
T otaib 15 in 12/29 13 in 11/27 15 in 11/30 9 in 8/20

aFrom Feron et al. (1982)
bNumber of tumours in number of animais with tumours over number of animais examined

-i-i
V)
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3.2 Other relevant biological data

(a) Experimental systems

The pharmacology of acetaldehyde in experimental animais has been reviewed (Brien &
Loomis, 1983).

Toxic effects

ln a four-hour inhalation study, the LCso of acetaldehyde in hamsters was. reported to be
17 000 ppm (31 000 mg/m3) (Kruysse, 1970). The four-hour LCso of acetaldehyde in rats was
reported to be 13 300 ppm (24 000 mg/m3) (Appelman et al., 1982). Subcutaneous LDsos in
rats and mice were found to be 640 and 560 mg/kg bw, respectively (Skog, 1950). The intra-
peritoneal LDso in mice was found to be 500 mg/kg bw (Truitt & Walsh, 1971). The LDso of
acetaldehyde administered intratracheally to hamsters was reported to be 96.1 mg/kg bw
(Feron & de Jong, 1971), and the intravenous LDso in mice, 165 mg/kg bw (O'Shea &
Kaufman, 1979).

Groups of 20 Syrian golden hamsters were exposed to 390-4560 ppm (700-8200 mg/m3)
acetaldehyde vapours for six hours per day, on five days per week for 90 days. The highest
level (4560 ppm) induced growth retardation, ocular and nasal irritation, increased numbers
of erythrocytes, increased heart and kidney weights and severe histopathological changes
in the respiratory tract. At a level of 390 ppm, no toxic effect was observed (Kruysse et al.,
1975).

ln a four-week inhalation study, groups of male and female albino Wistar rats were ex-
posed to 400-5000 ppm (790-9000 mg/m3) acetaldehyde for six hours per day, on five days
per week. The major changes reported with doses of 1000 and 2200 ppm (1800-3960 mg/m3l
were growth retardation, an increase in the production of urine in males, and slight to moder-
ate degeneration with or without hyper- and metaplasia of the nasal epithelium. The only
change seen at the lowest concentration (400 ppm) was slight degeneration of the nasal
olfactory epithelium (Appelman et al., 1982).

ln an isolated, perfused guinea-pig heart, 1 mM (44 Ilg/ml) acetaldehyde increased heart
rate and coronary flow (Gailis, 1975). It also increased heart rate and oxygen consump-
tion and decreased coronary vascular resistance of isolated, perfused hearts of rats and
guinea-pigs (Gails & Verdy, 1971). A dose-dependent biphasic response to acetaldehyde
(4.4-1320 Ilg/ml) was found for left atrial contractility in guinea-pigs (Truitt & Walsh, 1971).
Similar observations were reported in dogs (James & Bear, 1967; Stratton et al., 1981).

Green and Egle (1983) reported that intravenous administration of 2.0-40.0 mg/kg bw
acetaldehyde to hypertensive SHR Wistar rats caused a blood pressor response; a depres-
sor response was seen at higher (20-40 mg/kg bw) doses. A similar pressor response has
been observed in dogs and cats (Handovsky & Heymans, 1936; Akabane et al., 1964).

Intravenous administration of 1-40 mg/kg bw acetaldehyde to anaesthetized male Wistar
rats had opposing effects on the cardiovascular system: a sympathomimetic effect, result-
ing in a rise in blood pressure at doses below 20 mg/kg bw, and, at higher doses, brady-
cardia and hypotension (Egle et al., 1973).

Incubation of acetaldehyde with rat-liver mitochondria has been shown to cause several
biochemical changes (at relatively high concentrations of 1-3 mM (44-132 Ilg/ml)), including
alteration of mitochondrial respiration and hepatic oxidation of fatty acids, and increases in
hepatic triglyceride levels (Brien & Loomis, 1983); incubation of (1 ,2-14C)-acetaldehyde for 60
min at 37°C with liver microsomes from male Sprague-Dawley rats resulted in binding with
microsomal protein (Nomura & Lieber, 1981).
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ln an in-vitro study, a suppressive effect on rat testicular steroidogenesis was reported
at concentrations as low as 50 ¡.M (2.2 ¡.g/ml) acetaldehyde (Cicero et al., 1980).

Incubation of acetaldehyde (100 mg %) with isolated hepatocytes for 60 min significant-
Iy increased lipid peroxide formation, which was inhibited by prior addition of antioxidants
such as vitamin E or glutathione (Stege, 1982).

Effects on reproduction and prenatal toxicity

Ethanol is metabolized to acetaldehyde, a recognized teratogen. Much experimental work
has been carried out to develop a suitable animal model for ethanol-induced teratogeni-

city, and some studies have focused on the role of metabolism in this effect. Reviews of
the research up to the early 1980s are available (Véghelyi et al., 1978; Obe & Ristow, 1979;
Kumar, 1982).

Acetaldehyde (pu rit y unspecified) dissolved in saline was administered intraperitoneally to
groups of five to ten CF rats at single doses of 50, 75 or 100 mg/kg bw either on day 10,
11 or 12 or on each of days 10, 11 and 12 of gestation. Foetuses were examined on day 21.
Foetal resorptions, malformations (including oedema, microcephaly, micrognathia, micro-
melia, hydrocephaly and exencephaly) and growth retardation were found. ln general, these
effects were greatest in the high-dose groups and in the multiple-treatment groups, although
there was no strong dose-dependency, as shown by a wide variation in foetal response.
No resorption or malformation was found in 13 control Iitters. MaternaI effects were not
reported (Sreenathan et al., 1982).

Rats received intra-amniotic injections of 0.02 ml of a 1 % or 10% solution of acetalde-
hyde on day 13 of gestation. Foetal mortality was high in the control groups, but even higher
in the treated groups (reaching 100% in the high-dose group). Surviving low-dose embryos
had an increased incidence of malformations (80% compared to 14% in controls) (Bariliak
& Kozachuk, 1983).

Groups of four to eleven pregnant CFLP mice were injected intravenously with either 0.1
ml/25 9 bw of 0.9% saline or a similar volume of saline containing either 2% (v/v) or 1 %
(v/v) (approx. 62 and 31 mg/kg bw) acetaldehyde on days 7, 8 and 9 of gestation. Embryos
were examined either on day 10 or day 19 of gestation. Dose-dependent embryolethality

was observed (2.3%, 18.0% and 31.0% in the control, low- and high-dose groups, respec-
tively, in day-19 embryos; and 9.8%, 31.7% and 46.3% in day-10 embryos); malforma-
tions that involved non-closure of the anterior or posterior neuropore were seen in day-10
embryos (incidence not specified) but not in day-19 embryos. Acetaldehyde-treated embryos
were significantly sm aller than controls on day 19 (O'Shea & Kaufman, 1979). Using the
same general protocol, but examining the effects on day-10 or -12 embryos after single
(days 6, 7, or 8) compared to those after multiple (days 6-8, 7-8 or 7-9) exposures to 0.1 ml
of 2% acetaldehyde in saline, a high incidence of neural tube defects was observed after
a single exposure (15/56 embryos after day-6 injections, 10/31 after day-7 and 0/71 after
day-8 compared to a saline control group of 0/163), but embryonic mortality was more pre-
valent after multiple exposures (as high as 50/106 embryos after exposure on days 7-9 com-
pared to 6/52 in the appropriate control) (O'Shea & Kaufman, 1981).

Groups of 5-14 C57BI/6J mice received a single intraperitoneal dose of 0.32 g/kg bw of
4% acetaldehyde in arachis oïl (v/v) on days 7, 8, 9 or 10 of gestation; or two injections, 30
min or six hours apart, on the sa me days. Embryos were examined on day 18. A low inci-
dence of stage-specifie teratogenic effects, with facial defects (exencephaly, and mandibu-
lar and maxilary hypoplasia) occurred after treatment on day 7 or 8, and limb defects (poly-
dactyly, club foot) occurred after treatment on day 9 or 10. While the types of malformation
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observed in the acetaldehyde-treated foetuses were similar to those found in alcohol-treated
animais, the overall incidence in the latter case was much greater (Webster et al., 1983).

A group of eight pregnant CD-1 mice received intraperitoneal injections of 200 mg/kg bw
of a 0.69% solution (v/v) of acetaldehyde in sterile saline (volume of injection, 0.037 ml/g
bw) every two hours for a total of five doses (total dose, 1000 mg/kg bw) on day 10 of
gestation. Foetuses were examined on day 18 and compared with a variety of ethanol-treat-
ed groups. ln general, ethanol-treated Iitters showed dose-related decreases in viabilty and
growth, as weil as teratogenic effects, including malformations of the head, and cardiovas-
cular, urogenital and skeletal systems. Co-administration of 4-methylpyrazole, an inhibitor of
alcohol dehydrogenase, dramatically increased embryotoxicity. The acetaldehyde treatment
did not increase the percentage of resorptions and malformed foetuses or decrease foetal
weight over that in saline or untreated controls (Blakley & Scott, 1984a). Acetaldehyde was
detected in the embryos of CD-1 mice within five minutes of intraperitoneal treatment with
200 mg/kg bw acetaldehyde on day 10 of gestation (Blakley & Scott, 1984b).

The effects of acetaldehyde on the embryonic development of mice and rats have also
been investigated in whole embryo cultures (Popov et al., 1981; Thompson & Folb, 1982;
Campbell & Fantel, 1983). (ln evaluating these findings, it is important to remember that
acetaldehyde has a boiling temperature of 20.16°C.) ln ail studies, acetaldehyde adversely
affected embryonic growth and differentiation.

Absorption, distribution, excretion and metabolism

Acetaldehyde is a toxic metabolite formed in the mammalian liver during the oxidation of
ethanol (Truitt & Walsh, 1971).

Intravenous infusion of 0.5-5% solutions of acetaldehyde to rabbits resulted in rapid elim-
ination of acetaldehyde, at a rate of 7-10 mg/min (Hald & Larsen, 1949).

Acetaldehyde is metabolized to acetic acid by NAD+ -dependent aldehyde dehydrogenase
(Brien & Loomis, 1983). It has been reported that rat liver contains several aldehyde dehy-
drogenases with different properties and subcellular locations (Marjanen, 1973; Tottmar et
al., 1973). The rate of acetaldehyde metabolism to acetic acid varies with the form of the
enzyme, as does the site and kinetics of acetaldehyde oxidation in liver cells (Deitrich & Siew,
1974). Acetaldehyde is oxidized mainly in rat-liver mitochondria by an aldehyde dehydrogen-
ase with a low Km (Tottmar et al., 1973; Parilla et al., 1974). Acetaldehyde is also
oxidized, in rat nasal mucosal homogenates, by NAD+ -dependent dehydrogenases (Casa-
nova-Schmitz et al., 1984).

Administration to rats of a single intraperitoneal dose of 6.2 mmol (273 mg) acetaldehyde
caused a significant increase (about 100%) in the amount of a urinary, sulphur-containing
metabolite that was found in the alkali-hydrolysable sulphydryl fraction (Hemminki, 1982). A
thiazolidine 4-carboxylic acid derivative has also been shown to be produced when acetal-
dehyde reacts with L-cysteine (Nagasawa et al., 1975; Sprince et al., 1974; Nagasawa et al.,
1984).

Concurrent administration of acetaldehyde, L-cysteine and nitrite to rats yielded
N-nitroso-2-methylthiazolidine-4-carboxylic acid (cis- and trans-isomers), :;90% of which was
excreted in the urine (Ohshima et al., 1984).

The metabolism of acetaldehyde is influenced by a variety of factors, such as diet (Mar-
chner & Tottmar, 1976), genetic factors (Eriksson, 1973), pregnancy (Kesäniemi, 1974),
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chronic alcohol consumption (Teschke et al., 1977) and various drugs (Truitt & Walsh, 1971;
Brien & Loomis, 1983).

Metabolism of (1 ,2-14C)-acetaldehyde by isolated perfused rat heart was demonstrated
by measuring quantitatively the ensuing 14C02 production (Forsyth et al., 1973).

Incubation of acetaldehyde (purity, 99%) with ribonucleosides and deoxyribonucleosides
has been shown to form adducts with cytosine- and purine-containing nucleotides. After
sodium borohydrate reduction, one of the acetaldehyde-guanosine adducts was shown to
be N2-ethylguanosine (Hemminki & Suni, 1984).

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profies for
Short-Term Tests', p. 334)

Reviews of the genetic effects of aldehydes, including acetaldehyde, are available (Auer-
bach et al., 1977; Obe & Ristow, 1979; Obe, 1981).

Acetaldehyde has been reported to induce cross-links in isolated DNA (Ristow & Obe,
1978) and to be positive in an Escherichia coli polA + /poIA- assay (Rosenkranz, 1977).

Acetaldehyde was not mutagenic to Salmonel/a typhimurium TA 1535, TA 1538 (Rosen-
kranz, 1977), T A98 or TA 100 (Sasaki & Endo, 1978) (abstract, details not given), with or
without liver microsomes from polychlorinated biphenyl-treated rats, or to strain TA104 (Mar-
nett et al., 1984) in the absence of an exogenous metabolic system. It was mutagenic to E.
coli when treatment was carried out in stoppered test tubes at OOC (Véghelyi et al., 1978;

Igali & Gazsó, 1980 (abstract, details not givenl). Acetaldehyde induced mutations in mito-
chondria of Saccharomyces cerevisiae (Bandas, 1982).

Acetaldehyde caused a dose-dependent induction of chromosomal aberrations in Vicia
faba root-tip meristems (Rieger & Michaelis, 1960).

ln rat fibroblasts, acetaldehyde induced micronuclei, chromosomal aberrations and aneu-
ploidy (Bird & Draper, 1980; Bird et al., 1982).

Chromosomal aberrations (Au & Badr, 1979 (abstract, details not givenl) and sister chro-
matid exchanges (Obe & Ristow, 1977; Obe & Beek, 1979; de Raat et al., 1983) were obtain-
ed after treating Chinese hamster ovary cells with acetaldehyde.

ln human peripheral lymphocytes in vitro, acetaldehyde induced a dose-dependent
increase in the incidence of sister chromatid exchanges (Ristow & Obe, 1978; Véghelyi &
Osztovics, 1978; Jansson, 1982; Böhlke et al., 1983) and chromosomal aberrations (Badr &
Hussain, 1977; Obe et al., 1978; Véghelyi & Osztovics, 1978; Böhlke et al., 1983; Obe et al.,
1984).

Abernethy et al., (1982) reported in an abstract that acetaldehyde alone (10-100 ¡.g/ml) did
not induce morphological transformation in C3H/1 OT~ CI8 cells, but showed initiating activ-
ity at 10 and 25 ¡.g/ml when assayed in the presence of 0.25 ¡.g/ml 12-0-tetradecanoyl-
phorbol 13-acetate.

Treatment of mice (Obe et al., 1979) and Chinese hamsters (Korte et al., 1981) with acet-
aldehyde led to an increase in the incidence of sister chromatid exchanges in bone-marrow
cells.
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Intra-amniotic administration of acetaldehyde solutions to rat embryos on day 13 of preg-
nancy led to structural chromosomal aberrations in embryonic cells (Bariliak & Kozachuk,
1983).

(b) Humans

Toxic effects

Human volunteers exposed for 15 min to 50 ppm (90 mg/m3) acetaldehyde vapour expe-
rienced mild eye irritation (Silverman et al., 1946). Men exposed to 200 ppm (360 mg/m3) for
15 min developed transient conjunctivitis (Proctor & Hughes, 1978), whereas ail of 14 men
exposed to 134 ppm (241 mg/m3) acetaldehyde for 30 min developed mild upper-respiratory
irritation (Sim & Pattle, 1957).

The irritant effect of acetaldehyde vapour, which is reported to cause coughing and a burn-
ing sensation in the nose, throat and eyes, usually prevents exposure to a level sufficient
to cause depression of the central nervous system. A splash of Iiquid acetaldehyde was
reported to cause a burning sensation, lachrymation and blurred vision. Prolonged periods
of contact with the skin result in erythema and burns; repeated contact may result in derm-
atitis, due either to primary irritation or to sensitization (Proctor & Hughes, 1978).

Intravenous infusion of 5% acetaldehyde (purity unspecifiedJ at a rate of 20.6-82.4 mg/min
for up to 36 min into normal human subjects caused an increase in heart rate, ventilation
and dead space, and a decrease in alveolar carbon dioxide levels. These symptoms are qual-
itatively and quantitatively similar to those seen after ethanol intake in subjects previously
treated with disulfiram (Antabuse), a known inhibitor of aldehyde dehydrogenase (Asmussen
et al., 1948).

Effects on reproduction and prenatal toxicity

It is not known whether acetaldehyde, the primary metabolite of ethanol, is involved in
the etiology of the human foetal alcohol syndrome (Clarren & Smith, 1978; Kumar, 1982).

Absorption, distribution, excretion and metabolism

The apparent in-vivo concentration of acetaldehyde in bloòd was found to be mainly arte-
factual and seems to be due to oxidation of ethanol during the analytical procedure (Eriks-
son, 1983) (see section 2.3).

The retention of 45-70% inhaled acetaldehyde from a recording respirometer was report-
ed in human subjects during both oral and nasal breathing; there was no difference in total
retention between oral and nasal breathing. The percentage of acetaldehyde retention was
primarily dependent upon the duration of the ventilatory cycle (Egle, 1970).

N-Nitroso-2-methylthiazolidine 4-carboxylic acid 1cis- and trans-isomers) was frequently
detected in the urine of human subjects; a fraction of this may be formed as a two-step
synthesis in vivo from acetaldehyde and L-cysteine to yield 2-methylthiazolidine 4-carboxy-
lie acid, which is easily nitrosated (Tsuda et al., 1983; Ohshima et al., 1984).

Mutagenicity and chromosomal effects

No data on acetaldehyde-exposed persons were available to the Working Group.
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3.3 Case reports and epidemiological studies on carcinogenicity to humans

Nine cases of malignant neoplasm were reported among an unspecified number of
workers in an aldehyde factory in the German Democratie Republic between 1967 and 1972
(Bittersohl, 1974, 1975). The factory was reported on because, among a number of chemical
plants studied simultaneously, it had one of the higher cancer rates. Of the cancers found,
five were bronchial tumours and two were carcinomas of the oral cavity; ail nine patients
were cigarette smokers. The authors state that the relative frequencies of these tumours
were higher than the expected frequency in the German Democratie Republic. The main pro-
cess at the factory was the dimerization of acetaldehyde; the product generated consisted of
about 70% acetaldol with varying portions of acetaldehyde, butyraldehyde, crotonaldehyde
and other higher, condensed aldehydes, as weil as traces of acrolein.(The Working Group
noted that the factory was studied without an a-priori hypothesis.)

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Acetaldehyde was first produced commercially in 1916. It is produced in large quantities
in many countries, where it is used principally as a chemical intermediate; a minor use is as
a food additive. It occurs as a metabolic intermediate in higher plants and as a metabolite
of ethanol in humans. It is found as a combustion product of various fuels and in tobacco
smoke.

4.2 Experimental data

Acetaldehyde was tested for carcinogenicity in rats by inhalation exposure and in ham-
sters by inhalation exposure and intratracheal instillation. Following inhalation exposure, an
increased incidence of carcinomas was induced in the nasal mucosa of rats, and laryngeal
carcinomas were induced in hamsters. ln another inhalation study in hamsters, using a lower
exposure level, and in an intratracheal instilation study, no increased incidence of tumours
was observed. ln hamsters, inhalation of acetaldehyde enhanced the incidence of respira-
tory-tract tumours produced by intratracheal instillation of benzo(a)pyrene.

Foetal malformations were found in mice and rats treated with acetaldehyde in vivo and
in vitro, and resorptions were observed in both species in vivo.

Acetaldehyde induced DNA damage and mutations in bacteria and mutations in yeast
mitochondria. It induced chromosomal aberrations in plants. It induced chromosomal aberra-
tions, aneuploidy, micronuclei and sister chromatid exchanges in cultured mammalian cells.
An increased incidence of sister chromatid exchanges in bone-marrow cells was observed
in mice and hamsters treated in vivo.

4.3 Human data

The one study of workers in an aldehyde plant was inadequate for evaluation of the car-
cinogenicity of acetaldehyde to humans.
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Overall assessment of data from short-term tests: acetaldehyde8

Genetic activity Cell transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes + +

Fungi/green + +
plants

Insects + +

Mammalian cells + + +
(in vitro)

Mammals + +
(in vivo)

Humans +
(in vivo)

Degree of evidence in short-term tests for genetic activity: Suffcient Cell transformation: No
data

aThe groups into which the table is divided and the symbol + are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.

4.4 Evaluation 1

There is suffcient evidence2 for the carcinogenicity of acetaldehyde to experimental

animais.

There is inadequate evidence for the carcinogenicity of acetaldehyde to humans.
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ACROLEIN

This substance was considered by a previous working group, in February 1978 (IARC,

1979). Since that time, new data have become avaitable, and these have been incorporated
into the monograph and taken into account in the present evaluation.

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 107-02-8

Chem. Abstr. Name: 2-Propenal

IUPAC Systematic Name: Acrolein

Synonyms: Acraldehyde; trans-acrolein; acrylaldehyde; acrylic aldehyde; allyl aldehyde;
ethylene aldehyde; NSC 8819; propenal; prop-2-en-1-al

Trade Names: Acquinite; Aqualin; Aqualine; Crolean; Magnacide; Magnacide H

1.2 Structural and molecular formulae and molecular weight

CH2 = CH -CHO
CsH40 MoL. wt: 56.1

1.3 Chemical and physical properties of the pure substance

From Hess et al. (1978), unless otherwise specified

(a) Description: Colourless liquid that causes lachrymation

(b) Boilng-point: 53°C

(c) Melting-point: -87.0°C

(d) Density: Specifie gravit y (20/20°C), 0.8427

(e) Refractive index: nßo 1.4013

- 133 -
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(f) Spectroscopy data: Àmax 207 nm (E~ = 2000); infrared, Raman, nuclear magnetic
resonance and mass spectral data have been tabulated (Grassell & Ritch-
ey, 1975)

(g) Solubilty: Soluble in diethyl ether and ethanol (Windholz, 1983); 20.6 wt % dis-
solves in water at 20°C

(h) Viscosity: 0.35 cP at 20°C

(/) Volatilty: Vapour pressure, 220 mm Hg at 20°C

(j) Stabilty: Flash-point, -26°C (Buckingham, 1982); light and air, or presence of alkali
or strong acid, catalyse polymerization, forming disacryl (Windholz, 1983); stability
is very pH-dependent.

(k) Reactivity: Reactive as both an olefin and an aldehyde and, because of the car-
bonyl-double bond conjugation, undergoes Diels-Alder reactions such as dimer-
ization

(~ Conversion factor: 1 ppm = 2.3 mg/m3 at 760 mm Hg and 25°C (Verschuer-
en, 1977)

1.4 Technical products and impurities

Acrolein is available in the USA with the following specifications: purity, 95.5 wt % min;
water, 3.0 wt % max; total carbonyls other than acrolein, 1.5 wt % max; hydroquinone (sta-
bilizer) (IARC, 1977), 0.10-0.25 wt %; specifie gravit y (20° /200C), 0.842-0.846; and pH 6.0 max
for a 10% aqueous solution. Propionaldehyde and acetone are the principal carbonyl impu-
rities (Hess et al., 1978).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Acrolein was first prepared in 1843 by Redtenbacher by the dry distillation of fat (Prager
et al., 1918). It was produced commercially starting in 1938 by the vapour-phase conden-
sation of acetaldehyde and formaldehyde. ln 1959, the direct oxidation of propyle ne in the
presence of a catalyst became the preferred commercial process, and variations of this pro-
cess are the only methods currently used commercially (Hess et al., 1978). The acetalde-
hyde-formaldehyde route was last used in the USA in 1970.

Acrolein was first produced commercially in the USA in 1955 (US Tariff Commission,
1956). US production of acrolein other than as an unisolated intermediate for acrylic acid
and its esters amounted to an estimated 29 thousand tonnes in 1979. ln addition, 180-185
thousand tonnes of acrolein were produced as an unisolated intermediate during the produc-
tion of acrylic acid and its esters. Currently, only one US company manufactures acrolein
for sale but this company and three others produce it as an intermediate in the synthesis
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of acrylic acid and its esters. Separate data on US imports and exports of acrolein are not
published.

Acrolein is produced for sale in western Europe by one company each in France and Ger-
many, and a second company in each of these countries produces acrolein as an inter-
mediate in the synthesis of acrylic acid and its esters. Ali of these companies make
acrolein by the catalytic oxidation of propylene, and their combined annual production is
estimated to total 50-100 thousand tonnes.

The commercial production of acrolein started in Japan in 1960. Three Japanese com-
panies currently manufacture it for sale, and 1983 production is estimated to have been 5-6
thousand tonnes. ln addition, one of these companies and three others produce acrolein as
an intermediate in the synthesis of acrylic acid and its esters. Ali of these companies make
acrolein by the catalytic oxidation of propylene.

Worldwide production of acrolein (probably only isolated material) in 1975 has been esti-
mated to have been about 59 thousand tonnes (Hess et al., 1978).

(b) Use

The principal use for acrolein is as a chemical intermediate for acrylic acid and its esters.
It also finds major usage as a biocide and in the synthesis of methionine and its hydroxy
analogue. Smaller quantities are used in a variety of other applications.

When propyle ne is converted to acrylic acid and its esters, acrolein is produced in an ini-
tiai catalytic oxidation step; it is then further oxidized to acrylic acid, most of which is con-
verted to its lower alkyl esters (see IARC, 1979, for information on the uses of these chem-
icals).

Acrolein is used directly as an aquatic herbicide and algicide in irrigation canals (to con-
trol grass and weeds), as a microbiocide in oil wells, Iiquid hydrocarbon fuels, cooling-water
towers and water-treatment ponds, and as a slimicide in the manufacture of paper and
paperboard.

Acrolein is also used as a chemical intermediate for DL-methionine, its hydroxy ana-

logue, and their salts. These compounds are used as protein supplements in poultry feeds,
and DL-methionine is also used in human medicine. Combined US production of these pro-
ducts in 1981 is estimated to have been approximately 32 thousand tonnes (99% DL-methio-
nine basis).

Other commercially significant derivatives of acrolein are glutaraldehyde, allyl alcohol and
ß-picoline. The latter, prepared by the reaction of acrolein and ammonia, is used commer-
cially in the synthesis of the antipellagra vitamins, niacin and niacinamide.

Acrolein is used to make 3-cyclohexene-1-carboxaldehyde (tetrahydrobenzaldehyde), an
intermediate for cycloaliphatic epoxy resins and 1,2,6-hexanetriol. It has been used to make
its homopolymer and several copolymers (e.g., with acrylic acid, acrylonitrile (see IARC,
1979) and acrylic esters) as weil as polymers by reaction with formaldehyde (see IARC,
1982a), guanidine hydrochloride, and aliphatic diamines (e.g., ethylene diamine). It has also
been used to make modified food starch (alone or in combir:ation with vinyl acetate (see
IARC, 1979)), and it was used in the USA as a chemical intermediate in one method to make
synthetic glycerol until 1980 when the only plant using this process was shut down.
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Acrolein has reportedly been used in the manufacture of colloidal forms of metals, in the
production of perfumes, and as a warning agent in methyl chloride refrigerant (Windholz,
1983). During the First World War, it was used as a poison gas (Izard & Libermann,
1978), and 183 thousand kg were produced between 1914 and 1918 (Champeix & Cati-
lina, 1967).

ln Japan, acrolein is used principally as a chemical intermediate in the synthesis

of DL-methionine.

Occupational exposure to acrolein has been limited by regulation or recommended guide-
lines in at least 17 countries. The standards are listed in Table 1.

Acrolein has been approved for use as an etherifying agent, at levels not to exceed 0.6%,
in the preparation of modified food starch and, subject to certain limitations, for use as a
slimicide in the manufacture of paper and paperboard products in contact with food (US
Food and Drug Administration, 1980).

The US Environmental Protection Agency (EPA) (1982) has classified ail pesticides con-
taining acrolein for restricted use; these products are limited to use by or under the direct
supervision of a certified applicator. The EPA has also identified acrolein as a toxic waste

Table 1. National occupational exposure limits for acroleina

Country Year Concentration 1 nterpretationb Status

(mg/m3) ppm

Australia 1978 0.25 0.1 TWA Guideline
Belgium 1978 0.25 0.1 TWA Regulation
Czechoslovakia 1976 0.5 TWA Regulation

1 Ceiling (10 min)
Finland . 1981 0.25 0.1 Ceiling Guideline
German Democratie 1979 0.25 TWA Regulation
Republic 0.25 Maximum (30 min)
Germany, Federal 1984 0.25 0.1 TWA Guideline
Republic of
Hungary 1974 0.7 TWN Regulation
Italy 1978 0.25 0.1 TWA Guideline

0.75 0.3 STEL
Japan 1978 0.25 0.1 Ceilng Guideline
Netherlands 1978 0.25 0.1 TWA Guideline
Poland 1976 0.5 Ceiling Regulation
Romania 1975 0.3 TWA Guideline

0.5 Maximum
Sweden 1981 0.7 0.3 STEL Guideline

0.2 0.1 TWA
Switzerland 1978 0.25 0.1 TWA Regulation
USSR 1977 0.2 Maximum Regulation
USAd

OSHA 1978 0.25 0.1 TWA Regulation
5 Maximum (30 min)

ACGIH 1984/85 0.25 0.1 TWA Guideline
0.8 0.3 STEL

Yugoslavia 1971 0.25 0.1 Ceiling Regulation

aFrom International Labour Office (1980); National Finnish Board of Occupational Safety and Health (1981); National
Swedish Board of Occupational Safety and Health (1981); American Conference of Governmental Industrial Hygien-
ists (1984); Deutsche Forschungsgemeinschaft (1984)

bTWA, time-weighted average; STEL, short-term exposure Iimit
CSensitizer notation added
dOSHA, Occupational Safety and Health Administration; ACGIH, American Conference of Governmental Hygienists
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and requires that persons who generate, transport, treat, store or dispose of it comply with
the regulations of a federal hazardous waste management programme (US Environmental
Protection Agency, 1980a).

ln March 1983, the EPA proposed standards to Iimit effluent discharges of acrolein into
publicly owned treatment works from point sources in the plastics and synthetic fibres indus-
try. The proposed limit is 50 Jlg/I max per day (US Environmental Protection Agency, 1983a).
The EPA also requires that notification be given whenever discharges containing 0.454 kg or
more of acrolein are made into waterways (US Environmental Protection Agency, 1983b).

As part of the Hazardous Materials Regulations of the US Department of Transportation
(1982), shipments of acrolein are subject to a va ri et y of labellng, packaging, quantity and
shipping restrictions consistent with its designation as a hazardous material.

2.2 Occurrence

(a) Natural occurrence

Acrolein has been identified as a volatile component of essential oils extracted from the
wood of oak trees (Egorov et al., 1976).

(b) Occupational exposure

On the basis of the 1974 National Occupational Hazard Survey, the Nationallnstitute for
Occupational Safety and Health (1980, 1981) estimated that 7.3 thousand US workers in 16
nonagricultural industries were exposed to acrolein. The principal industries in which
exposure was found were hospitals, the aircraft industry and the primary metal pro-
ducts industry.

Acrolein was detected in a truck-maintenance shop in the USA at a mean concentration
of 4.6 Jlg/m3 (Castle & Smith, 1974). The following exposures to acrolein in workplace
air have also been reported: (1) levels of 0.44-1.5 mg/m3 in a rubber-vulcanization plant

producing styrene-butadiene rubber-footwear components (Volkova & Bagdinov, 1969); (2)
0.11-1.04 mg/m3 during the welding of metals coated with anti-corrosion primers (Protsenko
et al., 1973); (3) 0.22-0.32 mg/m3 in pitch-coking plants, 0.004-0.014 in coal-coking plants
(Mašek, 1972); and (4) -:0.1 mg/m3 from diesel train-engine exhaust during repair and ser-
vicing (Apol, 1973). Acrolein was found at quarries in exhaust gases from diesel engines and
in the workplace air at levels of 2.1-7.2 mg/m3 (Klochkovskii et al., 1981).

(c) Air

A review on levels of acrolein reported in ambient air has been published (Carson et
al., 1981).

Acrolein has been found at very low concentrations (0.44-32 Jlg/m3) in ambient air in urban
and suburban areas. Air-monitoring data obtained between 1961 and 1976 show that this
compound occurred at mean ambient levels of 16 Jlg/m3 in Los Angeles, CA (urban atmos-
phere, 42 data points) and at mean levels of 0.7 Jlg/m3 in Edison, NJ (near emissions source,
19 data points) (Brodzinsky & Singh, 1982). ln another study, acrolein was detected in the
air of the Los Angeles Basin over a period of 12 weeks in 1968 at levels of none detect-
ed-0.04 mg/m3; most values recorded, however, were between 0.002 and 0.02 mg/m3 (Scott
Research Laboratories, 1969).
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Acrolein has been determined to be one product of the photooxidation of 1,3-butadiene in
air (Maldotti et al., 1980). This photooxidation reaction may contribute to significant ambient
atmospheric levels of acrolein because of the occurrence of 1 ,3-butadiene at concentrations
of approximately 4.6 Ilg/m3 in urban ambient air (Brodzinsky & Singh, 1982).

An estimated 46.7 tonnes of acrolein were emitted into the US atmosphere during 1978
(Anderson et al., 1980). .

Acrolein has been identified as an emission from plants manufacturing acrylic acid (Serth
et al., 1978). Acrolein emissions have also been reported from coffee-roasting operations
(none detected-0.6 mg/m3), from a lithographie plate coater (-:0.23-3.9 mg/m3) and from an
automobile-spray booth (1.1-1.6 mg/m3) (Levaggi & Feldstein, 1970). Additional sources of
atmospheric acrolein that have been identified include turbine engines, the manufacture of
fish oils, lacquers, plastics and synthetic rubber, forest fires and spray painting (Graedel,
1978).

It has been estimated that acrolein, acetone and low-molecular-weight fatty acids are
emitted at the rate of 1 million kglYear during the manufacture of oxidation-hardening enam-
els in the Netherlands (Doorgeest, 1970). Acrolein was detected in the USSR in air sam pies
from populated areas located in the vicinity of three enamelled wire manufacturing plants
(Vorob'eva et al., 1982). It has also been detected in ventilation gases from paint and var-
nish preparation and distributing shops in the USSR (Stepanova et al., 1983).

Acrolein was detected among other trace odours in air in Japan: (1) in exhaust gas from
a metal paint drier (6.1 mg/m3); (2) in exhaust gas from two poultry-manure dryers (3.1-4.2
mg/m3); and (3) in exhaust gas from a corn-starch manufacturing works (1.8 mg/m3) (Hoshika
et al., 1981).

(d) Water and sediments

Analysis of municipal effuents in Dayton, OH, showed the presence of acrolein in six
of 11 samples, with concentrations ranging from 20-200 Ilg/1 (US Environmental Protection
Agency, 1980b).

(e) Food, beverages and animal feeds

A review on the occurrence of acrolein in various foods and beverages was published in
1980 (US Environmental Protection Agency, 1980b).

Greenhoff and Wheeler (1981) detected acrolein in. fresh lager beer at levels of
1.11-2.00 Ilg/1 (mean, 1.60 Ilg/I) and in lager aged under forced conditions at a mean lever
of 5.05 Ilg/1.

Acrolein has been separated from sugar-cane molasses (Hrdlicka & Janicek, 1968). It
has also been detected in: (1) sou ring salted pork (Cantoni et al., 1969); (2) the fish odour
of cooked horse mackerel (Shimomura et al., 1971); (3) the aroma volatiles of white bread
(Mulders & Dhont, 1972); (4) the volatile components of raw chicken breast muscle (Grey &
Shrimpton, 1967); and (5) the aroma volatiles of ripe arctic bramble berries (Kallio & Linko,
1973).
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(f) Tobacco, tobacco smoke and marijuana smoke

Reviews on the occurrence of acrolein in tobacco smoke have been published (US Envi-
ronmental Protection Agency, 1980b; Carson et al., 1981). The results of measurements of
acrolein in the smoke of tobacco and marijuana cigarettes are summarized in Table 2.

Table 2. Acrolein in the smoke of tobacco and marijuana cigarettes

Cigarette Acrolein concentration
(¡.g/cigarette)

Reference

Tobacco cigarettes
6 Experimental brands
3 Low-tar brands
32 Commercial brands
32 Commercial low-tar brands
Standard 85-mm blended cigarettes
of the National Cancer Institute
Commercial fier brand
Commercial low-delivery filter brand
Commercial non-filter brand

Marijuana cigarettes

60-220
3-20

3-141
10-109

85

13-37
3-4

20-25
92

Manning et al. (1983)
Manning et al. (1983)
Jenkíns et al. (1983)
Griest et al. (1977)

Hoffmann et al. (1975)

Magín (1980)
Magín (1980)
Magin (1980)
Hoffmann et aL. (1975)

(g) Other pyrolysis products

A review on the occurrence of acrolein in various combustion products has been
published (US Environmental Protection Agency, 1980b).

Acrolein has been found among the products from heating animal fats or vegetable oils
(Bauer et al., 1977; Izard & Libermann, 1978). It was detected (Robles, 1968) among the
decomposition products of cellophane (nitrocellulose-coated regenerated cellulose sheet)
used in sealing meat packages; however, airborne concentrations of acrolein were below
the detection limit (0.02 mgjm3) during processing of thermoplastics containing polyethylene
and styrene (Pfäffli, 1982). A study of the acrolein content of emissions from several coating
operations where the coating was dried or baked in an oyen to remove solvent found con-
centrations as high as 25 mgjm3 in sam pIes taken after the emissions had passed through
an afterburner (Stahl, 1969).

Acrolein can be produced during the manufacture of candles as a decomposition product
of overheated wax (Tanne, 1983). It has been detected in diesel-engine exhaust at levels
of 0.9-19.6 mgjm3 (Saito et al., 1983), 0.06-0.13 mgjm3 (Swarin & Lipari, 1983) and 0.5-0.8
mgjm3 (Smythe & Karasek, 1973). It has also been reported in gasoline-engine exhaust at
levels of 0.46-12.2 mgjm3 (Verschueren, 1977) and in exhaust from a gasoline rotary engine
at a level of 0.46 mgjm3 (Hoshika & Takata, 1976). Acrolein was found by Zinn et al. (1980)
among the major volatile components of the combustion products of hydraulic fluid. On the
basis of a 20-gallon (76-1) sample burning into a space of 25 000 ft3 (708 m3), the acrolein
concentration was calculated to be 200 mgjm3.

Acrolein has been found in the smoke resulting from combustion of wood (115 mgjm3),
kerosene (-:2.3 mgjm3) and cotton (138 mgjm3) (Einhorn, 1975). ln another study, fireplace
acrolein emissions ranged from 21-132 mgjkg of wood burned (Lipari et al., 1984).

Acrolein has been identified in cool flame-combustion products (Cohen & Altshuller, 1961).
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2.3 Analysis

Reviews of available methods for the measurement of acrolein concentrations were
published in 1969 and 1980 (Stahl, 1969; US Environmental Protection Agency, 1980a).

Typical methods for the analysis of acrolein in various matrices are summarized in
Table 3.

An analyser for the continuous determination of acrolein in the atmosphere has been
developed based on the colorimetrie determination of the complex formed by acrolein
with 4-hexylresorcinol. The operational range of the analyser is 0.023-39 mg/m3 (Red-
dish, 1982).

Table 3. Methods for the analysis of acrolein

Sample matrix Sam pie preparation Assay
procedurea

ReferenceLimits of

detection

Che mi cal ionization Not given
MS (using ammonia
as a reagent gas)

Collect in impingers containing GC
2,4-dinitrophenylhydrazine in
acidic solution; extract (chloro-

form); add internai standard
(anthracene)
Dilue; bubble through impin- HPLC/F
gers containing 2-diphenyl-
acetyl-1 ,3-indandione-1-hydra-
zone in acetonitrile and hydro-
chloric acid catalyst
Dilute; bubble through midget HPLC/UV
impingers containing 2,4-dini-
trophenylhydrazine
Adsorb with diatomaceous Microwave S
earth; immerse in an acetone/
dry-ice bath with recurrent
agitation; desorb thermally

Air Collect with molecular sieves; Fluorimetry
react with o-aminobiphenyl
Collect in cartridge containing GC/MS
Tenax GC or other resin;
desorb thermally and collect
in a trap cooled by liquid
nitrogen
Collect with absorption device S (450 nm)
containing chromotropic
acid/sulphuric acid

Trap using liquid argon GC
Collect in an impinger contain- C
ing sodium bisulphide; treat
with trichloroacetic acid

Workplace air

Direct-reading
devices
GCCollect in molecular sieve

tubes; dissolve (water)

Air in mines con- Collect in an absorber
taining exhaust containing thiosemicarbazide
from vehicles solution
Air and auto mo- Collect in bubblers containing S (605 nm)
bile exhaust ethanol; add 4-hexylresorcinol,

mercuric chloride and trichlo-
roacetic acid solutions

Collect gases

S (290 nm)

Automobile
exhaust

..0.056 i.g (60-litre
samples)
0.1 jlg/m3

Suzuki & Imai (1982)

Krost et al. (1982)

0.5 mg/m3 Gronsberg (1974)

0.1-5 i.g/m3

Not given

Hoshika et al. (1981)
Mackison et aL. (1981)

Not given Mackison et al. (1981)

0.5-2.3 mg/m3 (range
of operation)

0.4 i.g/sample

Singal & Love (1981)

Shadrin (1970)

0.2 mg/m3 (10-litre
sam pies)

Cohen & Altshuller
(1961 )

Day et al. (1971)

0.44 mg/m3 (10-litre
sam pies)

Saito et al. (1983)

1.4 i.g/m3 (20-litre
samples)

Swarin & Lipai- (1983)

11 i.g/m3 (20-litre
samples)

Lipari & Swarin (1982)

Not given Tanimoto & Uehara

(1975)
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Sam pie matrix Sample preparation Assay Limits of Reference
procedurea detection

Aqueous solution Derivatize with 2,4-dinitro- LC/EC 99 pg Jacobs & Kissinger
phenylhydrazine (1982)
Mix with 2,4-dinitrophenylhy- GC/FID or GC/EC 10 ng Kallo et al. (1972)
drazine in hydrochloric acid 20 pg

Mix with Girard-T reagent in GC 1 ng/¡.l Gadbois et al. (1968)
t-butanol; filter; concentrate;
dilute (t-butanol); evaporate
and redissolve; regenerate
aldehydes by adding para-
formaldehyde or methylol-
phthalimide and heating

Natural water Buffer with phosphate; add Differentiai pulse 0.05-0.5 mg/I (range Howe (1976)
ethylenediaminetetraacetic polarography of detection)
acid

Wastewater GC/FID 0.5 mg/I Voloshina (1971)

Irrigation water Add mixed reagent (m-amino- Fluorescence 4 ¡.g/I-2 mg/I (range Hopkins & Hattrup
phenol, hydroxylamine hydro- spectroscopy of detection) (1974)chloride and hydrochloric
acid); heat in a boiling water
bath

Tobacco smoke Collect mainstream smoke GC Not given Rathkamp et al. (1973)
in a trap immersed in a dry
ice/acetone bath

Cigarette smoke Collect gas phase at the head GC Not given Griest et al. (1977);
of the GC column at -75°C Jenkins et al. (1983)
Trap with silica gel; elute with GC/NSD Not given Magin (1980)
water; treat with benzyloxy-
amine; extract (diethyl ether)

Biological sys- Add mixed reagent (m-amino- Fluorescence 0.003 ¡.g/ml Alarcon (1968)
tems phenol, hydroxylamine hydro- spectroscopy

chloride and hydrochloric
acid); heat in a boiling water
bath

Aroma volatiles Macerate and distil; react with GC/FID or GC/MS Not given Kallio & Linko (1973)
of arctic bramble 2,4-dinitrophenylhydrazine;
berries extract (pentane); evaporate;

dissolve (ethyl acetate); sepa-
rate using thin-Iayer chromato-
graphy

Beer Steam distil; extract (pentane/ HPLC Not given (abstract) Piendl et al. (1981)
dichloromethane); react to
form the p-nitrobenzyloxy-
amine derivative
Chil; add sodium chloride; HPLC ~0.1 ¡.g/I (carbonyls) Greenhoff & Wheeler
distil trap liquid nitrogen (1981 )containing 2,4-dinitroPheiil-
hydrazine; extract (chloro orm);

dry; remove chloroform

aAbbreviations: GC/MS, gas chromatography/mass spectrometry; S, spectrophotometry; GC, gas chromatography;
C, colorimetry; MS, mass spectrometry; HPLC/F, high-pertormance Iìquid chromatography/fluorescence detection;
HPLC/UV, high-performance liquid chromatography/ultraviolet detection; LC/EC, liquid chromatography/electrochemis-
try; GC/FID, gas chromatography/flame ionization detection; GC/EC, gas chromatography/electron capture detection;
GC/NSD, gas chromatography/nitrogen selective detection; HPLC,high-performance liquid chromatography
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3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

Acrolein is a metabolite of cyclophosphamide, which was evaluated previously (IARC,
1981, 1982b).

(a) Skin application

Mouse: A group of 15 S strain mice (sex and age unspecified) received 10 weekly skin
appíications of a 0.5% solution of acrolein (pu rit y unspecified) in acetone (total dose, 12.6
mg acrolein/animal). Starting 25 days after the first acrolein application, the mice received
weekly skin applications of 0.17% croton oïl for 18 weeks; for the second and third applica-
tion, the concentration was reduced to 0.085%. When croton oil and acrolein were adminis-
tered together, each compound was given alternately at three- or four-day intervals. At the
end of the croton-oil treatment, ail 15 mice were still alive, and two had a total of three skin
papïllomas, compared with four skin papillomas in 4/19 controls that received the croton-oïl
treatment alone (Salaman & Roe, 1956). (The Working Group noted the small number of ani-
mais and the short duration of the experiment).

(b) Inhalation and/or intratracheal administration

Hamster: Two groups of 18 male and 18 female Syrian golden hamsters, six weeks old,
were exposed to 0 or 4 ppm (0 or 9.2 mg/m3) acrolein vapour (pu rit y unspecified) for seven
hours per day on five days per week for 52 weeks. Six animais per group were kiled at 52
weeks and the remainder at 81 weeks. Survival was similar in treated and control animais.
No tumour of the respiratory tract was found in any group (Feron & Kruysse, 1977).

Groups of 30 male and 30 female Syrian golden hamsters were exposed to 0 or 4 ppm
(0 or 9.2 mg/m3) acrolein vapour (purity unspecified) for seven hours per day on five days
per week for 52 weeks and were given, at the same time and also for 52 weeks, weekly
intratracheal instillations of two dose levels of benzo(a)pyrene or subcutaneous injections
of N-nitrosodiethylamine (once every three weeks). Ali surviving animais were killed at 81
weeks. Additional exposure to acrolein did not significantly increase the tumour incidence
produced by benzo(a)pyrene or N-nitrosodiethylamine (Feron & Kruysse, 1977).

(c) Carcinogenicity of possible metabolies

Acrolein is metabolized in vitro by liver and lung microsomes to glycidaldehyde (see IARC,
1976); the carcinogenicity of this compound is discussed below.

Mouse: ln a two-stage mouse-skin assay, groups of 30 female Swiss albino mice, 55
days old, received a single skin application of 2.5 mg glycidaldehyde (purity unspecified) or
0.125 mg 7, 12-dimethylbenz(a)anthracene (DM BA) (positive control) in 0.25 ml acetone. After
three weeks, ail mice were given skin applications of 0.25 ml 0.1 % croton oil in acetone once
a day on five days per week for 30 weeks. Controls either received no treatment or were
treated with DMBA, croton oil or acetone only. (No information on the treatment sched-
ule of these controls was given. No control group received glycidaldehyde treatment only.)
At week 30, when the experiment was terminated, skin tumours, reported only as kerato-
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acanthomas, were found in 40% and 95% of the mice initiated with glycidaldehyde and with
DMBA, respectively. No skin tumour occurred in the control groups (Shamberger et al., 1974,
1975).

Skin applications of a 3% solution of glycidaldehyde (pu rit y unspecified) in benzene onto
the clipped backs of eight-week-oldfemale ICR/Ha Swiss mice thrice weekly for life result-
ed in the development of skin tumours in 16/30 animais, with a mean survival time of 496
days; eight had papillomas and eight had carcinomas. A group of 60 control animaIs were
painted with benzene alone. Noskin papilloma or carcinoma was observed; median survi-
val time was 498 days (Van Duuren et al., 1965).

A group of 41 eight-week-old female ICR/Ha Swiss mice received thrice weekly skin appli-
cations on the back of 100 mg glycidaldehyde solution (purity unspecified) as a 10% solution
in acetone for life (598 days). Skin papillomas developed in 6/41 mice; three of the papilo-
mas became squamous-cell carcinomas. The median survival time was 445 days. No skin
tumour was seen in 300 acetone-treated controls (p , 0.01) with a median survival time of
more than 526 days (Van Duuren et al., 1967a).

Groups of 110, 50 or 30 female ICR/Ha Swiss mice were given weekly subcutaneous
injections of tricaprylin alone (vehicle controls), or 0.1 or 3.3 mg glycidaldehyde (pu rit y un-
specified) in 0.05 ml tricaprylin for Iifetime, beginning at eight weeks of age. Local sarco-
mas or squamous-cell carcinomas occurred in 0/110, 3/50 and 7/30 animais in the control,
low-dose and high-dose groups, respectively (p , 0.01) (Van Duuren et al., 1966).

Rat: Two groups of 50 and 20 six-week-old female Sprague-Dawley rats received week-
Iy subcutaneous injections of 1 or 33 mg glycidaldehyde (purity unspecified) in 0.1 ml tri-
caprylin. Local sarcomas occurred in 1/50 and 5/20 rats at the two dose levels, respectively
(maximum duration of tests, 558 and 539 days). ln two groups of 20 and 50 tricaprylin-injec-
ted controls, one local carcinoma was observed (maximum duration of tests, 555 and 565
days). ln two groups of 20 and 50 untreated controls, no local tumour was observed (maxi-
mum duration of tests, 559 and 563 days) (Van Duuren et al., 1966, 1967b).

3.2 Other relevant biological data

Acrolein is a metabolite of cyclophosphamide, which. was evaluated previously (IARC,
1981, 1982b).

(a) Experimental systems

The toxic effects of acrolein in experimental animaIs have been reviewed (Izard & Liber-
mann, 1978).

Toxic effects

Oral LDsos of acrolein were reported to be 28 mg/kg bw in mice (Safe Drinking Water
Committee, 1977),46 mg/kg bw in rats (Smyth et al., 1951) and 7 mg/kg bw in rabbits (Inter-
national Technical Information Institute, 1975). Subcutaneous LDsos were found to be 30
mg/kg bw in mice and 50 mg/kg bw in rats (Skog, 1950). The dermal LDso in rabbits was
reported to be 562 mg/kg bw (Ben-Dyke et al., 1970).

The LCso in rats for a 30-min exposure to acrolein vapour was reported to be 130 ppm
(300 mg/m3) (Fassett, 1963) and the inhalation LCso in mice to be 66 ppm (152 mg/m3) for
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a six-hour e~posure period (Philippin et al., 1970). The LC50 for hamsters was 25 ppm (58
mg/m3) for ci four-hour exposure period (Kruysse, 1971). The lowest lethal concentrations
(LCLO) of acrolein vapour in male and female rats was 8 ppm (18.4 mg/m3); 2-4/6 animais
died after exposure to this dose for fòur hours (Carpenter et al., 1949). The LCLO for a
six-hour exposure to acrolein vapour was reported to be 10 ppm (24 mg/m3) in mice, guinea-
pigs and rabbits; in cats it was found to be 680 ppm (1570 mg/m3) for an eight-hour
exposure period (International Technical Information Institute, 1975).

Acrolein vapour caused a pressor response at lowerdose levels and a depressor res-
ponse at higher dose levels (Green & Egle, 1983). Subchronic exposure to 0.4-4.0 ppm
(0.9-9 mg/m3) acrolein vapour of rats susceptible (S) and resistant (R) to salt-induced hyper-
tension resulted in death of ail S rats exposed to the highest dose within the first 11 days,
whereas 60% of R rats survived (Kutzman et al., 1982a).

Concentration-dependent changes in pulmonary function (breathing patterns, quasi-stat-
ic compliance, diffusion capacity, flow-volume dynamics and distribution of ventilation) were
reported in male Fischer 344 rats exposed to 0.4-4.0 ppm (0.9-9 mg/m3) acrolein vapour for
six hours per day on five days per week for 62 days (Costa & Kutzman, 1982). ln a sub-
chronic inhalation experiment using the same protocol as above, 32/57 male and 0/8 female
Fischer 344 rats died after exposure to 4.0 ppm acrolein vapour; the body-weight gain was
reduced significantly in both male and female rats; in addition, increased lung weight, bron-
chiolar epithelial necrosis and sloughing, bronchiolar oedema with macrophages and focal
pulmonary oedema were observed in this group. Occasionally, these lesions were associa-
ted with oedema of the trachea and peribronchial Iymph nodes, and acute rhinitis (Kutzman
et al., 1982b). Exposure of Wistar rats, Syrian golden hamsters and Dutch rabbits to 0.4-4.9
ppm (0.9-11 mg/m3) acrolein vapour for six hours per day on five days per week for 13
weeks produced eye and nasal irritation and hyper- and metaplasia of the epithelial lining
of the respiratory tract; and 3/12 male and 3/12 female rats died during the first four weeks
of exposure to the highest concentrations (4.9 ppm); exposure to the lowest lever (0.4 ppm)
produced no toxic effect in hamsters or rabbits (Feron et al., 1978).

Exposure of rats to 0.55 ppm (1.3 mg/m3) acrolein vapour for 24 hours per day on seven
days per week for 180 days caused irritation of the nasal mucosa during days 7-21 of expo-
sure, and thereafter disappeared. ln contrast, there was persistent loss of body weight and
alterations in some biochemical parameters, such as decrease in liver weight and acid phos-
phatase activity, throughout the period of exposure (Bouley et al., 1975).

Groups of pure-bred beagle dOgs, squirrel monkeys (Saimiri sciurea), guinea-pigs and
Sprague-Dawley-derived rats were exposed to 0.7 and 3.7 ppm (1.6 and 8.5 mg/m3) acro-

lein vapour for eight hours per day on five days per week for six consecutive weeks; squa-
mous metaplasia and basal-ce Il hyperplasia in the trachea were observed in dogs and mon-
keys, and squamous metaplasia of the lung in 7/9 monkeys (Lyon et al., 1970).

Repeated inhalation by chickens of 50 and 200 ppm (115 and 450 mg/m3) acrolein vapour
for five minutes per day for 1-27 days produced concentration-dependent decreases in the
numbers of ciliated and goblet cells and mucous glands in the trachea, and Iymphocytic
inflammatory les ions in the tracheal mucosa (Denine et al., 1971).

Acrolein has also been reported to cause alterations in lung and liver biochemistry, includ-
ing significant reductions in microsomal mixed-function oxidase activity, in rats given two
intraperitoneal injections of 5 mg/kg bw acrolein (Patel & Leibman, 1979). A single intraperi-
toneal injection of 3 mg/kg bw acrolein to male Holtzman rats also caused a prolongation
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of both pentobarbital and hexobarbital sleeping time (Jaeger & Murphy, 1973). ln in-vitro
studies, Patel et al. (1980a) and Leibman et al. (1984) reported total destruction of liver and
lung microsomal NADPH-cytochrome c reductase by 1.5-6 mM (0.084-3.3 mg/ml) acrolein,
total loss of nonprotein sulphydryl (GSH) content and partial loss of protein sulphydryl con-
tent in these organs. Depletion of GSH (21-63%) in the respiratory mucosa of male Fischer
344 rats after inhalation of 0.1-5 ppm (0.23-11.5 mg/m3) acrolein vapour has also been report-
ed (McNulty et al., 1984).

Acrolein was also implicated as a causative agent of hepatic peri portal necrosis and other
biochemical toxicity during biotransformation of allyl alcohol and allylamine (Piazza, 1915;
Reid, 1972; Nelson & Boor, 1982; Patel et al., 1983). Cyclophosphamide (IARC, 1981), which
is metabolized to acrolein, is known to cause urotoxic side-effects, especially haemorrhag-
ic cystitis (Brock et al., 1979; Cox & Abel, 1979), Iiver and lung enzyme inactivation, and
increased lung lipid peroxidation (Patel & Block, 1982).

Intraperitoneal injection of 1.65-2.7 mg/kg bw acrolein to partly-hepatectomized adult rats
inhibited DNA and RNA synthesis in liver and lungs (Munsch & Frayssinet, 1971). Acrolein
inhibited the transcriptional ability of isolated nuclei of rat-liver cells (Moulé & Frayssinet,
1971 ).

Effects on reproduction and prenatal toxicity

Acrolein is a metabolite of the antineoplastic agent, cyclophosphamide, a well-recognized
animal teratogen (IARC, 1981). The role of metabolism in the teratogenic action of cyclo-
phosphamide has been examined extensively, but considerable variation is observed in dif-
ferent test systems as to whether the parent chemical or one of its metabolites is respon-
sible for these effects.

Acrolein (practical grade), stabilized with 0.2% hydroquinone (IARC, 1977) and dissolved
in 25 fll of 0.9% sodium chloride, was injected at doses of 0.001,0.01,0.1,1 and 10 flmol/egg
(0.006-56 fl9/e99) into either the air space or the yolk sac of three-day-old White Leghorn
SK 12 strain chick embryos. On day 14 of incubation, the embryos were examined for both
viability and malformations. Dose-related lethality was observed, with an estimated LDso of
0.05 flmol/egg (2.8 fl9/eg9). No c1ear evidence of teratogenic potential was found (Kankaan-
pää et al., 1979). Acrolein (practical grade), dissolved in 5 fll acetone, was injected into
three-day-old White Leghorn chicken eggs at doses of 0.025-0.2 iimol/egg (1.4-11.2 fl9/egg),
and embryos were examined on day 14. ln addition to the dose-related mortality seen earlier,
some malformed embryos (principally corneal and lid defects and open coeloms) were found.
The LDso was reported to be 0.08 flmol/egg (4.5 fl9/e99) and the EDso for both malforma-
tions and mortality, 0.05 flmol/egg (2.8 flg/eg9) (Korhonen et al., 1983).

Acrolein was dissolved in saline and injected into the air space of 48- and 72-hour chick
embryos in doses of 0.001-0.1 mg/egg, and embryos were examined on day 13. The LDso
for the 48-hour treatment was 0.01 mg/egg. No significant embryonic mortality was found
in the group treated at 72 hours, but malformations (narrowed sixth aortic arch, cardiomeg-
aly and atrial hemorrhage (incidence not reported)) similar to those seen in survivors from
exposure at 48 hours were observed (Gilani & Chhibber, 1983).

A dose-related increase in embryolethaliy, but not in malformations (4/69 foetuses at
the high dose, compared to 2/121 in the control group were malformed, but this difference
was not significant), was found when groups of 16 New Zealand white rabbits were injec-
ted intravenously on day 9 of gestation with 3, 4.5 or 6 mg/kg bw acrolein (stabilized with
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0.2% hydroquinone). The high dose kiled 6/16 rabbits, compared to 0/13 in controls. How-
ever, direct injections into the yolk sac of 10, 20 or 40 ltl of a 0.84% solution of acrolein in
physiological saline into day-9 embryos resulted in a dose-related increase in both resorp-
tions (63% in the high-dose group compared to 21.2 in controls) and malformations (23.3%
in the high-dose group compared to 3% in controls). The defects in the high-dose group
included hypoplastic and asymmetrical cervical and thoracic vertebrae, shortened extremi-
ties and a ventricular septal defect (Claussen et al., 1980).

Acrolein itself is not a teratogen in an in-vitro rat-embryo culture system, as addition of up
to 250 ltM (14 ltg/ml) (pu rit y, 97%) to cultured day-10.5 rat embryos produced only growth
retardation and no terata (Schmid et al., 1981). Phosphoramide mustard, another metabolite
of cyclophosphamide, does produce malformations in this system (Mirkes et al., 1981).

Direct intra-amniotic injections of cyclophosphamide, 4-hydroperoxycyclophosphamide
(which decomposes in aqueous solution to 4-hydroxycyclophosphamide, an intermediate
metabolite), phosphoramide mustard and acrolein were tested for teratogenicity in day-13
rat embryos. Ali were teratogenic, but only 4-hydroperoxycyclophosphamide and acrolein
produced the same malformations (oedema, hydrocephaly, open eyes, micrognathia, cleft
palate, omphalocele, bent tail, and forelimb and hindlimb defects) as cyclophosphamide,
although at 100-fold lower doses (1 Ilg/foetus) (Hales, 1982).

More recently, the dechlorinated derivative of cyclophosphamide (D-CP) was evaluated
for teratogenicity in an in-vitro rat-embryo culture system (Mirkes et al., 1984). This deriva-
tive is metabolized to acrolein and dechlorophosphoramide mustard (D-PM), a non-alkylating
derivative of phosphoramide mustard. D-PM, D-CP and acrolein were tested in this system.
D-CP, but not D-PM, was teratogenic to day-10 embryos. Acrolein caused growth retarda-
tion and abnormal flexions, but none of the malformations produced by cyclophosphamide.
D-CP could not be shown to be teratogenic in vivo.

Absorption, distribution, excretion and metabolism

Draminski et al. (1983) have studied the excretion of acrolein metabolites in the urine of
adult female Wistar rats after a single oral administration of 10 mg/kg bw acrolein in corn
oil. S-Carboxyethyl-N-acetylcysteine (S-carboxyethylmercapturic acid) and S-(propionic acid
methyl ester) mercapturic acid were reported to be the major metabolites.

Male CFE albino rats metabolized 10.5% of a single subcutaneous dose of 1 ml of a 1 %
(v/v) solution of acrolein in arachis oil to N-acetyl-S-(3-hydroxypropyl)-L-cysteine (3-hydroxy-
propylmercapturic acid) which was isolated from urine (Kaye, 1973).

Boyland and Chasseaud (1967) have reported that acrolein can conjugate with glutathione
non-enzymatically and enzymatically by a glutathione-S-transferase-catalysed enzymic reac-
tion.

Patel et al. (1980b) have reported in-vitro metabolism of acrolein in lung and liver frac-
tions from male Holtzman rats. Acrolein was metabolized to acrylic acid by 9000 x g superna-
tant, cytosolic and microsomal preparations of rat liver; lung and liver microsomal prepara-
tions catalysed the epoxidation of acrolein to glycidaldehyde; and glycidaldehyde was con-
verted to glyceraldehyde by liver epoxide hydrase (see Figure 1 in General Remarks on the
Substances Considered, p. 32).

Acrolein, when reacted with deoxyguanosine and DNA at pH 7 in vitro, forms two dias-
tereomeric cyclic 1,N2-propanodeoxy adducts (Chung et al., 1984).
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Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-Term Tests', p. 335)

Reviews of the genetic effects of aldehydes, including acrolein, are available (Auerbach
et al., 1977; Izard & Libermann, 1978).

Acrolein was reported to give a positive result in an Escherichia coli pol A + /pol A- assay
without metabolic activation (Bilimoria, 1975 (abstract, details not givenl).

Acrolein was mutagenic to Salmonel/a typhimurium TA 104 without an exogenous meta-
bolic system (Marnett et al., 1984). Both positive and negative results have been report-
ed in strains T A98 and TA 100 under various test conditions (Florin et al., 1980; Lijinsky &
Andrews, 1980; Loquet et al., 1981; Lutz et al., 1982; Haworth et al., 1983). No muta-
genic activity was seen in strains TA1535, TA1537 or TA1538 (Florin et al., 1980; Lijinsky &
Andrews, 1980; Loquet et al., 1981); however, a weak mutagenic response was reported in
strain TA 1535 in the presence of a hepatic microsomal fraction from phenobarbital-induced
rats (Hales, 1982).

A slight mutagenic effect was reported with E. coli WP2 uvrA (Hemminki et al., 1980).

Acrolein did not cause DNA cross-links or DNA breaks in Saccharomyces cerevisiae
(Fleer & Brendel, 1982). It was reported to be mutagenic to Streptomyces coelicolor (no data
reported) (Ortali et al., 1977) but not to Aspergilus nidulans (no data reported) (Bignami et
al., 1977) or Saccharomyces cerevisiae (Izard, 1973).

Abernethy et al, (1983) reported in an abstract that acrolein alone did not induce morpho-
logical transformation in C3H 10Tl cells, but showed some initiating activity when assayed
near the LCso concentration of 6.3 ¡.M (0.4 ¡.g/ml) in the presence of 0.25 ¡.g/ml 12-Q-tetra-
decanoylphorbol 13-acetate. (The exact concentrations used were not given.)

Acrolein induced sister chromatid exchanges in Chinese hamster ovary ceUs (Au et
al., 1980).

It was negative in the dominant lethal test in male mice given intraperitoneal doses of 1.5
or 2.2 mg/kg bw (Epstein et al., 1972).

Glycidaldehyde, a metabolite of acrolein, induced mutations in Klebsiel/a pneumoniae
(Voogd et al., 1981), S. typhimurium TA1535 and TA100 (McCann et al., 1975) and Saccha-
romyces cerevisiae (Izard, 1973). It was positive in the mouse-Iymphoma L5178Y/TK assay
(Amacher & Turner, 1982).

(b) Humans

Toxic effects

Exposure to 1 ppm (2.3 mg/m3) acrolein vapour in the air causes lachrymation and marked
eye, nose and throat irritation within a period of five minutes (Fassett, 1963). Acrolein is a
severe pulmonary irritant and powerful lachrymogen at a concentration of 3 ppm (7 mg/m3)
and greatly irritates the conjunctiva and mucous membranes of the upper respiratory tract
(Prentiss, 1937). At higher concentrations, it also causes injury to the lung; respiratory insuf-
ficiency may persist for at least 18 months after exposure (Champeix & Catilina, 1967). A
10-min exposure to 350 mg/m3 was lethal (Prentiss, 1937).
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Accidental exposure of a human subject to vapours from an overheated frying pan con-
taining fat and food items resulted in symptoms similar to those reported in cases of acro-
lein intoxication (Bauer et al., 1977). Exposure of another two subjects to vapours of frying
oil resulted in death. Autopsy revealed massive cellular desquamation of the bronchial lining
and there were multiple pulmonary infarcts. Acrolein was suspected of being among the caus-
ative agents (Gosselin et al., 1979).

Case reports of several patients who received prolonged cyclophosphamide treatment
showed haemorrhagic cystitis of the bladder (Wall & Clausen, 1975; Beyer-Boon et al., 1978;
IARC, 1981). The bladder toxicity of cyclophosphamide appears to be due to the formation
of acrolein and may be prevented by co-administration of sodium 2-mercaptoethane sulpho-
nate (Brock et al., 1979).

Effects on reproduction and postnatal toxicity

Reproductive effects have been reported in humans exposed therapeutically to cyclo-
phosphamide (IARC, 1981). However, these studies did not address the role of metabolism
in the effects. No data were available on the reproductive effects of acrolein.

No data were available to the Working Group on absorption, distribution, excretion and
metabolism or on mutagenicity and chromosomal effects in acrolein-exposed groups.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

Acrolein is a metabolite of cyclophosphamide, which was evaluated previously (IARC,
1981, 1982b).

A study in which exposure to traces of acrolein is mentioned (Bittersohl, 1975) is descri-
bed in the monograph on acetaldehyde (p. 101).

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Acrolein has been produced commercially since 1955 and is used principally as a chem-
ical intermediate in the production of acrylic acid and its esters. It is employed to a lesser
degree as a biocide and in the synthesis of methionine. It is a degradation product of the
pyrolysis of animal and vegetable fats and is found in tobacco smoke. It is also present as
an urban air pollutant arising from combustion of fossil fuels. Acrolein is a metabolite of
many compounds to which humans are exposed, including allyl alcohol and cyclophospha-
mide.

4.2 Experimental data

Acrolein was tested in mice by skin application and in hamsters by inhalation exposure.
The study in mice was inadequate for an evaluation of carcinogenicity. No carcinogenic
effect was detected in hamsters.
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Under certain conditions of direct embryonic exposure, acrolein was teratogenic to rats
and rabbits. After intravenous administration to rabbits of maternally toxic doses, émbryo-
nie mortality but no significant malformation was seen in one experiment.

Acrolein was mutagenic to bacteria. It did not induce DNA damage or mutations in fungi.
It induced sister chromatid exchanges in mammalian ceUs in vitro. Acrolein did not induce

. dominant lethal mutations in mice.

Overall assessment of data from short-term tests: acroleina

Genetic activity Cell
transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes +

Fungi/Green plants - -
Insects

Mammalian ceUs +
(in vitro)

Mammals -
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Limited Cell transformation: No
data

aThe groups into which the table is divided and the symbols are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.

Glycidaldehyde (see IARC, 1976), a possible metabolite of acrolein, was tested in mice
by skin application and subcutaneous injection and in rats by subcutaneous injection. It pro-
duced malignant tumours at the site of application in animaIs of both species. Glycidalde-
hyde had initiating activity in a two-stage mouse-skin bioassay. It induced mutations in bac-
teria, yeast and mammalian ceUs in vitro.

4.3 Human data

The one study of workers in an aldehyde plant was inadequate for evaluation of the car-
cinogenicity of acrolein to humans.

4.4 Evaluation 1

There is inadequate evidence for the carcinogenicity of acrolein to experimental animais.

There is inadequate evidence for the carcinogenicity of acrolein to humans.

No evaluation could be made of the carcinogenicity of acrolein to humans.

1 For definitions of the italicized terms, see the Preamble, pp. 15-16.
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MALONALDEHYDE

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 542-78-9

Chem. Abstr. Name: Propanedial

IUPAC Systematic Name: Malonaldehyde

Synonyms: Malondialdehyde; malonic aldehyde; malonic dialdehyde; malonodialde-
hyde; malonyldialdehyde; MDA; NCI-C54842; 1,3-propanedial; 1,3-propanedialde-
hyde; 1 ,3-propanedione

1.2 Structural and molecular formulae and molecular weight

CH2 (CHO)2

C3H402 MoL. wt: 72.1

1.3 Chemical and physical properties of the pure substance

From Buckingham (1982), unless otherwise specified

(a) Description: Hygroscopic needles

(b) Melting-point: 72-74°C

(c) Spectroscopy data: Ultraviolet spectral data (Marnett & Tuttle, 1980) and mass
spectral data (Bond et al., 1980) have been reported.

(d) Stabilty: Highly pure malonaldehyde is quite stable under neutral conditions but
not under acidic conditions such as those used to prepare it by hydrolysis of its
bis(dialkyl)acetal. Since malonaldehyde has a pKa = 4.46, it exists under physiolo-
gical conditions as its conjugate base (-OCH=CH-CHO), which is relatively stable
to self-condensation (Marnett et al., 1979; Marnett & Tuttle, 1980).

(e) Reactivity: Reacts with proteins (Apaja, 1980); the conjugate base is much less
reactive (Marnett & Tuttle, 1980).

(f) eonversion factor: 1 ppm = 2.95 mglm3 at 760 mm Hg and 25°C (calculated by
the Working Group)

-163 -



164 IARC MONOGRAPHS VOLUME 36

1.4 Technical products and impurities

No information was available to the Working Group

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Malonaldehyde was identified in dilute aqueous solution by Claisen in 1903; it was first
isolated in 1941 (Apaja, 1980).

No evidence was found that malonaldehyde is produced in commercial quantities in the
USA, western Europe or Japan. However, its bis(dialkyl)acetals (e.g., 1,1 ,3,3-tetraethoxy-
propane) are available, and free malonaldehyde can be generated from these by acid-catal-
ysed hydrolysis with dilute hydrochloric acid or by shaking them with acidic Dowex 50
ion-exchange resin. The hydrolysis has been reported to proceed through the pathway
shown in Fig. 1, and both the dialkoxypropionaldehydes and the ß-alkoxyacroleins are pres-
ent in the crude malonaldehyde so produced. Producing pure malonaldehyde requires spe-
cial purification steps, e.g., conversion to the sodium salt and repeated column chromato-
graphy with Sephadex LH-20 resin (Marnett et al., 1979).

(b) Use

The dimethyl and diethyl acetals of malonaldehyde, 1,1 ,3,3-tetramethoxypropane and
1,1,3,3-tetraethoxypropane, are used to generate (by hydrolysis) free malonaldehyde for
laboratory purposes. No evidence was found that any of these compounds is used for com-
mercial applications.

2.2 Occurrence

(a) Natural occurrence

Malonaldehyde has been detected in lipid-peroxidizing microsomes and is found in ani-
mai tissue as an end-product of lipid peroxidation. It is also a side-product of prostaglandin
and thromboxane biosynthesis (Marnett et al., 1979; Apaja, 1980; Bond et al., 1980; Ester-
bauer & Slater, 1981).

(b) Soif and plants

Malonaldehyde has been detected in the leaves of pea and cotton plants (Merzlyak et
al., 1979).

(c) Food, beverages and animal feeds

Malonaldehyde is found in many foodstuffs and is present at generally high levels in ran-
cid foods. It has been detected in fish meat, fish oïl, rancid salmon oil, rancid iiuts, rancid
flour, orange juice essence, vegetable oils, fats, fresh frozen green beans, milk, milk fat, rye
bread, and in. raw, cured and cooked meats (Apaja, 1980; Newburg & Concon, 1980).
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Fig. 1. Pathway of hydrolysis of 1,1 ,3,3-tetraethoxypropane to malonaldehyde (Marnett &
Tuttle, 1980)3
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aTEP, 1,1 ,3,3-tetraethoxypropane; TMP, 1,1 ,3,3-tetramethoxypropane; DEP, 3,3-diethoxypropionaldehyde; DMP,

3,3-dimethoxypropionaldehyde; MDA, malonaldehyde; BEA, ß-ethoxyacrolein; BMA, ß-methoxyacrolein

Concentrations of free malonaldehyde in commercial sam pIes of refined groundnut oils
ranged from 0.04-0.14 mg/kg, and the level in sunflower oil was 0.08 mg/kg. The total malon-
aldehyde (free and bound) concentrations were 0.53-4.36 mg/kg in groundnut oils and 0.98
mg/kg in sunflower oil (Arya & Nirmala, 1971).

Increased levels of malonaldehyde have been found in hamburger, chicken and beef as a
result of cooking under a variety of conditions (e.g., microwave, frying, baking and boilng).
Conversely, levels of malonaldehyde in frozen smoked trout and cheddar cheese decreased
as a result of cooking. The formation of malonaldehye in foods during cooking seemed to be
dependent on many factors, including the degree of unsaturation of the fatty acids and the
length of time spent in contact with molecular oxygen. The amount found in cooked food
sam pies may also have depended on loss of free malonaldehyde due to its volatility or react-
ivity (Newburg & Concon, 1980).
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A study conducted in Cleveland, OH, reported that among several meats, beef had the
highest content of malonaldehyde (up to 13.7 :: 2.7 /lg/g in sirloin steak). (ln some meat pro-
ducts the cooking process increased the malonaldehyde content, e.g., the content in a beef
roast increased from -B.4 :: 3.1 to 27.0 :: 6.3 /lg/g after cooking for two hours at 325°C.)
Turkey and cooked chicken also had high levels; but most cheeses, pork and fish had only
small amounts, and many vegetables, fruits and canned foods had either minute quantities
or no malonaldehyde. Vegetable oil, corn-oil margarine and milk had no detectable malonal-
dehyde (Shamberger et al., 1977).

(d) Human tissues and secretions

Malonaldehyde is present in blood platelets and in serum. It is formed during the meta-
bolism of prostaglandin endoperoxides and in certain tissues. It appears to be one of the
major products of endoperoxide metabolism (Marnett et al., 1979; Roncucci & Lansen, 1980;
Shimasaki & Ueta, 1980; Von Voss et al., 1980). ln normal subjects, mean levels of malon-
aldehyde (measured as the 2-thiobarbituric acid derivative) were 3.42 :: 0.94 nmol/ml of
serum in males and 3.10 :: 0.62 nmol/ml in females (Yagi, 1982).

2.3 Analysis

The amount of malonaldehyde detected in biological materials is significantly influenced
by the method of treatment of the sam pie. Levels of malonaldehyde were found to range
from 2.3-3.6 /lg/g and 1.5-2.5 /lg/g in two different rodent feeds, from 0.8-2.2 /lg/g in pork
Iiver and from 1.1-1.7 /lg/g in ground beef samples, depending on the method of treatment
(heat, acid extraction, etc.) used (Bird et al., 1983).

Table 1. Methods for the analysis of malonaldehyde

Aqueous React with anthrone
solutions

S (510 nm)

Limits of Reference
detection

2.3 l1g/ml Kwon & Watts (1963a)

1 ng Bird et al. (1983)

0.07 l1g/ml Kakuda et al. (1981)
0.14 l1g/ml Kakuda et al. (1981)

0.36 l1g/ml Kwon & Watts (1963b)

0.01 mg/kg Hirayama et al. (1983)

0.7 mg/ml Bond et al. (1980)

Sam pie matrix Sam pie preparation Assay
procedurea

Extract (trichloroacetic acid); HPLC/visible Iight
heat with 2-thiobarbituric acid detection
Distil acidified aqueous slurry HPLC/UV
Distil acidified aqueous slurry; S (535 nm)
heat with 2-thiobarbituric acid
Distil acidified aqueous slurry; S (267 nm)
detect absorbance difference
between acidified and basified
solutions

Vegetable oils React with dansyl hydrazine HPLC/F
in acidic medium

Vegetable oils, Extract vegetable ails or the Polarography
human saliva, solution in toluene by hydro-
blood plasma chloric acid; add hydrochloric
and cervical acid to saliva, plasma, or
mucus mucous; degas with nitrogen
Pea and cotton Heat with 2-thiobarbituric acid; F 0.7 ng
leaves centrifuge; extract (butanol)
Lipid-peroxidizing Not given HPLC/UV ~ 5 ng
microsomes
Blood platelets Centrifuge and resuspend; S Not given

add thrombin
Serum React with 2-thiobarbituric S (547 nm) Not given

acid

Merzlyak et al. (1979)

Esterbauer & Slater
(1981 )
Von Voss et al. (1980)

Shimasaki & Ueta

(1980)

aAbbreviations: S, spectrophotometry; HPLC, high-performance liquid chromatography; HPLC/UV, high-performance
liquid chromatography/ultraviolet detection; HPLC/F, high-performance liquid chromatography with fluorescence
monitor; F, fluorimetry
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Heating may result in artefactual formation of malonaldehyde as a product of the decom-
position of lipid hydroperoxides. Acid extraction of sam pIes yields higher concentrations than
extraction with neutral solutions, presumably due to release of bound malonaldehyde (Bird
et al., 1983).

Typical methods for the analysis of malonaldehyde in various matrices are summarized
in Table 1. (It has been reported (e.g., Bird et al., 1983) that the spectrophotometric determi-
nation of the 2-thiobarbituric acid derivative is not specifie, since various other compounds
produce interfering derivatives.)

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais 1

Since malonaldehyde is unstable and highly reactive, it is generally not available as a free
compound, and other forms were .tested in the studies described below. Some of the bio-
logical effects of malonaldehyde may be due to impurities such as ß-alkoxyacroleins (Mar-
nett & Tuttie, 1980) (see also section 2.1 (a)).

(a) Oral administration

Mouse: Five groups of 50 female ICR Swiss mice, six to eight weeks old, were given
sodium malonaldehyde (pu rit y, ::98%; impurities unspecified, but not including the impuri-

ties mentioned above) in the drinking-water (pH 4.0) at concentrations providing 0 (two con-
trol groups), 0.1, 1 or 10 mg/kg bw per day for 12 months, at which time the surviving ani-
mais were killed. Mortality rates at termination were 13, 12, 12 and 28% (p , 0.05) in the
0, 0.1, 1 and 10 mg/kg bw-dose groups, respectively. The incidences of hyperplastic Iiver
nodules were 0/97, 1/49, 2/50 and 2/48 in the same groups, respectively. The incidences
of hepatomas were 0/97,0/49,2/50 and 0/48, respectively; and the incidences of liver haem-
angiomas were 1/97, 1/49, 0/50 and 4/48. Tumours were found in the stomach in 3/48
high-dose animaIs (one Iymphoma, one squamous-cell carcinoma and one adenocarcinoma)
and in 1/49 low-dose animais (one squamous-cell carcinoma); whereas no gastric tumour
occurred in control or mid-dose animais (Bird et al., 1982a). (The Working Group noted the
short duration of the experiment and that the incidences of individual tumours in the treat-
ed groups were not statistically different from those in controls.)

Three groups of 25 male and 25 female random-bred Swiss mice, eight weeks old, were
given malonaldehyde bis(dimethylacetal) in the drinking-water, on six days per week for life,
at levels that resulted, following hydrolysis, in concentrations of malonaldehyde of 0.125,
0.25 and 0.5%. Since methanol is also produced on hydrolysis of the bis(dimethylacetal),
three control groups were given appropriate levels of methanol in the drinking-water. At
week 80, mortality in the 0.5% malonaldehyde group was 25/25 males and 22/25 fe-
males, compared with 20/25 males and 14/25 females in the corresponding methanol-con-
trol group. The ove rail mortality in high-dose treated animaIs was statistically significantly
different from that in controls (p , 0.01). There was no statistically significant difference in
mortality between the lower-dose malonaldehyde groups and corresponding controls. Pul-
monary tumours (adenomas and one carcinoma), blood-vessel tumours (haemangiomas and

lThe Working Group was aware of a study in progress in mice and rats administered malonaldehyde in the drink-
ing-water (IARC. 1982)
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haemangioendotheliomas) and malignant Iymphomas were the predominant types of tumour
in the control and treated animais. None of the tumour types was significantly increa-
sed in incidence in malonaldehyde-treated animaIs compared with methanol-treated controls
(Apaja, 1980). (The Working Group noted the high mortality and the lack of untreated con-
troIs.)

(b) Skin application

Mouse: One group of 30 female Swiss mice, 55 days old, was given daily skin applica-
tions of 12 mg malonaldehyde (pu rit y unspecified) in 0.25 ml acetone for nine weeks. After
this treatment proved toxic, the remaining mice received daily skin applications of 0.36 mg
malonaldehyde in 0.25 ml acetone for 39 weeks. Another group of mice of the same strain
and sex received daily skin applications of 0.36 mg malonaldehyde in 0.25 ml acetone for
48 weeks. A control group of 30 female mice was used (whether the group was treated with
vehicle or was untreated was not specified). Of the 30 mice treated with 12 mg malonalde-
hyde, 12 died in weeks 4-6; none had a tumour. ln weeks 7-9, six more mice of this group
died; five had tumours, four with a liver carcinoma, three of which had metastasized, and one
with a carcinoma of the rectum. ln the subsequent 39 weeks, no mortality occurred and no
further tumour was found in this group. ln the group treated with 0.36 mg malonaldehyde
throughout the experiment, one skin tumour, classified as a keratoacanthoma, occurred at
week 43. At termination (week 48), two animais of the control group had died; no skin tumour
occurred in controls (Shamberger et al., 1974). (The Working Group noted the short dura-
tion of the experiment and found it difficult to relate the early occurrence of Iiver carcinoma
to the skin application of malonaldehyde.)

Two groups of 40 female random-bred Swiss Webster mice, eight weeks old, were given
skin applications of 0 (controls) or 0.6 mg free malonaldehyde (purity unspecified) in 0.05 ml
methanol per animal thrice weekly for life. The solution in methanol also contained unhydrol-
ysed malonaldehyde bis(dimethylacetal), resulting in test solutions containing 0.6 mg malon-
aldehyde + 21.5 mg malonaldehyde bis(methylacetal) per 0.05 mL. Four intermediate groups
were started, but, due to an unfavourable shift in the equilibrium reaction between malonal-
dehyde and malonaldehyde bis(methylacetal) in the test solutions, these groups were ter-
minated at weeks 36-39. The control group and the high-dose group were treated for life.
Mortality at week 52 was 4/40 in the high-dose group and 11/40 in the control group, and
at week 80, 17/40 in the high-dose group and 25/46 in the control group; by week 120
ail mice were dead. The predominant types of tumour in control and treated animais were
pulmonary adenomas, haemangiomas, granulosa-cell tumours of the ovaries and malignant
Iymphomas. Only one skin tumour was found, a papiloma in an intermediate group. After
adjusting for survival, the incidence of malignant Iymphomas (17/40) in the high-dose group
appeared to be statistically significantly higher (p , 0.01) than that (6/40) in the control group.
However, the authors stated that both Iymphoma incidences were within the normal range
for malignant Iymphomas in the strain of mice used (Apaja, 1980). (No data on the incidence
of malignant Iymphomas in historical controls were available to the Working Group.)

Six groups of 40 male and 40 female SEN CAR mice, seven weeks old, were given skin
applications of 20, 50, 100, 200 or 500 Ilg sodium malonaldehyde (stated to be pure and
prepared by a method avoiding the presence of mutagenic or carcinogenic impurities; purity
and impurities unspecified) or 50.5 Ilg benzo(a)pyrene (positive control) in 0.2 ml solvent
(20% dimethylsulphoxide, 80% acetone) per animal twice weekly for 52 weeks. Mortality at
week 52 was 3/80 mice in the low- and high-dose groups and ranged from 4-6/80 mice in
the mid-dose groups, whereas ail except two female mice of the positive-control group had
died. None of the animaIs treated with sodium malonaldehyde developed a skin tumour,
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whereas 296 skin tumours (papilomas and carcinomas) were counted in 77 positive controls
(Fischer et al., 1983).

ln a two-stage mouse-skin assay, groups of 30 female Swiss mice, 55 days old, re-
ceived a single skin application of 6 or 12 mg malonaldehyde (purity unspecified) or 0.125
mg 7,12-dimethylbenz(alanthracene (DMBA) (positive control) in 0.25 ml acetone. After three
weeks, ail mice were given skin applications of 0.25 ml 0.1 % croton oïl in acetone daily on
five days a week for 30 weeks. Controls included groups of mice treated only with DMBA,
malonaldehyde, croton oil or acetone, or receiving no treatment. (No further information on
the treatment of these control groups was given.) At week 30, when the experiment was
terminated, skin tumours classified as keratoacanthomas occurred in 16/30 animais treated
with 6 mg and in 16/30 treated with 12 mg malonaldehyde and in 29/30 of the mice treated
with DMBA. No tumour occurred in the control groups (Shamberger et al., 1974, 1975).

ln a two-stage mouse-skin assay, six groups of 40 male and 40 female SENCAR mice,
seven weeks old, received a single skin application of 20, 50, 100, 200 or 500 ~g sodium
malonaldehyde (stated to be pure and prepared by a method avoiding the presence of car-
cinogenic or mutagenic impurities; purity and impurities unspecified) or 50.5 ~g benzo(a)-
pyrene (positive control) in 0.2 ml solvent (20% dimethylsulphoxide, 80% acetone). One
week after this treatment, application of 2 ~g 12-0-tetradecanoylphorboI13-acetate (TPA) in
0.2 ml solvent (20% dimethylsulphoxide, 80% acetone) was begun twice weekly for a period
of at most 41 weeks. At week 42 the incidence of skin papilomas was 22/74, 22/78, 14/74,
15/78 and 18/79 in the groups receiving 20, 50, 100, 200 and 500 ~g sodium malonalde-
hyde, respectively, and 229/65 in the positive-control group. (The number of tumour-bear-
ing animais was not given.)lt was stated that TPA had been shown previously to produce
skin-tumour yields in uninitiated SENCAR mice that were similar to those found in animais
treated with sodium malonaldehyde (Fischer et al., 1983). (The Working Group noted the
short duration of the experiment and the use of historical controls rather than concomitant
TPA controls.)

ln a two-stage mouse-skin assay, six groups of 40 female and 40 male SENCAR mice,
seven weeks old, were given skin applications of 20, 50, 100, 200 or 500 ~g sodium malon-
aldehyde (stated to be pure and prepared by a method avoiding the presence of mutagen-
ic or carcinogenic impurities; purity and impurities unspecified) or 2 ~g TPA (positive con-
trois) in 0.2 ml solvent (20% dimethylsulphoxide, 80% acetone) twice weekly for 28 weeks.
This treatment was begun one week after initiation with a single application of 50.5 ~g ben-
zo(a)pyrene in 0.2 ml solve nt (20% dimethylsulphoxide, 80% acetone) to the skin. (No mouse
treated with the benzo(a)pyrene solution alone was used.) At week 28, the incidences of skin
papillomas were 2/78, 3/78, 6/77, 1/78 and 2/80 in the groups receiving 20, 50, 100, 200
and 500 ~g sodium malonaldehyde, respectively, and 360/78 in the positive-control group
(Fischer et al., 1983). (The Working Group noted that the number of tumour-bearing animais
was not given.)

3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

Malonaldehyde, because of its instabilty and high reactivity, is not available as a free
compound, and other forms were tested in the studies described below. Some of the bio-
logical effects of malonaldehyde may be due to impurities such as ß-alkoxyacroleins (Mar-
nett & Tuttle, 1980) (see also section 2.1(a)).
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The oral LDso in mice for malonaldehyde (purity unspecified) was 606 mg/kg bw (Apaja,
1980).

The oral LOso of the sodium salt of enolic malonaldehyde (sodium ß-oxyacrolein) (pu 
rit ynot determined) in albino Wistar rats was reported to be 824 mg/kg bw (equivalent to

632 mg/kg bw for malonaldehyde). The LDso of the ethoxy derivative of malonaldehyde,
1,1,3,3-tetraethoxypropane, was found to be 1610 mg/kg bw (equivalent to 527 mg/kg bw
malonaldehyde) in the same strain. Absorption experiments led the authors to conclude that
the predominant toxic effect is due to the action of a compound other than malonaldehyde
(Crawford et al., 1965).

The sodium salt of enolic malonaldehyde (shown to be free of ß-methoxyacrolein) was
administered in the drinking-water to groups of female ICR Swiss mice, eight weeks old, to
give daily doses of 2-500 mg/kg bw (as malonaldehyde) for 90 days. No mortality was report-
ed. AnimaIs in the group receiving 500 mg/kg bw lost weight after day 50. Histopathological
examination of 27 different tissue sam pies indicated that the liver underwent dose-depen-
dent changes; ail doses of malonaldehyde tested induced irregularities in the size and chrom-
atin distribution of liver nuclei. Pancreatic lesions, consisting primarily of atrophy of the
exocrine cells with loss of zymogen granulation, occurred in animais receiving the highest
dose of malonaldehyde. Mild dysplasia of the urinary-bladder epithelium was found in ail
treated groups (Siu et al., 1983).

Acute ulcerative gastritis and fibrosis of glandular mucosa was significantly increased in
50 mice, eight weeks old, given malonaldehyde bis(dimethylacetal) in the drinking-water on
six days per week for life at levels of 0.25% and 0.5% malonaldehyde (Apaja, 1980).

Recent studies have demonstrated that the addition ta erythrocytes in vitro of malonal-
dehyde prepared from its bis(dimethylacetal) derivative caused a decrease in spectrin, pro-
ducing higher-molecular-weight protein polymers and a marked decrease in cellular deform-
ability; the proteins in the membranes of older erythrocytes were similarly altered (Jain &
Hochstein, 1980; Shohet & Jain, 1982). It decreased erythrocyte survival (Jain et al., 1983).
Malonaldehyde prepared from the bis(dimethylacetal) derivative was also found to react
with normal haemoglobin A to form a number of less cationic components (Kikugawa et al.,
1984). Malonaldehyde prepared from 1,1 ,3,3-tetramethoxypropane has been shown to inhib-
it a variety of enzymes (Chio & l'appel, 1969; Shin et al., 1972).

Effects on reproduction and prenatal toxicity

No data were available to the Working Group.

Absorption, distribution, excretion and metabolism

Bird and Draper (1982) have followed theuptake and oxidation of 14C-malonaldehyde by

cultured mammalian cells. There was a Iimited, concentration-dependent uptake of malonal-
dehyde (4% at concentrations of 0.1-1000 J-M (0.007-72 J-g/mll) by 24 hours. They suggest-
ed that the Iimited uptake was due in part to the interaction of malonaldehyde with constit-
utents of the culture medium. However 83-89% of the 14C-malonaldehyde was oxidized to
14C02 by 24 hours, and approximately 5% was recovered in the major lipids.

Two aldehyde dehydrogenases in the rat-liver cytosol fraction, with apparent Km for malon-
aldehyde of 16 J-M and 128 J-M, respectively, accounted for virtually ail of the metabolizing
activity for 50 J-M (3.6 J-g/ml) malonaldehyde in the postnuclear supernatant fraction (Hjelle
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& Peters.en, 1983). A similar low-Km aldehydrogenase has been reported in beef-liver cyto-
sol (Sugimoto et al., 1976). An aldehyde dehydrogenase in the mitochondria with a Km of
7.3 mM could account for the low metabolizing activity of mitochondria (Hjelle & Petersen,
1983) and could result in oxygen uptake (Horton & Packer, 1970).

Malonaldehyde is one of the aldehydes responsible for the 'thiobarbituric acid
(TBA)-reactive' material found in animal sera and tissues (Fig. 2).

Fig. 2. Lipid hydroperoxides and the thiobarbituric acid (TBA) reaction (Hayaishi & Shi-
mizu, 1982)
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It is produced in a wide range of mammalian organisms as a by-product of prostaglan-
din biosynthesis and as an end-product of polyunsaturated lipid peroxidation (Bernheim et
al., 1948; Diczfalusy et al., 1977; Shimizu et al., 1981; Yagi, 1982). The level of TBA-reacting
substances in rabbit serum (expressed in terms of malonaldehyde) was 2 nmol/ml (Yagi,
1982). Platelet prostaglandin endoperoxides seem to be responsible for the serum TBA reac-
tion in rabbits (Shimizu et al., 1981). Increased serum levels of TBA-reactive material have
been reported following burn injury and retinopathy (Yagi, 1982).

Malonaldehyde binds to DNA in vitro (Brooks & Klamerth, 1968; Summerfield & Tappel,
1981) and forms covalent adducts with nucleosides, such as cyclic 1 ,N6-adenosine, 3,N4-cyti-
dine, and 1 ,N2-guanosine derivatives (Seto et al., 1983; Nair et al., 1984). The extent of DNA
cross-linking in vitro correlates with the formation of fluorescent adducts (Reiss et al., 1972;
Seto et al., 1983; Summerfield & Tappel, 1983). These adducts are Iikely to be Schiff bases.
A loss of DNA-template activity also occurred in vivo (Klamerth & Levinsky, 1969; Sum-
merfield & Tappel, 1981). Malonaldehyde forms a variety of fluorescent and nonfluorescent
adducts, such as amino-immunopropene derivatives, with the amino groups of some amino
acids, proteins and phospholipids. Protein adducts often involve cross-links (Tappel, 1978);
and malonaldehyde may also cross-link membrane proteins to each other (Jain & Hochstein,
1980), cross-link haemoglobin to the cell membrane (Goldstein et al., 1980) and can proba-
bly cross-link membrane lipids (Jain et al., 1983).

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 336)

Since malonaldehyde is unstable and highly reactive, it is not available as a free com-
pound, and other forms were tested in the studies described below. Some of the biologi-
cal effects of malonaldehyde may be due to impurities such as ß-alkoxyacroleins (Marnett
& Tuttle, 1980) (see also section 2.1 (a)).
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Highly purified malonaldehyde is weakly mutagenic to Salmonel/a typhimurium TA 102,
TA104, TA2638 and his D3052 (Levin et al., 1982; Basu & Marnett, 1983; Marnett et al.,
1984). Negative results were reported in S. typhimurium TA1535, TA1537 and TA1538 (Mukai
& Goldstein, 1976; Marnett & Tuttle, 1980); and the activity of malonaldehyde in strain his
D3052 as weil as several other S. typhimurium strains (Mukai & Goldstein, 1976; Shamber-
ger et al., 1979) may be attributable partly or entirely to mutagenic impurities (Marnett & Tut-
tle, 1980). Malonaldehyde (purity unspecified) was also reported to be mutagenic to Esche-
richia coli (Yonei & Furui, 1981).

Malonaldehyde induced somatic mutations, but not sex-linked recessive lethal mutations,
in Drosophila melanogaster (Szabad et al., 1983).

ln cultured rat-skin fibroblasts, the compound induced micronuclei, chromosomal aber-
rations and aneuploidies (Bird & Draper, 1980; Bird et al., 1982b). It induced resistance to
thymidine and methotrexate in mouse L5178Y Iymphoma cells in the absence of an exoge-
nous metabolic system (Yau, 1979).

(b) Humans

Toxic effects

Malonaldehyde is one of the aldehydes responsible for the 'thiobarbituric acid
(TBA)-reactive' material found in human serum (Zlatkis et al., 1981) (Fig. 2). Increased levels
of serum TBA-reactive mate rials have been reported following a myocardial infarction (Aznar
et al., 1983; Dousset et al., 1983) and angiopathy (Yagi, 1982).

No data were available to the Working Group on effects on reproduction and prenatal
toxicity, on absorption, distribution, excretion and metabolism or on mutagenicity and chro-
mosomal effects.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

No data were available to the Working Group.

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Malonaldehyde is not produced in commercial quantities. It occurs at low levels in the
bloodstream as a product of lipid peroxidation and prostaglandin synthesis and in varying
concentrations in a wide variety of foods, depending on many factors such as sources and
preparation methods.

4.2 Experimental data

Malonaldehyde and its bis(dimethylacetal) and sodium salt were tested in mice by skin
application. Its bis(dimethylacetal) and sodium salts were testedin mice by oral administra-
tion in drinking-water. The two studies by oral administration were inadequate for evaluation.
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After topical application, no increase in the incidence of skin tumours was observed in one
study. ln one two-stage mouse-skin assay, a high dose of malonaldehyde (possibly contain-
ing impurities) showed initiating activity. ln two other two-stage assays using lower doses,
no initiating or promoting activity was observed.

Malonaldehyde was mutagenic to bacteria and induced somatic mutations in insects. It
was mutagenic to mammalian cells in vitro and induced micronuclei, chromosomal aberra-
tions and aneuploidy in these ceUs.

Ove rail assessment of data from short-term tests: malonaldehyde8

Genetic activity Cell transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes +

Fungi/green
plants

Insects +b

Mammalian cells + +
(in vitro)

Mammals
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Sufficient Cell transformation: No
data

8The groups into which the table is divided and the symbol + are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.

bSomatic mutations.

4.3 Human data

No case report or epidemiological study of the carcinogenicity of malonaldehyde to
humans was available to the Working Group.

4.4 Evaluation 1

There is inadequate evidence for the carcinogenicity of malonaldehyde to experimen-
tal animaIs.

ln the absence of epidemiological data, no evaluation could be made of the carcinogeni-
city of malonaldehyde to humans.

1 For definitions of the italicized terms, see the Preamble, pp. 15-16.
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This substance was considered by a previous working group, in February 1976 (IARC,
1976a). Since that time, new data have become available, and these have been incorporat-
ed into the monograph and taken into account in the present evaluation.

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 101-90-6

Chem. Abstr. Name: Oxirane, 2,2'-(1,3-phenylenebis(oxymethylene)lbis-

IUPAC Name: meta-Bis(2,3-epoxypropoxy)benzene

Synonyms:1 ,3-Bis(2,3-epoxypropoxy)benzene; meta-Bis(glycidyloxy)benzene; diglyci-
dyl ether of resorcinol; 1,3-diglycidyloxybenzene; diglycidyl resorcinol; NCI-C54966;
2,2'-(1,3-phenylenebis(oxymethylene)lbisoxirane; RDGE; resorcinol bis(2,3-epoxy-
propyl)ether; resorcinol diglycidyl ether; resorcinol glycidyl ether; resorcinyl diglyci-
dyl ether

Trade Name: Araldite ERE 1359

1.2 Structural and molecular formulae and molecular weight

~ CH,-C~O/CH,

C12H1404

Q-CH -CH-CH2 ,,/ 2
Q

MoL. wt: 222.2

-181-
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1.3 Chemical and physical properties of the pure substance

From Hawley (1981), unless otherwi,Se specified

(a) Description: Straw-yellow liquid

(b) Boilng-point: 172°C at 0.8 mm Hg

(c) Density: Specifie gravit y (25°C), 1.21

(d) Refractive index: nß5 1.541

(e) Spectroscopy data: Infrared and nuclear magnetic resonance spectral data have
been reported (National Toxicology Program, 1983).

(f) Solubilty: Miscible with acetone, chloroform, methanol (National Toxicology Pro-
gram, 1983), benzene (Van Duuren et al., 1965) and most organic resins

(g) Viscosity: 500 cP at 25°C

(h) Stabilty: Flash-point (Cleveland open-cup), 176°C; combustible

(/) Reactivity: Reacts with compounds having labile hydrogen. As an epoxide, it can
react as an alkylating agent.

(¡) Conversion factor: 1 ppm in air = 9.09 mg/m3 at 760 mm Hg and 4°C (National
Institute for Occupation al Safety and Health, 1978)

1.4 Technical products and impurities

The only product for which specifications were available was one formerly available com-
mercially from one US producer, which contained 98.5% min non-volatile matter.

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Diglycidyl resorcinol ether was first made in 1948 by the reaction of excess epichlorohyd-
rin (see IARC, 1976b, 1982) with resorcinol (see IARC, 1977) in alkaline solution (Werner
& Farenhorst, 1948); this is probably the method used for commercial production.

Diglycidyl resorcinol ether has been produced commercially in the USA since at least
1974. ln 1977, one US company reported production in the range of 4.5-45.4 thousand kg
and another company produced an unspecified quantity (NIH/EPA Chemicallnformation Sys-
tem, 1984). Currently only one US company produces diglycidyl resorcinol ether in commer-
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cial quantities. Separate data on US imports and exports of diglycidyl resorcinol ether are
not published.

No evidence was found that diglycidyl resorcinol ether is produced commercially in wes-
tern Europe.

Diglycidyl resorcinol ether was first produced commercially in Japan by one company in
1974, and its production in 1975 is estimated to have been five thousand kg. The company
stopped production of this compound in 1978.

(b) Use

Diglycidyl resorcinol ether is used in the USA as a Iiquid epoxy resin (Hawley, 1981)
and as a reactive diluent in the production of other epoxy resins (Lee & Nevile, 1967). It is
believed to be used principally in the USA as a diluent to impart special properties to cured
epoxy resins (e.g., as in aerospace applications). It has also been used to cure polysulphide
rubber, but the current commercial status of this application is not known.

No evidence was found that any country has limited occupational exposure to diglycidyl
resorcinol ether by regulation or recommended guideline.

2.2 Occurrence

(a) Natural occurrence

Diglycidyl resorcinol ether is not known to occur as a natural product.

(b) Occupational exposure

On the basis of the 1974 National Occupational Hazard Survey, the Nationallnstitute for
Occupational Safety and Health (1980, 1981) estimated that in the USA about 3000 workers
in four industries were exposed to diglycidyl resorcinol ether annually at that time. The prin-
cipal industry in which exposure was found was the aircraft equipment industry.

2.3 Analysis

No information on analytical methods specifically for diglycidyl resorcinol ether was avail-
able to the Working Group.

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(a) Oral administration

Mouse: Groups of 50 male and 50 female B6C3F1 mice, eight to nine weeks old, were
administered 50 or 100 mglkg bw diglycidyl resorcinol ether (purity, approximately 88% by
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gas chromatography1 with 30 unspecified impurities) in corn oil or corn oil alone (vehicle con-
trois) by intragastric intubation, five times per week for 103 weeks. ln male mice no signifi-
cant difference in survival was observed between the treated and control groups. Mortality
in treated and control female mice was high, with only 40% of controls, 26% of low-dose
and 20% of high-dose animais stil alive at the end of two years; the main cause of death
was suppurative and necrotizing inflammation of the reproductive tract. Diglycidyl resorci-
nol ether induced hyperkeratosis, hyperplasia, papillomas and squamous-cell carcinomas of
the forestomach in both sexes. The incidences of squamous-cell carcinomas in the control,
low-dose and high-dose groups were: males, 0/47, 14/49 and 25/50; and females, 0/47,
12/49 and 23/49, respectively (p ~ 0.001 for both low- and high-dose groups). The inciden-
ces of papillomas of the forestomach were: males, 0/47, 4/49 and 10/50 (p = 0.06 and 0.001
for low- and high-dose groups, respectively); and females, 0/47, 5/49 and 10/49 (p = 0.03
and 0.001 for low- and high-dose groups, respectively). ln female mice, the incidences of
hepatocellular carcinomas were: 0/48, 1/50 and 3/49 in the control, low-dose and high-dose
groups, respectively. The difference between the high-dose group and the controls was stat-
istically signiticant (p = 0.04 by Iife-table analysis). Increases in the combined incidences
of hepatocellular adenomas and carcinomas showed a similar statistical trend. Tumours at
other sites could not be related to treatment (National Toxicology Program, 1985).

Rat: Groups of 50 male and 50 female Fischer 344/N rats, eight to nine weeks old, re-
ceived 25 or 50 mg/kg bw diglycidyl resorcinol ether (pu rit y , approximately 88% by gas chro-
matography with 30 unspecified impurities, as in the experiment described above) in corn oil
or corn oïl alone (vehicle controls) by gastric intubation tive times per week for 103 weeks.
Due to excessive mortality in the high-dose group, supplemental groups of 50 male and 50
female rats were treated with 12 mg/kg bw diglycidyl resorcinol ether in corn oïl or with corn
oil alone. Mortality among treated rats of each sex in the primary study was dose-related
and was significantly greater (p ~ 0.001) than that among the vehicle controls; no high-dose
male rat and only 1/50 high-dose female rats survived to the end of the study. Broncho-

pneumonia, the incidence of which was dose-relatèd, was the most trequent cause of early
death. ln the supplemental study, there was no significant difference in survival between the
treated and control female rats, but survival of the treated male rats was significantly re-
duced (p = 0.003) as compared to their controls. Diglycidyl resorcinol ether induced hyper-
keratosis, hyperplasia, papillomas and squamous-cell carcinomas of the forestomach in ani-
mais of both sexes. The incidences of squamous-cell carcinoma in the combined control,
low-, medium- and high-dose groups were: in males, 0/100, 39/50, 38/50 and 4/49; and in
females, 0/99, 27/50, 34/50 and 3/50. The numbers of animaIs in each group still alive at
104-105 weeks were 81, 23, 5 and 0 males and 76, 35, 16 and 1 females, respectively. The
incidences of papiloma of the forestomach were: in males, 0/100, 16/50, 17/50 and 6/49,
respectively; and in females, 0/99" 19/50, 7/50 and 1/50, respectively. The first stomach
tumour occurred in a high-dose female at week 42, when only 13 rats were still al ive. Simi-
larly, in high-dose males, only 9 animais survived beyond week 60. Since the first squa-
mous-cell carcinoma of the forestomach in this group occurred at week 79, again only 9 ani-
mais were at risk for this tumour (National Toxicology Program, 1985).

(b) Skin application

Mouse: No skin tumour occurred in 30 female Swiss ICR/Ha mice that received (begin-
ning at eight weeks of age) thrice-weekly skin applications of a 1 % solution of diglycidyl
resorcinol ether (pu rit y unspecified) in benzene (approximately 100 mg per application) for
life; the median survival time was 491 days (Van Duuren et al., 1965).

1 Major impurities identified in the test material were: 1.9% 3-methylbenzoic acid ethyl ester, 1.6% 3-chloropropoxy-
benzene and 2.8% dihydroxypropoxybenzene. Ali others were present at levels of ,0.8% each.
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3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

The oral LDsos of diglycidyl resorcinol ether in mice, rabbits and rats are 980, 1240
and 2570 mg/kg bw, respectively. The intraperitoneal LDsos in mice and rats are 243 and
178 mg/kg bw (pu rit y unspecified). An undefined concentration of diglycidyl resorcinol ether
vapour was not lethal to 10 rats after 50 seven-hour exposures by inhalation. It caused irrita-
tion to the eyes and skin even after a single application to the eyes or to the skin (Hine
et al., 1958).

ln monkeys, once-monthly intravenous injection of 100-200 mg/kg bw diglycidyl resorcinol
ether produced a progressive lowering of the leucocyte count (Hine et al., 1981). The
compound produced inhibition of the growth of Walker carcinoma in rats (Hendry et al.,
1951 ).

Diglycidyl resorcinol ether caused hyperkeratosis and basal-cell hyperplasia of the stom-
ach in rats exposed daily to intragastric doses of 12.5 mg/kg bw in corn oil and to higher
concentrations for 13 weeks. Similar findings were observed in mice. ln a two-year study
of groups of 50 male and 50 female Fischer 344 rats exposed by gastric intubation, bron-
chopneumonia occurred in 2/50, 17/50, 26/50, 0/50, 10/50 and 17/50 control, low-dose and
high-dose males and females, respectively. The bronchopneumonia was not consistent with
chemical pneumonitis but was characterized by polymorphonuclear leucocytes in the cen-
triacinar alveoli (National Toxicology Program, 1985).

No data were available to the Working Group on effects on reproduction and prenatal
toxicity or on absorption, distribution, excretion and metabolism.

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 337)

Diglycidyl resorcinol ether (pu rit y, approximately 88% by gas chromatography with 30
unspecified impurities, as described in section 3.1 (a)) was mutagenic to Salmonella typhimu-
rium TA1535 and TA100 but not TA1537 or TA98 in a preincubation assay, both in the pre-
sence and absence of an Aroclor-induced rat- or hamster-liver metabolic system (National
Toxicology Program, 1985).

(b) Humans

Toxic effects

Diglycidyl resorcinol ether produces severe burns on contact with the skin, and skin sen-
sitization has occurred in a Iimited number of cases (Hine & Rowe, 1963). (The source of
the data was not given.) -

No data were available to the Working Group on effects on reproduction and prenatal
toxicity, on absorption, distribution, excretion and metabolism or on mutagenicity and chro-
mosomal effects.
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3.3 Case reports and epidemiological studies of carcinogenicity to humans

No data were available to the Working Group.

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Diglycidyl resorcinol ether has been produced since at least 1974. It has only limited appli-
cation, principally in the aerospace industry. '.

4.2 Experimental data

Diglycidyl resorcinol ether (of technical grade) was tested for carcinogenicity by intragas-
trie intubation in mice of one strain and in rats of one strain. It induced squamous-cell car-
cinomas and papillomas of the forestomach in animais of both species. ln female mice, an
increased incidence of hepatocellular tumours was observed. ln one experiment in mice, no
skin tumour was observed after skin application.

Diglycidyl resorcinol ether (of technical grade) was mutagenic to bacteria.

Overall assessment of data from short term tests: diglycidyl resorcinol ether (of techni-
cal grade)8

Genetic activity ¡Cell transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes +

Fungi/green
plants

Insects

Mammalian cells
(in vitro)

Mammals
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Inadequate ¡Cell transformation: No
~ata

aThe groups into which the table is divided and the symbol + are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.
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4.3 Human data

No case report or epidemiological study of the carcinogenicity of diglycidyl resorcinol
ether to humans was available to the Working Group.

4.4 Evaluation 1

There is suffcient evidence2 for the carcinogenicity of a technical grade of diglycidyl resor-
cinol ether to experimental animais.

No data on the carcinogenicity of diglycidyl resorcinol ether to humans were available to
the Working Group.
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This substance was considered by previous working groups, in February 1976 (IARC,
1976) and in February 1982 (IARC, 1982a). Since that time, new data have become avail-
able, and these have been incorporated into the monograph and taken into account in the
present evaluation.

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 75-21-8

Chem. Abstr. Name: Oxirane

IUPAC Systematic Name: Ethylene oxide

Synonyms: Dihydrooxirene; dimethylene oxide; ENT-26263; EO; epoxyethane; 1,2-epo-
xyethane; ethene oxide; ethylene (oxide D); ETO; ETOX; FEMA No. 2433;
NCI-C50088; oxacyclopropane; oxane; oxidoethane; ct,ß-oxidoethane; oxiran

Trade Names: Amprolene; Anprolene; Anproline; Oxyfume; Oxyfume 12; Sterilizing Gas
Ethylene Oxide 100%; T -Gas

1.2 Structural and molecular formulae and molecular weight

C2H40

CH2-CH2
'0/

MoL. wt: 44.1

1.3 Chemical and physical properties of the pure substance

From Cawse et al. (1980), unless otherwise specified

(a) Description: Colourless gas

(b) Boilng-point: 10.4°C

(c) Freezing-point: -112.5°C

- 189 -
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(d) Density: 0.8969 (Iiquid at O°C)

(e) Refractive index: nt; 1.3597

(f) Solubilty: Miscible with water, diethyl ether, ethanol and most organic solvents

(g) Viscosity: 0.32 cP at O°C

(h) Volatilty: Vapour pressure, 494 mm Hg at OOC

(/) Stability: Flash-point (tag open-cup), ~-18°C; vapours are inflammable and explo-
sive

(j) Reactivity: Very reactive (e.g., reacts with many compounds having labile hydro-
gen). May undergo slow polymerization during storage. Excessive temperatures or
contamination with impurities, such as water, alkalis, acids, metal oxides, and iron
and aluminium salts, can cause rapid pölymerization or reaction

(k) Conversion factor: 1 ppm = 1.83 mg/m3 at 760 mm Hg and 20°C (Verschue-
ren, 1977)

1.4 Technical products and impurities

Ethylene oxide is available in the USA as a high-purity chemical with the following spec-
ifications: water, 0.03% max; aldehydes (as acetaldehyde), 0.003% max; acidity (as acetic
acid), 0.002% max; residue, 0.005 g/100 ml max; and acetylene, none (Cawse et al.,
1980).

Ethylene oxide is available in western Europe with the following specifications: pu rit y,
99.5% min; water, 0.01 % max; and carbon dioxide, 100 mg/kg max.

It has been reported that ethylene oxide made by the chlorohydrin process (see section
2.1 (a)) may contain chlorine-containing C2 chemicals (vinyl chloride, ethylene chloride, chlo-
roethane and ethylene chlorohydrin) at levels of 1-10 mg/kg (Ethylene Oxide Industry Coun-
cil, 1983).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Ethylene oxide was first prepared in 1859 by Wurtz by the reaction of ethylene chloro-
hydrin with potassium hydroxide. Commercial production of ethylene oxide was started in
Germany during the First World War. Until 1937, essentially ail the ethylene oxide produ-
ced in the USA was made by the so-called chlorohydrin process, in which ethylene is treat-
ed with hypochlorous acid (chlorine and water) to produce ethylene chlorohydrin, and this is
converted to ethylene oxide using calcium hydroxide or sodium hydroxide. Since 1937, the
chlorohydrin process has gradually been replaced in the USA by the direct oxidation pro-
cess, in which ethylene (IARC, 1979a) is oxidized to ethylene oxide using either air or
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oxygen and a silver catalyst (Cawse et al., 1980). The chlorohydrin process was last used
to produce ethylene oxide commercially in the USA in about 1973, although one plant that
currently produces propylene oxide (see p. 227 of this volume) by the chlorohydrin process
has the capacity to produce ethylene oxide by this process also. Currently, ail US plants
use oxygen (rather than air) in the direct oxidation process to produce ethylene oxide.

US production of ethylene oxide, which started in 1921 (US Tariff Commission, 1922), reach-
ed a peak in 1979 when an estimated 2440 thousand tonnes were produced by 12 com-
panies. Total production by the 15 plants of the 12 US producing companies (including one
in Puerto Rico) amounted to 2264 thousand tonnes in 1982 (US International Trade Com-
mission, 1983). US imports of ethylene oxide (mostly from Canada) amounted to 4.3 thous-
and tonnes in 1982 (US Department of Commerce, 1983). US exports (mostly to Canada)
in 1983 were 6.3 thousand tonnes (US Department of Commerce, 1984).

Ethylene oxide is produced by three companies in Canada (with an estimated production
of 282.5 thousand tonnes in 1981) and by one company each in Mexico and Brazil.

It is produced by four companies in Germany, two companies each in Belgium, France,
Italy, the Netherlands and the UK, and by one company each in Spain and Sweden. Pro-
duction in western Europe is estimated to have been approximately 1370 thousand tonnes
in 1981. Ethylene oxide is also produced at two plants each in the Democratie Republic of
Germany, Romania and the USSR, and at one plant each in Bulgaria, Czechoslovakia and
Poland.

Commercial production of ethylene oxide in Japan started in 1934. Five Japanese com-
panies currently manufacture it at seven plants by the direct oxidation process, and 1982
production is estimated to have been 471 thousand tonnes. Japanese imports were negli-
gible, and exports totalled only 17 tonnes in 1982.

Ethylene oxide is also produced at three plants in China, two plants each in India and
Taiwan, and one plant each in Australia, the Democratie People's Republic of Korea and the
Republic of Korea.

(b) Use

Almost ail ethylene oxide is used as a chemical intermediate. The production of ethylene
glycol is the largest market for ethylene oxide in the USA, and the next most important is
its use as a chemical intermediate for a variety of nonionic surfactants. The use pattern
for the estimated 2330 thousand tonnes of ethylene oxide used in the USA in 1981 was as
follows: ethylene glycol, 60%; nonionic surfactants, 12%; glycol ethers, 7%; ethanolamines,
7%; and other uses (including quantities used in nonintermediate applications), 14%.

Ethylene glycol, made by the reaction of ethylene oxide with water, is used principally as
an intermediate for terephthalate polyester resins for fibres, film and bottles. Another major
use for ethylene glycol is in automotive antifreeze; it is also used in many smaller applica-
tions (e.g., solve nt, heat-transfer fluid, de-icing f1uid) (Cawse et al., 1980).

Nonionic surfactants made by the addition of ethylene oxide to a variety of chemi-
cals having labile hydrogen atoms (principally long-chain alcohols and higher alkylphenols)
and the random and block copolymers of ethylene oxide and propylene oxide are used in
a variety of household and industrial products as low-foam detergents.
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Glycol ethers, made by the addition of ethylene oxide to short-chain alcohols, find use
as solvents (e.g., in surface coatings and a variety of consumer products) and as interme-
diates for glycol ether acetates, which are also important solvents. Additional uses are as
components of hydraulic fluids and jet fuel de-icers.

Ethanolamines are made by the reaction of ethylene oxide with ammonia. They are used
to remove acidic components (e.g., hydrogen sulphide) from various gaseous hydrocarbon
products, as chemical intermediates for fatty alkanolamides (used as foam stabilizers in
liquid household detergents), and for the production of fatty acid soaps used in detergents
and cosmetics.

Other uses for ethylene oxide are as a chemical intermediate in the manufacture of diethyl-
ene glycol (Iargely used for unsaturated polyester resin production); triethylene glycol (used
principally for natural-gas dehydration); tetraethylene glycol (primarily a solvent for extracting
aromatic hydrocarbons from mixed hydrocarbon streams); polyethylene glycol (Iower-mole-
cular-weight products used in surfactant synthesis and for numerous other purposes, and
higher polymers used in fire-fighting, agricultural and oth.er uses); polyether polyols for flex-
ible polyurethane foams (see IARC, 1979b); ethylene chlorohydrin (a chemical intermediate);
choline and its derivatives (used as therapeutic agents and dietary supplements); hydroxy-
ethylated cellulose and starch (which have been used as plasma expanders) and simi-
lar products; arylethanolamines (dye intermediates); acetal copolymer resins; crown ethers;
ethylene carbonate; and cationic surfactants. Unti11969, ethylene oxide was also used in the
USA as a chemical intermediate for the manufacture of acrylonitrile (see IARC, 1979c).

Ethylene oxide itself is used (alone or as part of a mixture with carbon dioxide or a fluo-
rochlorocarbon) as a fumigant and sterilant in a variety of applications, and a review article
on the use of ethylene oxide in these applications is available (Glaser, 1977). The US Depart-
ment of Labor (1983) has estimated that approximately 2% of ail ethylene oxide produced
is used to sterilize or fumigate products, such as: bread, cocoa, desiccated cocon ut (copra),
dried egg powder, fish, flour, dried fruits, meat, spices, dehydrated vegetables and wal-
nut meats; clothing, furs, leather and textiles; cosmetics and drugs; cigarette tobacco; den-
tal, medical, pharmaceutical and other scientific equipment and supplies including dispos-
able and reusable medical items; packaging materials (e.g., for dairy products), paper and
books; railway passenger- and freight-cars and buses; motor oil; and other miscellaneous
products including experimental animais, beehives, bone meal, furniture, museum artefacts
and soils. A review article has been published on the use of ethylene oxide in the steriliza-
tion of spices (Coretti, 1978).

ln 1978, it was reported that less than 0.24% of the annual US production of ethylene
oxide was used in health-care and medical products (US Department of Labor, 1982); in
1977, it was estimated that only about 0.02% of production was used for sterilzation in hos-
pitals (Glaser, 1977).

Annual ethylene oxide usage in the US food industry in 1970-1971 was approximately
1060 kg (Flavor and Extract Manufacturers' Association of the United States, 1978). Two
companies reported use of ethylene oxide as a food additive in 1977, and use in 1976
amounted to 72.6 thousand kg (National Research Council/National Academy of Sciences,
1979). ln 1983, an estimated 27 US spice manufacturers used ethylene oxide to fumigate
spices (US Department of Labor, 1983).

The use pattern for the estimated 1340 thousand tonnes of ethylene oxide used in west-
ern Europe in 1981 was as follows: ethylene glycol, 46%; nonionic surfactants, 21 %; glycol
ethers, 10%; polyols, 10%; ethanolamides, 9%; and other applications, 4%.
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An estimated 478 thousand tonnes of ethylene oxide were used in Japan in 1981 with the
following use pattern: ethylene glycol, 64%; nonionic surfactants, 17%; ethanolamines, 7%;
glycol ethers, 5%; polyols, 3%; and other applications, 4%.

Occupational exposure to ethylene oxide has been limited by regulations or recommen-
ded guidelines in at least 16 countries. The standards are listed in Table 1.

On 21 April 1983, the Occupational Safety and Health Administration of the US Depart-
ment of Labor (1983) proposed a reduction -in the permissible exposure limit for ethylene
oxide of 50 ppm to 1 ppm, which was effective from 22 June 1984 (US Department of Labor,
1984), and established an 'action levaI' of 0.5 ppm (time-weighted average, TWA).

The US Food and Drug Administration (1980) has approved use of ethylene oxide as a
direct and indirect food additive for the following purposes: (1) as a fumigant in sizing used
as a component of paper and paperboard in contact with dry foods; (2) as an etherifying
agent in the production of modified industrial starch, provided the lever of reacted ethylene
oxide in the finished product does not exceed 3%; and (3) as a fumigant for spices and
other processed natural seasoning materials, except mixtures to which salt has been added,
in accordance with prescribed conditions, including a maximum residue of 50 mg/kg in the
treated mate riaL.

Table 1. National occupational exposure limits for ethylene oxidea

Country Year Concentration

mg/m3 ppm

Australia 1978 90 50
Belgium 1978 90 50
Bulgaria 1971 1
Finland 1981 20 10

40 20
German Democratie 1977 20
Republic 50
Germany, Federal 1984 18 10
Republic of
Italy 1978 60 30
Japan 1978 90 50
Netherlands 1978 90 50
Poland 1976 1

Romania 1975 30
60

Sweden 1981 9 5
18 10

Switzerland 1978 90 50
USSR 1977 1

USAs
OSHA 1978 90 50
ACGIH 1984/85 2 1
NIOSH 1983 1.96 0.1

9 5
Yugoslavia 1971 18 10

Interpretationb Status

TWA Guideline
TWA Regulation
Maximum Regulation
TWA Guideline
STEL
TWA Regulation
Maximum (30 min)
TWA Guideline

TWN Guideline
Ceiling Guideline
TWA Guideline
Ceilng Regulation
TWA Regulation
Maximum
TWAd Guideline
STEL
TWA Regulation
Maximum Regulation

TWA Regulation
TWA Guideline
TWA Guideline
Ceilng (10 min)
Ceiling Regulation

alnternational Labour Office (1980); National Finnish Board of Occupational Safety and Health (1981); National Swed-
ish Board of Occupational Safety and Health (1981); National Institute for Occupation al Safety and Health (1983);
American Conference of Governmental lndustrial Hygienists (1984); Deutsche Forschungsgemeinschaft (1984)

bTWA, time-weighted average; STEL, short-term exposure limit
CSensitizer notation added
dSkin penetration and carcinogenicity notationadded
sOSHA, Occupational Safety and Health Administration; ACGIH, American Conference of Governmental lndustrial

Hygienists; NIOSH, National Institute for Occupational Safety and Health
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The US Food and Drug Administration (1978) has also proposed the tolerances for resi-
dues of ethylene oxide in drug products and medical devices shown in Table 2.

Table 2. Tolerances for residues of ethylene oxide in drug products and medical devices8

mg/kg

Drug products
Ophthalmics (for topical use)
Injectables (including veterinary intramammary infusions)
Intrauterine devices (containing a drug)
Surgical scrub sponges (containing a drug)
Hard gelatin capsule shells
Medical devices
Implants:

Small (..10 g)
Medium (10-100 g)
Large (:: 1 00 g)

Intrauterine devices
Intraocular lenses
Deviees in contact with mucosa
Deviees in contact with blood (ex vivo)
Deviees in contact with skin
Surgical scrub sponges

10
10

5
25
35

250
100
25

5
25

250
25

250
25

aFrom US Food and Drug Administration (1978)

The US Environmental Protection Agency (1978) issued a notice of rebuttable presump-
tion against registration and continued registration of pesticide products containing etQ,ylene

oxide. No final decision has yet been reached.

The US Environmental Protection Agency (1982) has established a tolerance of 50 mg/kg
for residues of ethylene oxide when used as a postharvest fumigant in or on black walnut
meats, copra and whole spices. That Agency has also identífied ethylene oxide as a toxic
waste and requires that persons who generate, transport, treat, store or dispose of it com-
ply with the regulations of a federal hazardous waste management programme (US Envi-
ronmental Protection Agency, 1980). The US Environmental Protection Agency (1983) re-
quires that notification be given whenever discharges containing 0.454 kg or more of ethyl-
ene oxide are made into waterways.

As part of the Hazardous Materials Regulations of the US Department of Transportation
(1982), shipments of ethylene oxide are subject to a variety of labellng, packaging, quantity
and shipping restrictions consistent with its designation as a hazardous mate ria!.

2.2 Occurrence

(a) Natural occurrence

Ethylene oxide is produced endogenously in animaIs without previous exposure to ethyl-
ene (Filser & BoIt, 1983)

(b) Occupational exposure

On the basis of the 1974 National Occupational Hazard Survey, the National Institute
for Occupation al Safety and Health (1980, 1981 a) estimated that 141 thousand US workers
in 67 nonagricultural industries were exposed to ethylene oxide. The principal industries in
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which exposure was found were the pumps and compressors industry, hospitals, and the
miscellaneous plastics products industry. ln 1983, the Occupational Safety and Health Admi-
nistration estimated that 80 thousand US workers are directly exposed to ethylene oxide
and that another 144 thousand workers are incidentally exposed (US Department of Labor,
1983).

ln 1977, the Nationallnstitute for Occupational Safety and Health (1981b) estimated that
approximately 75 th ou sand US health-care workers employed in sterilization areas were
potentially exposed to ethylene oxide and that 25 thousand others may have been incident-
allyexposed.

ln a survey in 1979 of US plants both producing and using ethylene oxide, worker expo-
sure to this chemical was measured. Typical average daily exposures were 0.5-7.3 mg/m3;
worst-case peak exposures were 16-17 500 mg/m3, the highest exposure being that of main-
tenance workers changing O-rings (Flores, 1983).

As part of an industry-wide study by the National Institute for Occupational Safety and
Health on the health effects of occupation al exposure to ethylene oxide during the years
1977 and 1978, workplace air sam pIes were collected in five US plants producing ethylene
oxide and its derivatives. The results of these surveys are given in Table 3.

ln an ethylene oxide manufacturing plant in the Netherlands, eight-hour TWAs during the
period 1974-1981 were found to be generally below the limit of detection of 0.09 mg/m3,
with occasional transient concentrations of up to 14.6 mg/m3 (van Sittert et al., 1984).

ln a study at a Swedish ethylene oxide production facility, the concentrations of airborne
ethylene oxide were estimated as follows: during the 1940s, probably below 25 mg/m3 with

Table 3. Airborne ethylene oxide (EtO) concentrations observed in five US plants produ-
cing this compound and its derivatives

Plant Year of Sam pie location Concentration Reference
no. survey (mg/m3)

1977 EtO production areas ..18 Koketsu & Alli (1977)
Derivative unit areas ..18
Tank car loading operation (a leak on 11 000
the slip tube used to gauge the EtO
level)

2 1977 EtO production areas ..1.8-2.7 Lovegren & Koketsu (1977a)
3 1977 Derivative unit areas ..1.8 Lovegren & Koketsu (1977b)
3 1978 44 Personal sam pies taken during the ..0.9-..8.3 Oser et al. (1978a)

production of EtO derivatives
Laboratory technician (short-term 150
sam pie) 

Unloader at an oxide rack 14.6
3 1978 41 Personal samples taken during ..0.9-42 Oser et al. (1979)

derivative production
4 1977 Derivative production: Lovegren & Koketsu (1977c)

near a pump 1.8
between two reactors 1.8

5 1978 EtO and mono-, di- and triethylene Oser et al. (1978b)
glycol production: ..0.38

supervisor ..0.13
control room operator 0.65-2.07
technicians (sampling) ..0.17
engineer 0.80-1138
loading operator

8A parallel sam pie analysed by the company was reported to contain 10 mg EtO/m3
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occasional exposures up to 1300 mg/m3; during the 1950s and early 1960s, 10-50 mg/m3
with occasional peaks above 1300 mg/m3; and during the 1970s, 1-10 mg/m3 with occasion-
al higher values. Ethylene oxide production ceased in 1963, but it was still used in the fac-
tory (Hogstedt et al., 1979a).

Potential occupation al exposure to ethylene oxide exists in many countries in a wide
variety of industries and work settngs where this compound is used as a sterilant or fumi-
gant (US Department of Labor, 1982). Worker exposure to ethylene oxide in 12 different
types of facilities where it is used as a sterilant/fumigant has been reviewed (Goldgraben &
Zank, 1981).

ln a limited field survey of hospitals, the National Institute for Occupational Safety and
Health (1981 b) found that ethylene oxide concentrations near malfunctioning or improperly

designed equipment may reach transitory levels of hundreds or even a few thousand mg/m3.
TWA ambient and breathing-zone concentrations were generally below 90 mg/m3. Emissions
of ethylene oxide were reported to occur mainly during discharge of the gas into floor drains
following the opening of the door of the sterilization equipment and during the changing of
gas cylinders (Anon., 1984).

Exposure of workers to ethylene oxide during its use as a sterilant has been reported in
a number of US hospitals and other health-care facilities (US Department of Labor, 1983).
The eight-hour TWA for one hospital sterilizing three loads per week was reported to be 4.6
mg/m3; for another hospital, the TWA was reported to be 5.5-11 mg/m3; and for Veterans'
Administration medical centres, the TWA was reported to be ..9 mg/m3. The TWA for 114
of 121 sites monitored in southern California hospitals from 1978-1982 was ..9 mg/m3. ln
27 other hospitals, TWAs were ..1.8 mg/m3 for nine and ::18 mg/m3 for five; levels of ethyl-
ene oxide in the breathing zone were in the range of 0-18 mg/m3, being ..7.3 mg/m3 for
16 of the 27 hospitals and as high as 34.8 mg/m3 for one exposure. It was suggested that
workers probably received much higher exposures for brief periods, as illustrated by the
data for one US sterilizer operator (described as typical): a TWA of 5.7 mg/m3 was generat-
ed from a two-minute peak of 1100 mg/m3 followed by some residual exposure and seven
hours at 0 mg/m3.

Data from other studies of worker exposure to ethylene oxide during its use as a sterilant
in hospitals and other health-care facilities are summarized in Table 4. Data on expo-
sures during the sterilization of pharmaceutical and medical products are summarized in
Table 5.

A major US producer of pharmaceutical products that were sterilzed with ethylene oxide
reported that the levels of ethylene oxide to which workers were exposed both directly and
indirectly ranged from 0.4-1.8 mg/m3 (US Department of Labor, 1983).

ln a study of employees at two Swedish factories manufacturing medical equipment,
packers in one factory were found to have been exposed before the time of the study to
an average level of about 8 mg/m3 (with peaks of about 100 mg/m3) ethylene oxide; after
working routines were changed, the exposure levels decreased to 0.6-1.8 mg/m3. ln the
second factory, the exposure level was about 0.2 mg/m3 (Högstedt et al., 1983).

Occupational exposure to ethylene oxide in a West Virginia museum laboratory ranged
from the Iimit of detection (0.08 mg/sample) to 3 mg/m3 (Ruhe, 1977).

ln an Ohio company manufacturing animal feed, concentrations of ethylene oxide rang-
ing from ..1.6-8.2 mg/m3 were detected in area-air samples; it was not detected in person-
al breathing-zone samples (Gorman & Horan, 1981).
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Table 4. Airborne ethylene oxide concentrations observed in hospitals and other

health-care facilities using ethylene oxide as a sterilant

Faciltylyear ReferenceSam pie location Concentration
(mglm3)
(sampling time)

US (Arizona) hospitall1980 Anon. (1982a)

US (Wisconsin) hospitall
1978

US (New York) hospitalf
1981

US (Washington) hospitall
1978

US (Connecticut) hospitall
1979

Sterilizer operator
At a distance of 8 m from
sterilzers during unloading
By the side of a sterilizer (one
unloading period included)
8 other sites in a sterilizing
unit area
Sterile room (one unloading
period included)
Sterile room during unloading
At face of sterilizer immediately
upon opening
Decontamination room
Sterilizer operator during
unloading and loading
Near sterilizer during unloading
and loading
General working area (one
unloading period included)
General working area (sterilizer
not in operation)
Sterilzer operators after
charging
Sterilizer operators opening
sterilzer
Near sterilizer
Sterilizer tank room

US (California) hospital- 1979 Sterilizer operations
- 1981 (after exposure con- Sterilizer operations
trol measures, including bet-
ter seal, exhaust ventilation,
and internai purging prior to
opening of doors)
US (Kentucky) hospitalf
1980

US (Maryland) hospitall
1980
Four French sterilization
and disinfection facilities
(three in hospitals)l
1979-1980
Finnish hospitalsl1976-1981

Central supply room
maintenance closet
Adjacent to sterilizer
Sterilizer operators

During and near sterilizer
unloading

Sterilzing cham ber open
Other conditions
Sterilizing units

7200 (3-min peak)
460 (peak) (peaks occurred
up to 7 times daily)
40 (6-h sample)

Less than ca 0.5

4-6 (2-h sam pie)

7-13 (12-min sam pies)
137 (peak)

,0.9 (Iimit of detection)

69-104 (15-min samples)

68-75 (15-min sam pies)

23 (3-h sam pie)

,7 (4-h sample)

8-16 (1-1 .5-h sam pies J

8-32 (24-min sam pies)

10 (1.5-h sam pIes )
4 (27-min sample)

Detected (no level given)
Not detected

,0.6 (5.5-h sam pie)

Johnson et al. (1979)

Burroughs (1981)

Apol (1978)

Moseley (1979)

Coye & Belanger (1981)

Stephenson et al. (1980)

1.5 (5-h sam pIe)
ca 2-15 (15-21-min sam pIes) Manoff et al. (1982)

0.9-420 (several-minute Mouilleseaux et al. (1983)
sam pies)
0.09-9 (6-8-h samples)

9-18 (20-min sam pie J Hemminki et al. (1983)
,1.8
0.2-0.9 with peak of up to Hemminki et al. (1982)
450
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Table 5. Airborne ethylene oxide concentrations during the sterilization of pharmaceuti-
cal and medical products

Facility/year Samplè location Concentration
(mg/m3)
(sampling time)

Reference

US company manufactu- Sterilization operator ..2.7-36 (1.5- to 3-h Ruhe (1978)
ring sterilzed pulmonary Sterilization area samples)
function equipment and ..3.6 (3-h sam pie)
artificial kidney filtration
systems/1978
US company manufactu- Sterilization operator 5.7-8 (3-h sam pie) Tharr & Donohue (1980)
ring medical therapeutic Sterilization area 5.3 (3-h sam pie)
systems/1979
Three US medical pro- Plant No. 1 9-366 Anon. (1982b)ducts plants/1980 Plant No. 2 1.8-18Plant No. 3 1.8
US plant manufacturing Around the front of sterilizer ..0.2-1.8 Collns & Barker (1983)
surgical products during the early stages of

sterilization
At breathing height, in front 9.7
of sterilizer during exhaust
cycle
Behind sterilizer during ;:450
exhaust cycle
Top of sterilizer interior, 45 220
min after exhaust cycle
(opening sterilizer door)

US plant manufacturing Personal samples with ..7.8-94 (1- to 2-h Schutte (1977)
disposable microscope sterilizer door open samples)
drapes/1977 Personal sam pies with ..6.6-16 (1- to 3-h

sterilizer door cracked sam pies)
Personal sample with ..13.2
sterilizer door closed
Area sam pie near sterilizer 140
as the door was openedTwo Swedish sterilization Hogstedt et al. (1983)

plants
June 1975 Sterilization room (personal 53 (sterilizer open)

sam pies) 16 (sterilizer closed)
December 1975 Sterilization room (personal 14 (sterilzer open)

sam pies) 2.4 (sterilizer closed)
May 1978 Sterilzation room (personal 4.4 (sterilzer open andsamples) closed together)

(c) Air

Ethylene oxide has been tentatively identified in atmospheric air sam pies in the USA
(Sawicki, 1976). It has also been observed as a product of the combustion of hydrocarbon
fuels and in automobile exhausts. It is a known product of atmospheric oxidations (Bogyo
et al., 1980).

It has been estimated that less than 2.3 milion kg of ethylene oxide are released into the
air annually in the USA during' its production and processing, and that ail of the ethylene
oxide used for fumigant purposes (estimated to be 0.045-4.5 million kg per year) enters the
environ ment (soil, food products, air) (Bogyo et al., 1980). ln another report, total nationwide
atmospheric emissions of ethylene oxide in 1978 from ail US sources were estimated to be
about 0.9 milion kg (Systems Applications, Inc., 1981). ln 1981, the Ethylene Oxide Industry
Council estimated that about 1.4 million kg of ethylene oxide are released annually to the
air in the USA (US Environmental Protection Agency, 1984).
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(d) Water
ln 1981, the Ethylene Oxide Industry Council estimated that the amount of ethylene oxide

lost to water in the USA during production and processing was 363 thousand kg annually;
however, it was reported that this waste-water is usually treated before being discharged
from plants (US Environmental Protection Agency, 1984).

(e) Food
Residues of ethylene oxide fumigant were detectedin spices (16-41 mg/kg) intended for

use in sausage manufacture; but no residue was found in the finished sausages (Jordy,
1981 ).

Concentrations of ethylene oxide found in seasonings at various times after fumigation
are shown in Table 6.

Table 6. Concentrations of ethylene oxide in ground seasonings at various times

after fumigationa

Spice product Time after
fumigation
(days)

7
9
4
4
7
4
9
6
1

4
11

4
7

Concentration
(mg/m3)

Mustard 15.9
0.9
5.6

18.4
4.2

26
o
2.9

41.8
8.0
2.0

46.5
40.5

Black pepper
Cassia

Paprika, Spanish

Red peppers
Ginger
Caraway seed

Nutmeg

aFrom Flavor and Extract Manufacturers' Association of the United States (1978)

Residues of ethylene oxide have been measured in the following food and medicinal plants
(mg/kg): Plantago psylium cuticle, 3.6; red poppy leaves, 0.9; origano leaves, 2.2; liquorice
root, 0.6; Rhamnus purshiana bark, 1.1; and Fucus vesiculosus thallus, 0.4 (Bicchi & Frat-
tini, 1981).

(f) Tobacco

The ethylene oxide concentration in unfumigated tobacco was reported to be 0.02 ~g/ml,
while fumigated tobacco contained 0.05 ~g/ml and extensively fumigated tobacco contained
0.30 ~g/ml. The ethylene oxide content of smoke from unfumigated tobacco was reported
to be 1 ~g/g (Binder & Linder, 1972; Bogyo et al., 1980).

(g) Other

Ethylene oxide residues have been measured on a variety of sterilized surgical equip-
ment. Concentrations of ethylene oxide were not detectable C~25 ng) for most sam pIes (e.g.,
catheters and tubing); one transfusion unit contained 1.8 mg/kg ethylene oxide and two sur-
geons' glove samples contained 2.4 and 3.1 mg/kg ethylene oxide (Brown, 1970).

Collins and Barker (1983) reported levels of ethylene oxide at 1.8-2163 mg/m3 in air
entrapped in closed packages of surgical products sterilized the previous day; the highest
level was found in a humidifier bottle.
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2.3 Analysis

A review of analytical methods for the determination of ethylene oxide in air, sur-
gical materials, foods and gasoline combustion products has been published (Bogyo et
al., 1980).

Methods used for the analysis of ethylene oxide in a variety of matrices are listed in Table 7.

Table 7. Methods for the analysis of ethylene oxide

Sam pie matrix Sam pie preparation Assay Limits of Reference
procedurea detection

Air (workplace) Adsorb (charcoal); desorb GC/FID 0.27 mg/m3 National Institute for
(carbon disulphide) Occupational Safety

and Health (1977); Qazi
& Ketcham (1977)

Adsorb (charcoal); desorb GC/ECD 0.024 mg/m3 US Department of
(1 % carbon disulphide in benz- Labor (1983)
ene); react with hydrobromic
acid; treat with sodium carbon-
ate

GC/PID 0.18 mg/m3 Collins & Barker (1983)

Adsorb (activated carbon) GC Not given Biome (1982)
IR Not given Vanell (1982)

React with periodic acid; Colorimetry 9-1800 mg/m3 (range) Pritts et al. (1982)
react with xylene; react with
sulphuric acid

Air (after field GCfPlD 0.002-183 mg/m3 Bond & Dumas (1982)
fumigation) (range)
Ambient air Preconcentrate; desorb GC/FID 0.5-1 ng Dmitriev & Mishchikhin

(1982)
Aqueous solution - React with sodium Not given Swan (1954)

sulphite and titrate
with hydrochloric
acid

Plastic medical Extract (dimethyl formamide); GC Not given Bellenger et al. (1983)
devices inject into headspace

Extract (ethanol) GC 1 mg/kg Tsuge & Senba (1981)
Surgical silk Inject into headspace GC/FID Not given Kolb (1982)
sutures
Penicilln powder - GC/FID Not given Kiss & Kovacs (1982)
and injection
Food and medi- Extract; inject into headspace GC/FID 1-10 mg/kg (range) Bicchi & Frattini (1981)
cinal plants
Food products Inject into headspace GC 0.5 mg/kg Ricottili et al. (1981)
in heat-sealed
packages
Sterilized Distil into water; hydrolyse Spectrophotometry Not given Falcao (1981)
material (sulphuric acid); react with (630 nm)

3-methyl-2,3-dihydrobenzo-
thiazole hydrazone

aAbbreviations: GC/FID, gas chromatography/flame ionization detection; GC/ECD, gas chromatography/electron
capture detection; GCfPID, gas chromatography/photoionization detection; GC, gas chromatography; IR, infrared
detection
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3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais 1

(a) Oral administration

Rat: A group of 25 male and 25 female rats of an unspecified laboratory strain, weighing
100-150 9 at the beginning of the experiment, was fed for two years with a standard labora-
tory diet (Altromin R) fumigated with ethylene oxide. Groups of 25 male and 25 female con-
trol rats were given the untreated diet. The food was prepared in weekly batches and was
fumigated with air containing 900-1300 mg/m3 ethylene oxide. After fumigation, the ethylene
oxide residues in the diet were found to be between 500-1400 mg/kg on the first day of
feeding and between 53-400 mg/kg after six days. The experiment was terminated at two
years when 13/50 animaIs (both sexes) were alive in the control group and 16/50 animais
(both sexes) in the test group. No increase in tumour incidence was observed in animais
fed the ethylene oxide-fumigated diet that died spontaneously or were killed at termination
of the study (Bär & Griepentrog, 1969). (The Working Group noted that the ethylene oxide
might have been converted to ethylene glycol and ethylene chlorohydrin during contact with
the diet for six days and that no data were given on tumour incidence.)

Groups of 50 female Sprague-Dawley rats, about 100 days old, were administered 7.5 or
30 mg/kg bw ethylene oxide (purity, 99.7%) in a commercially-available salad oil (compo-
sition unspecified) by gastric intubation twice weekly for 107 weeks (average total doses,
1186 and 5112 mg/kg bw, respectively). Control groups consisted of 50 untreated rats and
50 rats treated with salad oil alone. The survival rate of rats in the low-dose group was com-
parable to those of the control groups; rats treated with the higher dose died earlier as a
result of tumours. Treatment with ethylene oxide resulted in a dose-dependent increase in
the incidence of local tumours, mainly squamous-cell carcinomas of the forestomach. The
tumour incidences were 0/50 and 0/50 in the untreated controls and the vehicle controls, res-
pectively. The first tumour was observed in the 79th week in the high-dose group. ln total,
31/50 animaIs in this group developed malignant tumours in the stomach - 29 squamous-cell
carcinomas in the forestomach and two fibrosarcomas, one of which was located in the glan-
dular stomach. ln addition, 4/50 had carcinomas in situ and 11/50, papillomas, hyperplasia
or hyperkeratosis of the squamous epithelium of the forestomach. ln the low-dose group,
8/50 animais developed squamous-cell carcinomas, four had carcinomas in situ and nine
had papilomas, hyperplasia or hyperkeratosis in the forestomach. Of the 37 squamous-cell
carcinomas found in the two dose groups, 10 metastasized and grew invasively into neigh-
bouring organs. There was no increase in the incidence of tumours at other sites in the
treated animais as compared to controls. A positive-control group of 50 rats that received
30 mg/kg bw ß-propiolactone in salad oil administered by gastric intubation twice weekly for
lifespan developed 46/50 stomach tumours (type not specified) (Dunkelberg, 1982).

(b) Skin application

Mouse: Thirty female ICR/Ha Swiss mice, eight weeks of age at the start of the treatment,
received thrice-weekly applications of a 10% solution of ethylene oxide in acetone (approx-
imately 100 mg of solution per application) on the clipped dorsal skin for life. The median
survival time was 493 days; no skin tumour was observed (Van Duuren et al., 1965).

lThe Working Group was aware of a study in progress in mice by inhalation exposure (IARC, 1982b).
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(c) Inhalation

Rat: Groups of 120 male and 120 female Fischer 344 rats, eight weeks of age, were expo-
sed to 10, 33 or 100 ppm (18, 59 or 180 mg/m3) ethylene oxide (purity, 99.9%) vapour, for
six hours per day, on five days per week for two years. Two control groups of 120 male
and 120 female rats were exposed in inhalation chambers to room air. Post-mortem exami-
nations were made of ail animaIs that died or were killed when moribund and of those kil-
led at scheduled intervals of six, 12, 18 and 24 months. During month 15 of exposure, mort-
a li y increased in both treated and control groups due to a viral sialodacryoadenitis. Mort-
ality was higher in the groups inhaling 33 and 100 ppm as compared to other groups and
was more frequent in females than in males near the 15th month. With up to 18 months
of exposure, no statistically significant increase in tumour incidence was observed in either
group. ln those killed after 18 months, the incidence of tumours in the brain classified as
'gliomas, malignant reticulosis and granular-cell tumours' was increased for both sexes.
Among those kiled at 24 months, tumours were found in the brain in 1/48 (control 1), 0/49
(control Il), 0/51 (10 ppm), 1/39 (33 ppm) and 3/30 (100 ppm) males and 0/60 (control 1),
0/56 (control Il), 0/54 (10 ppm), 2/48 (33 ppm) and 2/26 (100 ppm) females. Statistical eva-
luation indicated a treatment-related response, particularly in males at the two highest dose
levels. At the end of the experiment, the incidence of mononuclear-cell leukaemia in animais
of both sexes and peritoneal mesothelioma in males was also greater in animais exposed
to ethylene oxide. ln females, mononuclear-cell leukaemia was found in 5/60 (control 1), 6/56
(control Il), 11/54 (10 ppm), 14/48 (33 ppm) and 15/26 (100 ppm) animaIs; the increased inci-
dence of leukaemia was statistically significant in the 100-ppm group (p .. 0.001). A mortal-
ity-adjusted trend analysis resulted in a highly significant positive trend (p .. 0.005). ln males,
mononuclear-cell leukaemia was found in 5/48 (control 1), 8/49 (control Il), 9/51 (10 ppm),
12/39 (33 ppm) and 9/30 (100 ppm) animaIs. The mortality-adjusted trend analysis showed
a significant positive trend (p .. 0.05). ln males, peritoneal mesothelioma was found in 1/48
(control 1), 1/49 (control Il), 2/51 (10 ppm), 4/39 (33 ppm) and 4/30 (100 ppm) animais. Results
of trend analysis indicated a highly significant relationship (p .. 0.005) between exposure to
ethylene oxide and development of peritoneal mesothelioma. Although the incidence of pitui-
tary adenomas was not significantly increased in animaIs of either sex at any single dose
level, exposure to ethylene oxide accelerated the appearance of pituitary adenomas in males
(trend analysis, p .. 0.001) (Snellings et al., 1984). (The Working Group noted that the com-
bining of three different histological types of tumours in the brain precludes a proper eval-
uation of the effects of ethylene oxide on that organ.)

Groups of 80 male weanling Fischer 344 rats were exposed to 0 (control: filtered air), 50
and 100 ppm (92 and 180 mg/m3) ethylene oxide (purity, 99.7%) vapour for approximately
seven hours per day, five days per week for two years. An increase in mortality was obser-
ved in the two treated groups as compared to controls. Rats exposed to 50 and 100 ppm
ethylene oxide had a higher incidence of inflammatory lesions of the respiratory system, of
bronchiectasis and of bronchial epithelial hyperplasia. Treatment with ethylene oxide result-
ed in an increased incidence of mononuclear-cell leukaemia, peritoneal mesotheliomas and
gliomas of the brain. Mononuclear-cell leukaemia was observed in 24/77, 38/79 and 30/76
rats exposed to 0, 50 and 100 ppm ethylene oxide, respectively (interim death and terminal
killing). The overall increase in mononuclear-cell leukaemia was statistically significant (p =
0.03) in the low-dose group, but not in the high-dose group, in which excessive mortality
occurred (survival was 19% compared to 49% in controls). However, comparison of the inci-
dence of mononuclear-cell leukaemia in the terminally killed rats in the high-dose group to
that in controls revealed an exposure-related increased incidence of mononuclear-cellleuk-
aemia (p .. 0.01). Peritoneal mesotheliomas developed in 3/78 controls, 9/79 rats of the
50-ppm group and in 21/79 of the 100-ppm group. The increase in this type of tumour was
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significant (p = 0.002) for the high-dose group only. Results of the Armitage test for trends
suggested a proportional increase in the incidence of mesotheliomas with increased expo-
sures. Gliomas (mixed cells resembling astrocytes and oligodendroglia cells) were found in
0/76 control s, 2/77 of the 50-ppm group and 5/79 of the 100-ppm group (p .. 0.05). Assu-
ming that gliomas occurred in a fatal context, trend analysis indicated a significant increase
in gliomas with increased exposure to ethylene oxide. ln addition to the gliomas, two addi-
tional rats exposed to 50 ppm and four additional rats exposed to 100 ppm ethylene oxide
had an increased number of glial cells, termed 'gliosis'. The incidences of other neoplasms
were generally comparable among the control and treated groups and bore no relationship
to ethylene oxide exposure. A high incidence of proliferative lesions, including nodules that
compressed the surrounding tissue, was observed in the adrenal cortex of animais ex po-
sed to ethylene oxide. These lesions were never found in the control group, but they were
classified as non-neoplastic changes ('multifocal cortical hyperplasia' and 'cortical nodular
hyperplasia') (Lynch et al., 1984a).

(d) Subcutaneous and/or intramuscular administration

Mouse: Groups of 100 female NMRI mice, six to eight weeks old, received subcutaneous
injections of 0.1, 0.3 or 1.0 mg/mou se ethylene oxide (purity, 99.7%) in tricaprylin, once a
week for 95 weeks (mean total doses, 7.3, 22.7 and 64.4 mg/mouse, respectively). Groups
of 200 untreated and 200 tricaprylin-treated mice served as controls. The survival rate of
animaIs treated with the highest dose of ethylene oxide was reduced as compared to that
of animais treated with the two lower doses and with controls. Ethylene oxide induced a
dose-dependent increase in local tumours, mostly fibrosarcomas. The first tumour appear-
ed in the 50th week of treatment. The incidences of subcutaneous sarcomas (fibrosar-
comas, pleomorphic sarcomas and one haemangiosarcoma) were: 0/200 in untreated con-
trois, 4/200 in animais treated with tricaprylin alone, and 5/100 (0.1 mg), 8/100 (0.3 mg) and
11 l1 00 (1 mg) in the ethylene oxide-treated animais (p , 0.001, Cochran Armitage test for
trend). The authors analysed the experiment by estimating the adjusted tumour incidence
rates at 600 days and established a dose-response relationship for these rates. Tumours
other than subcutaneous sarcomas could not be related to treatment with ethylene oxide.
ln a positive-control group of 100 NMRI mice that received a subcutaneous injection of 2.5
~g benzo(a)pyrene once a week for 95 weeks, 81 mice developed local sarcomas (Dunkel-
berg, 1981).

3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

The toxicity of ethylene oxide to humans and to experimental animaIs has been reviewed
(Glaser, 1979).

The intragastric LDsos of an aqueous solution of ethylene oxide were 330 and 270 mg/kg
bw in rats and guinea-pigs, respectively (Smyth et al., 1941). Ali of five rats intubated with
200 mg/kg bw ethylene oxide in olive oil died (Hollngsworth et al., 1956). LCsos were 2630
mg/m3 (1460 ppm) in rats, 1504 mg/m3 (835 ppm) in mice and 1730 mg/m3 (960 ppm) in
dogs, following four-hour exposures (Jacobson et al., 1956). Ali of six rats exposed to 15000
mg/m3 (8000 ppm) for four hours died (Weil et al., 1963).
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ln rats, intragastric administration of 15 doses of 100 mg/kg bw ethylene oxide in olive oil
during 21 days caused marked loss of body weight, gastric irritation and slight liver damage;
no injury resulted from 22 doses of 30 mg/kg bw over 30 days (Hollingsworth et al., 1956).
(Given the volatility of ethylene oxide, the doses reported in the intragastric studies may be
inaccurate.)

No adverse effect was reported in animais subjected to repeated seven-hour exposures
to ethylene oxide vapour on five days per week for six or seven months at 200 mg/m3 (113
ppm) in guinea-pigs, rabbits and monkeys and 90 mg/m3 (49 ppm) in mice and rats (Hol-
lingsworth et al., 1956). ln a similar experiment, no adverse effect was seen in dogs, mice
or rats treated with 183 mg/m3 (100 ppm) for six months (Jacobson et al., 1956).

Dose-related eye irritation was observed in rabbits exposed to concentrations of over
1800 mg/m3 (1000 ppm) (McDonald et al., 1973).

Effects on reproduction and prenatal toxicity

A recent review of the literature is available (Kimmel et al., 1984), and only important
pa pers are highlighted in this section.

The reproductive toxicity of ethylene oxide has been determined in mice, rats and rabbits
following oral, intravenous and inhalational routes of exposures. ln mice, intravenous admin-
istration of 0, 75 or 150 mg/kg bw ethylene oxide in 5% dextrose solution on days 4-6, 6-8,
8-10 or 10-12 of gestation significantly increased the incidence of craniofacial defects and
fusions of vertebrae in high-dose animais exposed on days 6-8 (19.3%) and 10-12 (9.5%).
The incidence ranged from 0-2.3% in the four control groups. The high-dose level resulted
in maternai mortality after treatment on days 4-6, 8-10 and 10-12 (LaBorde & Kimmel, 1980).
ln rabbits, inhalational exposure to 150 ppm (275 mg/m3) ethylene oxide (pu 

rit y, 99.7%)
vapour for seven hours per day on days 7-19 or 1-19 of gestation resulted in no evidence
of maternai toxicity, embryotoxicity or teratogenicity (Hackett et al., 1982).

Male and female Fischer 344 rats Vlere exposed by inhalation to 100 ppm (180 mg/m3)
ethylene oxide vapour for six hours per day, on five days per week for 12 weeks and then
mated; exposure continued on seven days per week, and exposure of the females contin-
ued through to day 19 of gestation. Fewer implantation sites per female, a smaller ratio of
foetuses born to the number of implants, a decreased number of pups born per litter and
a tendency for longer lengths of gestation were observed (Snellings et al., 1982). No treat-
ment-related effect was found in two lower-dosage (10 and 33 ppm; 18 and 60 mg/m3)
groups. It was not determined whether this effect was due to exposure of the male, of the
female or of both.

Female Sprague-Dawley rats were exposed by inhalation for seven hours per day, on
five days per week on days 7-16 of gestation, on days 1-16 of gestation or for three weeks
prior to mating and then daily until day 16 of gestation to 150 ppm (measured concentration
was within 10% of target concentration) ethylene oxide (purity, 99.7%) vapour. An increas-
ed incidence of resorptions (13.6% compared to 5.4% in controls) was reported in the third
group. Pregestational exposure appears to be an important factor, as similar effects were
not found in females that had gestation al exposure only. Foetal growth indices were re-
duced regardless of whether exposure included the pregestational period or not. The inci-
dence of litters with foetuses with hydroureter was increased only when the mothers were
exposed on days 7-16 (42% compared to 22% in controls). A moderate degree of maternai
toxicity (reduced weight gain) accompanied these findings (Hackett et al., 1982).
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Absorption, distribution, excretion and metabolism

Ethylene oxide is reported to be produced from ethylene in experimental animais (Ehren-
berg et al., 1977). Ethylene and ethylene oxide are produced endogenously in experimental
animais (Filser & Boit, 1983).

ln mice exposed to (1 ,2-3H)-ethylene oxide vapour in air for 60-75 min, a mean of 78% of
the absorbed radioactivity was excreted in urine within 48 hours. Up to several hours, the
highest concentrations of residual radioactivity were found in protein fractions of the spleen,
liver and kidney (Ehrenberg et al., 1974). ln beagle dogs, the total body clearance for an
aqueous solution of ethylene oxide administered intravenously was 20 ml/kg per min. Ethyl-
ene glycol was one of the urinary excretion products identified (Martis et al., 1982).

ln mice exposed by inhalation to (1,2-3H)-ethylene oxide vapour, kidney DNA was alkyl-
ated; the adduct was identified as 7-hydroxyethylguanine. This adduct was also detected
in urine, representing 0.007% of the excreted radioactivity over 48 hours (Ehrenberg et al.,
1974). The N-7 -alkylguanine derivative was also detected in the DNA of liver and testes of

rats receiving ethylene oxide by intraperitoneal injection (Osterman-Golkar et al., 1983).

ln mice given the compound by inhalation, ethylene oxide has been found to bind cova-
lently in vivo to several amino acids in haemoglobin, such as N-1- and N-3-histidine, N-valine
and S-cysteine (Segerbäck, 1983).

Ethylene oxide has been shown to react in vitro with nucleosides to form 7 -alkylguano-
sine (Brookes & Lawley, 1961) and 1-alkyladenosine (Windmueller & Kaplan, 1961). Esterifi-
cation of phosphate groups in DNA has also been suggested (Walles & Ehrenberg, 1968).

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 338)

Ethylene oxide produced differential killng in DNA-repair-proficient compared to
-repair-deficient strains of Bacillus subtils (Tanooka, 1979).

It did not induce mutations in T 2 bacteriophage (Cookson et al., 1971). It was mutagenic
to Salmonella typhimurium TA1535 and TA100, but not to TA1537, TA1538 or TA98 (Rannug
et al., 1976; Pfeiffer & Dunkelberg, 1980; De Flora, 1981). Ethylene oxide was mutagenic in
B. subtiis (Tanooka, 1979) and Neurospora crassa (Kölmark & Westergaard, 1953; Kilbey &
KØlmark, 1968; KØlmark & Kilbey, 1968; de Serres, 1983). It induced forward mutations in
Schizosaccharomyces pombe both in the presence and absence of an exogenous metabo-
lie system (S9) (Migliore et al., 1982).

Ethylene oxide induced mutations at the HGPRT locus of Chinese hamster ovary cells;
this activity was unaffected by the presence of S9 from the Iivers of Aroclor-induced rats
(Tan et al., 1981). ln an abstract, Hatch et al. (1982) reported that ethylene oxide induced
mutations to ouabain and 6-thioguanine resistance in Chinese hamster V79 cells.

Ethylene oxide induced a variety of mutations in barley and rice (Ehrenberg & Gustafsson,
1957; Šulovská et al., 1969; Jana & Roy, 1975; Kucera et al., 1975). Chromosomal aberra-
tions were induced in root tips of barley (Moutschen-Dahmen et al., 1968)

Ethylene oxide induced sex-linked recessive lethal mutations, heritable translocations
(Bird, 1952; Nakao & Auerbach, 1961; Watson, 1966) and minute mutations (Fahmy & Fahmy,
1970) in Drosophila melanogaster.
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Treatment with ethylene oxide induced unscheduled DNA synthesis in human lympho-
cytes in vitro (Pero et al., 1981), chromosomal aberrations in a human FL-cell line (Poir-
ier & Papadopoulo, 1982) and sister chromatid exchanges in human lymphocytes (Garry et
al., 1982, 1984). ln an abstract, Hatch et al. (1982) reported virus-enhanced transformation
(simian adenovirus 7) of primary Syrian hamster embryo cells by ethylene oxide.

Dominant lethal mutations were induced in Long-Evans rats treated by inhalation with
1000 ppm (1800 mg/m3) ethylene oxide vapour for four hours (Embree et al., 1977) and in
male (101 xC3H)F1 mice inhaling 255 ppm (460 mg/m3) ethylene oxide vapour for six hours

per day for two or 11 weeks (Generoso et al., 1983). Dominant lethal mutations also occur-
red in random-bred T-stock male mice given an intraperitoneal dose of 150 mg/kg bw (maxi-
mum tolerated dose); 25 intraperitoneal injections of 60 mg/kg bw over a period of five
weeks induced heritable translocations (Generoso et al., 1980).

Fomenko and Strekalova (1973) and Strekalova et al. (1975) reported an increased inci-
dence of chromosomal aberrations in bone-marrow cells of rats exposed by inhalation to
concentrations of ethylene oxide vapour ranging from 1-112 mg/m3 (0.6-63 ppm). Increased
incidences of chromosomal abnormalities in bone-marrow cells have been reported in
rats exposed to oral doses of 9 mg/kg bw ethylene oxide in aqueous solution (Streka-
lova, 1971).

Micronuclei were observed in bone-marrow cells of male mice treated intraperitoneally
with two doses of 10-200 mg/kg bw ethylene oxide (Conan et al., 1979) and in mice and
rats given two intravenous injections of 100, 150 or 200 mg/kg bw and 100 mg/kg bw, res-
pectively (Appelgren et al., 1978).

Ethylene oxide vapour induced sister chromatid exchanges in peripheral lymphocytes of
rabbits exposed by inhalation to 50 or 250 ppm (90 or 450 mg/m3) on five days per week
for 12 weeks (Yager & Benz, 1982). Dose-related increases in the incidence of sister chro-
matid exchanges occurred in peripheral blood lymphocytes of male Fischer 344 rats expos-
ed by inhalation to 50, 150 or 450 ppm (90, 275 or 825 mg/m3) for six hours per day for one
or three days (Kligerman et al., 1983,1984). ln an abstract, Embree and Hine (1975) report-
ed that chromosomal aberrations were induced in bone-marrow cells of male Long-Evans
rats exposed to 450 mg/m3 (250 ppm) ethylene oxide vapour for seven hours per day for
three days. ln monkeys, inhalation of 50 and 100 ppm (90 and 180 mg/m3) ethylene oxide
vapour led to an increase in the frequency of sister chromatid exchanges and structural
chromosomal aberrations in peripherallymphocytes (Lynch et al., 1984b).

(b) Humans

Toxic effects

Systemic poisoning due to exposure to ethylene oxide is rare, but three cases have
been reported in which headache, vomiting, dyspnoea, diarrhoea and Iymphocytosis occur-
red (Hine & Rowe, 1963) and one case with nausea and stomach spasms (Salinas et al.,
1981). Skin burns were observed in workers in prolonged contact with a 1 % solution of
ethylene oxide in water (Sexton & Henson, 1949); one case of corneal burns was report-
ed (McLaughlin, 1946). Workers have developed severe skin irritation, including reçjness,
oedema, blisters and ulceration, after wearing rubber gloves that had absorbed ethylene
oxide (Royce & Moore, 1955). Skin burns and dermatitis have been observed in a number
of medical personnel after contact with material treated with ethylene oxide (Joyner, 1964;
Taylor, 1977) and in hospitalized people in contact with reused surgical gowns, drapes or
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apparatus sterilzed with ethylene oxide (Marx et al., 1969; LaDage, 1970; Hanifin, 1971;

Fisher, 1973a,b; Biro et al., 1974; Lebrec et al., 1977).

Five cases of peripheral neuropathy and one case of encephalopathy have been describ-
ed after employment in chemical sterilization, where transient concentrations of ethylene
oxide were thought to have exceeded the odour threshold (700 ppm; 1280 mgjm3) (Gross
et al., 1979; Kuzuhara et al., 1983). Three men developed cataracts after exposure to ethyl-
ene oxide sterilizers (Jay et al., 1982).

Effects on reproduction and prenatal toxicity

Hemminki et al. (1982) reported a retrospective study among female sterilizing staff in
hospitals in Finland on 1443 pregnancy outcomes that occurred between the early 1950s
and 1981. Nursing supervisors trom approximately 80 hospitals identified the study partici-
pants and the exposure status of each with regard to specifie sterilizing agents, which inclu-
ded ethylene oxide, glutaraldehyde and formaldehyde. The pregnancies of sterilizing staff
were categorized as 'exposed or 'unexposed on the basis of the work history at the begin-
ning of each pregnancy, and comparisons were made between these two groups. ln addi-
tion, a control group was established consisting of 1179 pregnancies among female nurs-
ing auxiliaries who had had no exposure to sterilizing agents, anaesthetic gases or X-rays.
Information was collected from each study participant by a self-administered questionnaire.
For spontaneous abortions, the most significant increase in rates (adjusted for age, pa rit y,
decade of pregnancy, coffee consumption, alcohol consumption and smoking habits) was
observed for exposure to ethylene oxide alone: 16.1 % for exposed pregnancies, 7.8% for
unexposed pregnancies (p , 0.01) and 10.5% for controls. ln a subsequent analysis (Hem-
minki et al., 1983), the authors applied a stricter age adjustment and restricted pregnancies
among controls to those that began during hospital employment; they found similar results
for ethylene oxide exposure.

Pregnancy outcome data for sterilizing staff and controls identified from hospital dis-
charge registries in Finland from 1973 to 1979 were compared (Hemminki et al., 1982). A
significant increase in age-adjusted spontaneous abortion rates was observed for ethylene
oxide-exposed pregnancies among the sterilizing staff (22.6%) compared to the age-ad just-
ed rate among control pregnancies (9.2%), confirming the finding made on the basis of data
obtained from the questionnaires.

Absorption, distribution, excretion and metabolism

2-Hydroxyethyl residues bound to N-3-histidine have been detected in the haemoglobin
of workers in ethylene oxide sterilization plants (Calle man et al., 1978). No significant differ-
ence was detected between the levels of modified haemoglobin in workers exposed to low
levels of ethylene oxide and controls; even the control population had measurable levels of
modified haemoglobin (van Sittert et al., 1984).

Mutagenicity and chromosomal effects (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 338)

Exposure to ethylene oxide in the workplace has been associated with increases in sister
chromatid exchange (SCE) frequencies in peripheral blood lymphocytes of exposed workers.
Recently reported studies on large groups of individuals suggest an exposure-related res-
ponse (Table 8).
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Table 8. Sister chromatid exchange (SCE) induction in peripheral blood lymphocytes of workers exposed to ethylene oxide

Reference No. exposed Mean and range of Exposure leveia No. of con- Mean and range of Remarks
SCE frequencies trois SCE frequencies

Garry et al. (1979) 12 8.7 36 ppm 8 6.4 4 Exposed with respiratory and
4.90-7.05 neurological symptoms had the

highest number of SCEs
Husgafvel-Pursiai- 4 8.5-13.0 Not given 21 7.0-13.2 Includes smokers and
nen et al. (1980) non-smokers in both groups ):
.Hedner et al. (1982) 22 6.8-24.9 Not given 35 7.1-12.2 No significant difference :I

between exposed and controls 0
Hoistedt et al. 28 10.2 and 11.4 at TWA-Ievel .:1 ppm 20 10.0 and 8.5 factories No difference between exposed š:
(19 3) factories 1 and IL, 1 and IL, respectively and controls 0respectively ZLaurent et al. 25 9.61-17.57 Not given 10 7.04-8.52 Includes smokers and 0(1983) non-smokers in both groups CiYager et al. (1983) Low exposure: 9 7.76 Cumulative dose 13 7.56 Includes smokers and :I6.16-9.62 .:100 mg (6 mo.) 6.80-9.38 non-smokers in both groups ):

High exposure: 5 10.69 ;:100 mg (6 mo.) "'8.00-12.98 :i
Hansen et al. (1984)14 7.64 .:5.0 ppm 14 7.83 Includes smokers and Cf

6.2-9.9 8-h TWA 5.8-9.7 non-smokers in both groups -cNo difference between exposed 0and controls rLaurent et al. Low exposure: 7 12.14 Cumulative dose 15 Non-smo- 7.52 Includes smokers and C
(1984) 9.61-16.02 range (2 yrs) 532- kers 5.74-8.54 non-smokers in the exposed š:714 mg group

1 mHigh exposure: 11 13.67 1185-5802 mg 7 Smokers 8.24
W10.52-17.57 (2 yrs) 7.20-9.86 0)

Sarto et al. (1984) Low exposure: 22 11.0 8-h TWA 41 10.0 Tendency to a dose-effect
0.2-0.5 ppm relationship

High exposure: 19 13.0 8-h TW A
3.7-20 ppm

Stolley et al. (1984) 61 b 8-h TWA 53 Tendency to a dose-effect
0.5-200 ppm relationship

aTWA, time-weighted average
bSee text
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ln a follow-up period up to 24 months, Stolley et al. (1984) analysed SCE frequen-
cies in peripheral lymphocytes of workers exposed to different concentrations of ethylene
oxide (eight-hour time-weighted averages in ppm (mg/m3)): 0.5 (0.9) (worksite 1), 5-10 (9-18)
(worksite Il), 5-20 (9-36) to 50-200 (90-360) (worksite III)). The SCE frequencies were signi-
ficantly elevated in the lymphocytes of workers at worksites Il and III. ln the highest-expo-
sure group (worksite III, two workers), the SCE rate was very high (average, 32.3 SCEs per
cell) and remained high even after 24 months (average, 21.1 SC Es per cell), indicating that
DNA lesions leading to SCEs were persistent (see also Laurent et al., 1983).

Exposure in vivo to ethylene oxide has been found to lead to structural chromosomal
aberrations in human peripheral lymphocytes (Pero et al., 1981; Thiess et al., 1981 a; Hög-
stedt et al., 1983). (ln ail these studies, a culture time of 72 hours was used, which is lon-
ger than that currently recommended (Evans, 1984).)

van Sittert et al. (1984) found no significant increase in the frequencies of structural
chromosomal aberrations in peripheral lymphocytes of workers exposed to ethylene oxide.
These authors used culture times of 48 hours and 72 hours. Metaphases were scored from
48-hour cultures, and from 72-hour cultures in cases where not enough metaphases were
found in preparations from 48-hour cultures.

An elevated frequency of micronucleated cells was observed in bone-marrow smears
from persons exposed to ethylene oxide (Högstedt et al., 1983).

3.3 Case reports and epidemiological studies of carcinogenicity to humans

Hogstedt et al. (1979b) reported three cases of leukaemia, brought to the attention of the
authors by the safety committee of the work force, that occurred between 1972 and 1977
in 70 workers ever employed during that period in a factory in Sweden. From 1968-1977,
50% ethylene oxide and 50% methyl formate had been used for sterilizing hospital equip-
ment. Two cases of leukaemia occurred among 68 women who were not involved in ste ri-
lization but were exposed to vapours from sterilized boxes stored for weekly periods in a
factory storage hall, where about 30 persons were exposed at any one time. One women
with chronic myeloid leukaemia and another with acute myelogenous leukaemia had been
exposed for eight hours per day during four and eight years, respectively. The third case
was the local male manager, who developed primary macroglobulinaemia (morbus Waldens-
tröm) nine years after installation of the sterilizing equipment; he was estimated to have been
exposed to ethylene oxide in the storage hall for three hours per week. This man had pre-
viously 'had some occasional contact with benzene in laboratory work'. Exposure measure-
ments to ethylene oxide were made in 1977 during the course of the investigation by con-
tinuous recording with an infrared spectrophotometer and by gas chromatography of samp-
les collected in impinger bottles. Representative samples taken from different areas in the
storage hall at various times showed values ranging from 2-70 ppm (3.6-128 mg/m3), decreas-
ing during the week of storage of sterilized boxes. The eight-hour, time-weighted average
concentration in the breathing zone of the women was calculated by industrial hygienists to
have been 20 :t 10 (SD) ppm (36 :t18 mg/m3) during the period 1968-1977. No ex po-
sure measurement was made of methyl formate, but the authors stated that there would
have been less exposure to this compound owing to its lower volatility. ln addition to the 70
workers described above, another 153 had had occasional exposure and seven sterilizing
operators had had peak exposures at some time during the period 1968-1977. The expect-
ed number of cases of leukaemia during that period was calculated by multiplying the per-
son-years of observation by the national se x- and age-specifie leukaemia incidence rates for
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1972. Expected numbers were 0.2 cases for ail 230 employees. ln a follow-up of this study,
Hogstedt et al. (1984) reported an expected number of 0.07 for those exposed in the stor-
age halL.

ln an epidemiological follow-up study of cancer incidence and mortality at the same plant
(Hogstedt et al., 1984), the 203 workers who had been employed for more than one year
were followed up to 1982. A further death from leukaemia - acute blastic leukaemia - was
reported in a woman aged 56 who had been employed in various parts of the plant from
1969 to 1972, including brief periods in the storage halL. The case of morbus Waldenström
in the male manager had been reclassified as a non-Hodgkin's Iymphoma. Altogether, there-
fore, four deaths from malignancies of the Iymphatohaematopoietic system occurred among
the 203 workers, compared to 0.3 expected; no further incident case of leukaemia had been
reported to the cancer registry up to 1981.

(The Working Group noted that no statistical evaluation was possible because the stud-
ies are based on a cluster of case reports.)

A cohort study on male workers employed in a Swedish ethylene oxide-producing plant
was undertaken by Hogstedt et al. (1979a), following initial case reports described above.
This study consisted of a follow-up of a group of men who had been examined medically
in 1960. Mortality and cancer incidence from 1961-1977 were examined and expected num-
bers were calculated from five-year age-, gender- and calendar year-specific national sta-
tistics. ln ail, 23 deaths were observed compared to 13.5 expected (p -: 0.05). The excess
mortality was due partly to increased mortality from cancer (nine cases observed, 3.4 expec-
ted; p -: 0.01), but also to diseases of the circulatory system. The excess cancer mortality
resulted from stomach cancer (three cases observed, 0.4 expected; p -: 0.01) and leukae-
mia (two cases observed, 0.14 expected, p -: 0.01), consisting of one chronic Iymphatic leu-
kaemia and one acute myeloid leukaemia. With a requirement of 10 years of exposurejem-
ployment and 20 years since first exposure, 13 deaths were observed compared to 4.6
expected; in these cases, five tumours were observed compared to 1.1 expected (p -: 0.01).
No increase in mortality was observed among 86 maintenance workers exposed intermit-
tently to ethylene oxide, or among 66 unexposed men employed in the same factory. Expo-
sure to ethylene oxide during the period 1941-1947 was estimated by a company-affiliated
industrial hygiene consultant to have been below 25 mgjm3, although occasional expo-
sures above the odour threshold (about 1300 mgjm3) occurred. During the 1950s and
through to 1963 an average concentration of 10-50 mgjm3 ethylene oxide was estimated,
but peaks above the odour threshold still occurred. Since the ethylene oxide was produced
by the chlorohydrin process, there might have been significant exposure to other chemi-
cals, including large amounts of ethylene dichloride (1,2-dichloroethane, see IARC, 1979d),
ethylene (see IARC, 1979a) and ethylene chlorohydrin and small amounts of bis(2-chloro-
ethyl)ether (see IARC, 1975) for one hour per shift. Ethylene oxide production ceased in
1963, and propyle ne oxide (see this volume, p. 227) was produced in the sa me plant from
1964 onwards; it is not known whether the same workers were exposed. The authors con-
c1uded that the excess mortality and cancer incidence could not be attributed to any particu-
lar chemical in the production process, 'but ethylene oxide and ethylene dichloride are the
prime suspects'.

ln a further follow-up to 1982 (Hogstedt et al., 1984), seven more deaths had occurred
among ethylene oxide operators compared to 6.6 expected according to national statistics.
Another three cancer deaths had occurred among full-time exposed workers (1.6 expected);
two were stomach cancers (0.2 expected) and one an oesophageal cancer (0.04 expected).
ln the total period 1961-1982, six deaths due to oesophageal cancer and to stomach cancer
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were observed among full-time exposed ethylene operators (0.7 expected). Three out of five
stomach cancer cases had occurred among operators with less than five years of employ-
ment. Alimentary-tract cancer was observed in two maintenance workers (0.8 expected) and
in one unexposed worker (0.8 expected). Cancer incidence during the period 1961-1981 was
significantly in excess among the operators, in whom 17 cases were notified to the cancer
registry (7.9 expected according to national statistics). One new case of chronic myeloid leu-
kaemia had been reported to the cancer registry during the follow-up period, compared to
0.06 expected for ail leukaemias.

Morgan et al. (1981) reported a retrospective cohort study on 767 men employed between
1955 and 1977 for at least five years and 'potentially exposed to ethylene oxide' in an out-
door reaction system in a chemical plant in eastern Texas, USA. ln an industrial hygiene sur-
vey in 1977, ail readings made in the ethylene oxide-production area were less than 10 ppm
(18 mg/m3) ethylene oxide. ln the total cohort, 46 deaths occurred compared to 80 expected
on the basis of US vital statistics; 11 malignant neoplasms were observed, with 15.2 expect-
ed. Excesses were found for pancreatic cancer (3/0.8), 'brain and CNS cancer' (unspecifi-
ed) (2/0.7) and Hodgkin's disease (2/0.4), but no death from leukaemia was found. Accord-
ing to the authors, only a 10-fold or greater increas!3 in the risk of leukaemia deaths is Iikely
to have been detected in this study. (The Working Group noted that the criteria for whether
a worker was 'potentially exposed were not described. The marked deficit of observed
deaths suggests that important selective factors were present for this particular group of
workers.)

Thiess et al. (1981 b) reported a mortality study of 602 male active and former employees
who had worked for six months or more in an area of alkylene oxide production in the Fede-
raI Republic of Germany, who had been exposed to ethylene oxide and propyle ne oxide, as
weil as benzene and ethylene chlorohydrin. Industrial hygiene measurements in 1978 sho-
wed that average exposure concentrations of ethylene oxide were .04 ppm (7.3 mg/m3), but
no measurement of past levels was available; records of treated cases of intoxication sug-
gest that higher concentrations may occasionally have been encountered in the past. The
authors stated that the workers were regularly in brief contact with ethylene oxide, propy-
le ne oxide and other substances during sampling operations and when filters were chan-
ged. The first worker was employed in 1928, and the period of follow-up was from that
year until 30 June 1980. Follow-up of German former employees was 97.6% successful, but
30/66 non-German ex-employees included in the cohort were lost to follow-up. The expec-
ted numbers of deaths for the exposed group were calculated for each five-year age
group on the person-year principle, using age-specifie mortality rates for the populations of
Ludwigshafen and Rhinehessia-Palatinate from 1970-1975 and of Germany from 1971-1974.
An internai comparison group of 1662 persons employed in a styrene production facility on
the same site was used. Of the 602 persons in the cohort, 56 had d!9d, whereas expec-
ted numbers were 71.5 (Ludwigshafen), 73.4 (Rhinehessia-Palatinate), 76.6 (Germany) and
57.9 deaths (styrene cohort). There were 14 deaths in this cohort due to cancer, compared
with 16.6 expected from national statistics. Comparison with the styrene cohort revealed an
increased, but non-significant relative risk of death from cancer in the alkylene oxide cúi10rt
(14/9.4). There was one case of myeloid leukaemia (0.15 expected) and one case of Iym-
phatic sarcoma with less than 10 years of 'minimum observation time'. Four stomach can-
cers (2.7 expected) and one brain tumour (0.07 expected) were also observed. (The Working
Group questioned the expected numbers used, since they are not calendar period-specific
over the whole observation period and it is not clear whether they were computed on the
basis of the 92% of identified workers or of the full cohort.)
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4. Summary of Data Reported and Evaluation

4.1 Exposure data

Ethylene oxide has been produced commercially since the First World War and is produc-
ed in large quantities in many countries. A major source of occupational exposure is its use
as a sterilant; another significant source is fumigation of food. Additional sources of expo-
sure are its production and its use as a chemical intermediate.

4.2 Experimental data

Ethylene oxide was tested by intragastric intubation in rats of one strain and induced
local tumours, mainly squamous-cell carcinomas of the forestomach, in a dose-dependent
manner. When rats were fed diets fumigated with ethylene oxide, no increased incidence of
tumours was observed. ln two experiments by inhalation exposure in rats of one strain, ethyl-
ene oxide increased the incidence of mononuclear-cell leukaemia in animaIs of both sexes
and of peritoneal mesotheliomas in males. ln one of these experiments in male rats, glio-
mas of the brain were induced; a high incidence of proliferative lesions of the adrenal cortex
was also found. Ethylene oxide was tested by subcutaneous injection in mice of one strain
and produced local tumours, mainly fibrosarcomas, in a dose-dependent manner.

Ethylene oxide has been tested for teratogenicity in mice, rats and rabbits. Teratogenic
effects were observed in the offspring of mice given intravenous injections of maternally
toxic doses. Fewer implantation sites and increased resorptions were observed in rats fol-
lowing inhalation exposure to ethylene oxide. No effect was seen in rabbits.

Overall assessment of data trom short-term tests: ethylene oxidea

Genetic activity CeU transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes + +

Fungi/green + +
plants

Insects + +

Mammalian ceUs + + +
(in vitro)

Mammals + +
(in vivo)

Humans +
(in vivo)

Degree of evidence in short-term tests for genetic activity: Sufficient CeU transformation: No
data

aThe groups into which the table is divided and the symbol + are defined on pp. 17-18 of the Preamble; the degrees
. of evidence are defined on p. 18.
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Ethylene oxide caused DNA damage in bacteria and was mutagenic to bacteria, plants,
fungi and insects. It caused chromosomal aberrations in plants and heritable translocations
in insects. ln cultured mammalian cells, it was mutagenic and induced DNA damage, chro-
mosomal aberrations and sister chromatid exchanges. Ethylene oxide alkylated DNA in mice
and rats in vivo. It induced sister chromatid exchanges, chromosomal aberrations, micronu-
clei, dominant lethal mutations and heritable translocations in mammals in vivo. ln monkeys,
ethylene oxide induced chromosomal aberrations and sister chromatid exchanges in peri-
pheral lymphocytes.

4.3 Human data

From the workforce of a small Swedish factory among whom exposure primarily to ethyl-
ene oxide had occurred, case reports of two myeloid leukaemias and one morbus Wal-
denström, later reclassified as non-Hodgkin's Iymphoma, were initially published. ln a subse-
quent five-year follow-up a further death from leukaemia (acute 'blastic') was reported.

A cohort study of Swedish ethylene oxide-production workers found a statistically sig ni-
ficant excess of leukaemia based on two deaths (one myeloid and one Iymphatic). Again, in
a subsequent five-year follow-up a further leukaemia case (myeloid) was registered. There
was also a statistically significant excess of stomach cancer. However, these production
workers were also exposed to other chemicals. A cohort study of ethylene oxide-produc-
tion workers in the USA found no case of leukaemia. However, there was only low poten-
tial exposure to ethylene oxide among the workforce and an unusually large deficit in the
total deaths reported compared to the number expected. A cohort study of factory workers
in Germany exposed to ethylene oxide and a mixture of other chemicals reported one death
from leukaemia (myeloid) with less than one expected.

A causal relationship between exposure to ethylene oxide and leukaemia may be credible,
but the four small epidemiological studies so far available suffer from various disadvan-
tages which make their interpretation difficult. Further epidemiological studies among per-
sons exposed to ethylene oxide alone are desirable.

ln a study of hospital sterilizing staff, a statistically significant excess of spontaneous
abortions was reported among women exposed to ethylene oxide during pregnancy.

Significant increases in the frequencies of sister chromatid exchanges in peripheral lym-
phocytes have been associated with occupational exposure to ethylene oxide. There are also
indications of increases in the frequencies of chromosomal aberrations in peripheral lym-
phocytes.

4.4 Evaluation 1

There is sufficient evidence for the carcinogenicity of ethylene oxide to experiment-
al animais.

There is Iimited evidence for the carcinogenicity to humans of exposure to ethylene oxide
in combination with other chemicals; there is inadequate evidence for the carcinogenicity to
hum ans of exposure to ethylene oxide alone.

Taken together, the data indicate that ethylene oxide is probably carcinogeni~ t9 humans.

1 For definìtions of the ìtalicized tèrms, see the Preamble, pp. 15-16.
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PROPYLENE OXIDE

This substance was considered by a previous working group, in February 1976 (IARC,
1976). Since that time, new data have become available, and these have been incorporated
into the monograph and taken into account in the present evaluation.

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 75-56-9

Chem. Abstr. Name: Oxirane, methyl-

IUPAC Systematic Name: Propyle ne oxide

Synonyms: Epoxy propane; epoxypropane; 1,2-epoxypropane; 2,3-epoxypropane;
methyl ethylene oxide; methyl oxirane; methyloxirane; NCI-C50099; PO; propene
oxide; propylene epoxide; 1,2-propylene oxide

1.2 Structural and molecular formulae and molecular weight

CH3-CH-CHi
'0/

C3H60 MoL. wt: 58.1

1.3 èhemical and physical properties of the pure substance

From Kirk and Dempsey (1982), unless otherwise specified

(a) Description: Colourless liquid (a racemic mixture of two optical isomers)

(b) Boiling-point: 34.2°C

(c) Freezing-point: -112°C

(d) Density: 0.830 at 20°C
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(e) Refractive index: nô5 1.36322

(f) Optical rotation: (ci)ó8, +12.72° (R-isomer) and. -8.26° (S-isomer)

(g) Spectroscopy data: Infrared and nuclear magnetic resonance spectral data have
been reported (National Toxicology Program, 1984).

(h) Solubilty: Solubility in water (20°C), 40.5 wt % (Windholz, 1983); miscible with most
organic solvents

(/) Viscosity: 0.28 cP at 25°C (Bogyo et al., 1980)

(¡) Volatilty: Vapour pressure, 439 mm Hg at 20°C

(k) Stability: Flash-point (closed-cup), -35°C; inflammable (Windholz, 1983)

(~ Reactivity: Very reactive (e.g., polymerizes, reacts with compounds having labile
hydrogen)

(m) Conversion factor: 1 ppm = 2.37 mg/m3 at 760 mm Hg and 25°C (Verschue-
ren, 1977)

1.4 Technical products and impurities

Propylene oxide is available in the USA with the following typical specifications: water,
500 mg/kg max; total aldehydes, 100 mg/kg max; chlorides (as chlorine), 40 mg/kg max;
acidity (as acetic acid), 20 mg/kg max; and density (25/25°C), 0.829-0.831 (Kirk & Dempsey,
1982).

Propyle ne oxide is available in western Europe with the following specifications: purity,
99.9% min; water, 200 mg/kg max; aldehydes (as propionaldehyde), 100 mg/kg max; and
chlorine, 50 mg/kg max.

It has been reported that the chlorohydrin process (see section 2.1 (a) below) can produce
monochloroacetone, 1,2-dichloro-3-propanol, and propylene dichloride in small amounts.
Acetaldehyde (see monograph, p. 101) and propionaldehyde are produced in small amounts
as by-products of the peroxidation processes (see section 2.1 (a) below) (Kirk & Dempsey,
1982).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Propyle ne oxide was f¡rst prepared in 1860 by Oser (Kirk & Dempsey, 1982) by the reac-
tion of propylene chlorohydrin with potassium hydroxide (Windholz, 1983). Until 1969, essen-
tially ail the propyle ne oxide produced in the USA was made by the so-called chlorohydrin
process in which propylene is treated with hypochlorous acid (chlorine and water) to
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produce propylene chlorohydrin; this is converted to propylene oxide using calcium hy-
droxide of sodium hydroxide. A plant using a version of the peroxidation process was
started in the USA in 1969. Peroxidation processes use an oxidant such as an organic
hydroperoxide (tert-butyl hydroperoxide or ethylbenzene hydroperoxide) or peracetic acid
to convert propyle ne to propylene oxide. Currently, about one-half of US propylene oxide-
production capacity is based on the chlorohydrin process, and the other half is based on
the peroxidation process using an organic hydroperoxide (Kirk & Dempsey, 1982).

Propylene oxide was first produced commercially in the USA in 1925 (US Tariff Commis-
sion, 1926). US production reached a peak in 1979 when 1020 thousand tonnes were pro-
duced by six companies (US International Trade Commission, 1980). Total production by
the four plants of the two US producing companies (one uses the chlorohydrin process and
the other the peroxidation process) is estimated to have been 762 thousand tonnes in 1982.
US imports of propylene oxide (mostly from Canada and Brazil) amounted to 23.1 thousand
tonnes in 1982 (US Department of Commerce, 1983). US exports (mostly to Mexico, Austra-
lia and Japan) were 75.4 th ou sand tonnes in 1983 (US Department of Commerce, 1984).

Propylene oxide is produced by one company in Canada and one in Brazil.

it is produced by four companies in the Federal Republic of Germany, two in the
Netherlands and one each in France, Italy and Spain. Six of these companies use the chlo-
rohydrin process and three use the peroxidation process. Total western European produc-
tion peaked at about 850 thousand tonnes in 1979 and amounted to about 810 thousand
tonnes in 1982. At least one-half of the total was produced in Germany. Propylene oxide
is also produced at two plants in Romania and at one plant each in Bulgaria, the German.
Democratie Republic, Poland, the USSR and Yugoslavia.

Commercial production of propylene oxide started in Japan in 1959. Five Japanese com-
panies currently manufacture it at six plants (only one uses the peroxidation process), and
production in 1982 is estimated to have been 186 thousand tonnes. Japanese imports
amounted to 19 thousand tonnes in 1982 and exports totalled 10 thousand tonnes.

Propylene oxide is produced by one company in Taiwan and at one plant in India.

(b) Use

Almost ail propyle ne oxide is used as a chemical intermediate, mainly in the production
of polyols used in polyurethane manufacture and as a chemical intermediate in the manufac-
ture of propylene glycoL. The use pattern for the estimated 730 thousand tonnes of propyl-
ene oxide used in the USA in 1982 was as follows: polyurethane polyols, 64%; propylene
glycol, 19%; dipropylene glycol, 2%; glycol ethers, 2%; and other uses (including minor quan-
tities used in nonintermediate applications), 13%.

The polyols made from propylene oxide by reaction with glycols or other hydroxy com-
pounds are used in the manufacture of polyurethane polymers. About half of the total is
used in polyurethane foams (predominantly flexible foams) (see IARC, 1979), and the other
half in non-foam applications (e.g., surface coatings, elastomers, etc.).

Propylene glycol, made by the reaction of propyle ne oxide with water, is used mainly for
production of unsaturated polyester resins; a va ri et y of smaller applications include use as
a solvent for foods, drugs, cosmetics and surface coatings, and as a tobacco humectant.
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Other uses for propylene oxide include use as a chemical intermediate in the manufac-
ture of: dipropylene glycol (Iargely used for unsaturated polyester resin production); glycol
ethers (solvents); nonurethane polyether polyols (mostly surfactants and lubricants); isopro-
panolamines; various surfactants (e.g., ethoxylated and propoxylated higher alcohols); pro-
pylene carbonate; and hydroxypropyl cellulose and similar products. It was also used in the
USA until 1982 to make glycerol through allyl alcohol.

Propylene oxide itself is used as a fumigant, principally for sterilizing packaged food pro-
ducts in fumigation chambers (Berg, 1984). It has also been reported to have found use as
a stabilizer in dichloromethane (US Environmental Protection Agency, 1984).

The use pattern for the estimated 830 thousand tonnes of propylene oxide used in wes-
tern Europe in 1982 was as follows: polyols, 72%; propylene glycol, 23%; and other uses,
5%.

An estimated 190 thousand tonnes of propylene oxide were used in Japan in 1982, with
the following use pattern: polypropylene glycol, 77%; and other uses (mainly propyle ne gly-
col), 23%.

Occupational exposure to propylene oxide has been limited by regulation or recommend-
ed guidelines in at least 12 countries. The standards are listed in Table 1.

The US Food and Drug Administration (1980) has approved use of propyle ne oxide as a

direct and indirect food additive for the following purposes: (1) as an etherifying agent in the
production of modified food starch (at use levels of 25% max or less); and (2) as a package
fumigant for certain fruit products and as a fumigant for bulk quantities of several food pro-

Table 1. National occupation al exposure limits for propylene oxidea

StatusCountry Concentration

mg/m3 ppm

240 100
240 100
240 100
120 50

240 100
240 100
100
200

12 5
25 10

240 100

240 100
50 20

1

240 100

Year

Australia 1978
Belgium 1978
Finland 1981
Germany, Federal 1984
Republic of
Italy 1978
Netherlands 1978
Romania 1975

Sweden 1981

Switzerland 1978
USAd

OSHA 1978
ACGIH 1984/85

USSR 1977
Yugoslavia 1971

Interpretationb

TWA Guideline
TWA Regulation
TWAC Regulation
TWA Guideline

TWA Guideline
TWA Guideline
TWA Regulation
Maximum
TWA Guideline
STEL
TWA Regulation

TWA Regulation
TWA Guideline
Maximumc Regulation
Ceiling Regulation

aFrom International Labour Office (1980); National Finnish Board of Occupational Safety and Health (1981); National
Swedish Board of Occupational Safety and Health (1981); American Conference of Governmental Industrial Hygien-
ists (1984); Deutsche Forschungsgemeinschaft (1984)

bTWA, time-weighted average; STEL, short-term exposure limit
cSkin irritant notation added
dOSHA, Occupational Safety and Health Administration; ACGIH, American Conference of Governmental Industrial

Hygienists
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ducts, provided residues of propylene oxide or propylene glycol do not exceed specified
Iimits.

The US Environmental Protection Agency (1982) exempted propyle ne oxide from a toler-
ance on its residues on agricultural products when used as a stabilizer in accordance with
good agricultural practice as an inert (or occasionally active) ingredient in pesticide formula-
tions applied to growing crops, raw agricultural commodities after harvest, or animais. That
Agency has also identified propyle ne oxide as a toxic waste and requires that persons
who generate, transport, treat, store or dispose of it comply with the regulations of a feder-
al hazardous waste management programme (US Environmental Protection Agency, 1980).
The US Environmental Protection Agency (1983) also requires that notification be given
whenever discharges containing 45.4 kg or more of propylene oxide are made into
waterways.

As part of the Hazardous Materials Regulations of the US Department of Transportation
(1982), shipments of propylene oxide are subject to a variety of labelling, packaging, quan-
tity and shipping restrictions consistent with its designation as a hazardous material.

2.2 Occurrence

(a) Natural occurrence

Propylene oxide is not known to occur as a natural product.

(b) Occupational exposure

ln its 1974 National Occupational Hazard Survey, the National Institute for Occupational
Safety and Health (1981) found that US workers in 78 industries were exposed to propylene
oxide.

Occupational exposure to propylene oxide was evaluated for two units of a large chem-
ical manufacturing facility producing more than 200 chemical products, including derivatives
of propylene oxide. Propylene oxide was not detectable (~0.4 mg/m3) in ail but one sam pie,
which contained 3.6 mg/m3 and was obtained for an inside operator at a flexible polyol unit
(Oser et al., 1978). ln a similar study, occupational exposure to propyle ne oxide was eval-
uated for three units of another large chemical manufacturing facility which produced deriva-
tives of propyle ne oxide among its many chemical products. Levels of worker exposure were
reported to be 0.5-5.9 mg/m3 in the polymer polyol unit, not detectable (~0.6 mg/m3)-1.2

mg/m3 in the oxide adducts unit, and not detectable (~0.5 mg/m3) in the flexible polyol unit
(Oser et al., 1979). ln a study by one US manufacturer in 1979, typical average daily expo-
sures of workers to propylene oxide were 0.5-5 mg/m3; worst-case peak exposures were
59-9000 mg/m3, the highest exposure being that of maintenance workers cleaning pumps
(Flores, 1983).

(c) Air

Propyle ne oxide has been tentatively identified in atmospheric air sam pIes in the USA
(Sawicki, 1976). It has also been observed as a product of the combustion of hydrocarbon
fuels and in automobile exhausts (Bogyo et al., 1980).

Estimated US emissions of propyle ne oxide from its production and use in 1978 are
shown in Table 2.
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Table 2. Estimated emissions of propylene oxide in the USA in 1975a

Source Estimated
emission
(kg)

Production
Urethane polyols
Propylene glycol
Surfactant polyols
Di-jtripropylene glycols

Glycol ethers
Miscellaneous

Total

526940
67 120

6320
7190
1320

530
1740

aFrom Systems Applications, Inc. (1981)

611160

(d) Water

Little, if any, propylene oxide is present in the waste-water from propylene oxide manu-
facture via the chlorohydrin process. It was detected in the effluent from one chemical plant
in Bandenburg, KY, USA (Bogyo et al., 1980).

(e) Other

Propylene oxide has been found as a trace level impurity in poly(propylene oxide)
(Mokeyeva et al., 1983).

2.3 Analysis

Methods used for the analysis of propyle ne oxide in a variety of matrices are Iisted in
Table 3.

Table 3. Methods for the analysis of propylene oxide

Sam pie matrix Sam pie preparation Assay
procedurea

Limit of
detection

Reference

Air (workplace) Adsorb (charcoal); desorb
(carbon disulphide)

Concentrate (permeable
silicone membrane)

Air (ambient) Adsorb (Tenax GC); desorb
thermally

Air Adsorb (Porapak N porous
polymer); desorb thermally

Aqueous solution React with sodium sulphide
React with periodate; react
with cadmium iodide-starch

Acetone solution React with 4-(pnitrobenzyl)-
pyridine/triethylamine

Poly(propylene Inject into headspace
oxide)

GCjFID 25 mgjm3 (5-litre
sample)

National Institùte for
Occupational Safety
and Health (1977)
Breuer (1981)

Krost et al. (1982)

Microwave absorp- 5-16 mgjm3
tion spectrometry
GCjMS 60 ngjm3
GCjFID 0.002 mgjm3 Russell (1975)

Swan (1954)
Mishmash & Meloan
(1972)
Agarwal et al. (1979)

Mokeyeva et al. (1983)

Titration Not given
Spectrophotometry Not given

Spectrophotometry ,0.6 ¡.g

GC Not given

aAbbreviations: GCjFID, gas chromatographyjflame ionization detection; GCjMS, gas chromatographyjmass spec-
trometry; GC, gas chromatography
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3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(a) Oral administration

Rat: Groups of 50 female Sprague-Dawley rats, about 100 days old, were administered 15
or 60 mg/kg bw propylene oxide (pu rit y, 99%) in a commercially available salad oïl (compo-
sition unspecified) by gastric intubation twice weekly for 109.5 weeks (average total doses,
2714 and 10798 mg/kg bw, respectively). Control groups consisted of 50 untreated rats and
50 rats treated with salad oil alone. The survival rates in rats treated with propylene oxide
were comparable to those in the controls. Treatment with propylene oxide resulted in a
dose-dependent increase in the incidence of local tumours, mainly squamous-cell carcino-
mas of the forestomach. No squamous-cell carcinoma was found in untreated or vehicle
controls. The first tumour was observed in the 79th week in the high-dose group. The inci-
dences of malignant stomach tumours (squamous-cell carcinomas of the forestomach) were
2/50 in the low-dose group; one animal in the high-dóse group had an adenocarcinoma of
the stomach and one had a carcinoma in situ of the forestomach. ln addition, 7/50 low-dose
and 17/50 high-dose animais developed papilomas, hyperplasia or hyperkeratosis of the
forestomach. The incidences of tumours at various other sites in treated animaIs were not
increased as compared to controls. A positive control group of 50 rats receiving 30 mg/kg
bw ß-propiolactone in salad oil by gastric intubation twice weekly for lifespan had a higher
incidence of stomach tumours (46/50) (type unspecified) than animais treated with propyl-
ene oxide (Dunkelberg, 1982).

(b) Inhalation

Mouse: Groups of 50 male and 50 female B6C3F1 mice, seven to ni ne weeks old, were
exposed to 200 or 400 ppm (474 or 948 mg/m3) propyle ne oxide (purity, :;99.9%) vapour for
six hours per day on five days per week for 103 weeks. Control groups of 50 male and 50
female mice were exposed in inhalation chambers to room air. The number of animaIs sur-
viving to the end of the experiment was lower in the treated groups than in controls (males:
control, 42/50; low-dose, 34/50; high-dose, 29/50; females: control, 38/50; low-dose, 29/50;
high-dose, 10/50). Propylene oxide caused an increase in the incidence and seve rit y of

inflammation of the respiratory epithelium of the nasal turbinates; squamous metaplasia was
observed in one low-dose male and in two high-dose female mice. One squamous-cell car-
cinoma and one papilloma occurred in the nasal cavity of two different high-dose male mice,
and two high-dose female mice had adenocarcinomas of the nasal cavity. Three high-dose
males and three high-dose females had a saccular dilatation of submucosal turbinate ves-
sels (classified as angiectasis). ln the high-dose group, haemangiomas developed in the
nasal cavities of 5/50 male and 3/50 female mice, and haemangiosarcomas developed in
the nasal cavities of 5/50 males and 2/50 females. The increased incidences of haemangio-
mas in males and females and of haemangiosarcomas in males were statistically significant.
Vascular tumours were not observed in the nasal turbinates of low-dose or control mice
(National Toxicology Program, 1984).

Rat: Groups of 50 male and 50 female Fischer 344/N rats, seven to eight weeks old, were
exposed to 200 or 400 ppm (474 or 948 mg/m3) propyle ne oxide (purity, ::99.9%) vapour
for six hours per day on five days per week for 103 weeks. Control groups of 50 male and
50 female rats were exposed in inhalation chambers to room air. Survival of rats exposed
to propylene oxide was comparable with that of the controls. Between 29 and 35 animaIs
per group survived to sacrifice; terminal body weights were lower in high-dose males and
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high-dose females than in controls. Increases in the incidences of suppurative inflammation,
epithelial hyperplasia and squamous metaplasia of the respiratory epithelium of the nasal tur-
binates occurred in treated animais; papilary adenomas, involving the respiratory epithelium
and underlying submucosal glands of the nasal turbinates, were observed in 3/50 female and
2/50 male rats exposed to 400 ppm propyle ne oxide. The incidence of adenomas in fe-
males was significantly different from that in controls as determined by trend tests. ln
high-dose female rats, the incidences of C-cell adenomas and C-cell carcinomas of the th y-
roid were increased, but only the combined incidence of these tumours was significant (con-
trol, 2/45; low-dose, 2/35; high-dose, 7/37) (National Toxicology Program, 1984).

Groups of 80 male weanling Fischer 344 rats were exposed to 0 (control; filtered air), 100
and 300 ppm (237 and 711 mg/m3) propylene oxide (purity, 98%) vapour for about seven
hours per day on five days per week for 104 weeks. Increased mortality was observed in

the two groups of rats exposed to propylene oxide compared to the controls. Rats exposed
to 100 or 300 ppm propylene oxide had an increased incidence of inflammatory lesions of
the respiratory system and of a 'complex epithelial hyperplasia' in the nasal cavity, which
was dose-dependent (controls, 0/76; low-dose 2/77; high-dose 11/78). ln addition, two rats
in the high-dose group developed nasal-cavity adenomas, which were not seen in controls.
The proliferative lesions in the nasal mucosa appeared to be treatment-related, but the
degree to which their development was influenced by the intercurrent inflammatory disease
could not be ascertained. Adrenal phaeochromocytomas developed in 8/78 controls com-
pared with 25/78 rats of the low-dose group and 22/80 rats of the high-dose group. The
increased incidence of this tumour was statistically significant (p ~ 0.05) in the exposed ani-
maIs. An increase in the incidence of peritoneal mesotheliomas was also found in the groups
exposed to propylene oxide (controls, 3/78; low-dose, 8/78; high-dose, 9/80). The incidence
of other neoplasms in the exposed animais was comparable to that of the controls (Lynch
et al., 1984).

(c) Subcutaneous and/or intramuscular administration

Mouse: Groups of 100 female NMRI mice, six to eight weeks old, received subcutaneous
injections of 0.1, 0.3, 1.0 or 2.5 mg/mouse propyle ne oxide (pu rit y, 99%) in tricaprylin once
a week for 95 weeks (mean total doses: 6.8, 21.7, 72.8 or 165.4 mg/mouse, respectively).
Groups of 200 untreated and 200 tricaprylin-treated mice served as controls. Survival rates
in the animais treated with propylene oxide were comparable to those in controls. Propyl-
ene oxide induced local tumours, mostly fibrosarcomas. The incidences of local sarcomas
(fibrosarcomas, pleomorphic sarcomas) were 0/200 in untreated controls, 4/200 in tricaprylin
controls and 3/100 (0.1 mg), 2/100 (0.3 mg), 12/100 (1.0 mg) and 15/100 (2.5 mg) in propyl-
ene oxide-treated animais (p ~ 0.001 by the Cochran Armitage test for trend). The authors
analysed the experiment by estimating the adjusted tumour incidence rates at 600 days and
established a dose-response relationship for these rates. Tumours other than local sarCQ-

mas cou Id not be related to propylene oxide treatment. ln a positive-control group of 100
NMRI mice receiving weekly subcutaneous injections of 2.5 ~g benzo(a)pyrene for 95 weeks,
81 animais developed local sarcomas (Dunkelberg, 1981).

3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

The intragastric LDsos of propyle ne oxide in rats and guinea-pigs were 1.14 and 0.69 g/kg
bw, respectively (Smyth et al., 1941); the percutaneous LDso in rabbits was 1.3 g/kg bw (Weil
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et al., 1963). The four-hour inhalational LCsûs of propylene oxide vapour were 4126 mg/m3
(1740 ppm) in mice and 9486 mg/m3 (4000 ppm) in rats (Jacobson et al., 1956).

No organ injury was seen in rats exposed by inhalation to calculated concentrations of
9480 mg/m3 (4000 ppm) propyle ne oxide vapour for 0.5 hour, to 4740 mg/m3 (2000 ppm) for
two hours or to 2370 mg/m3 (1000 ppm) for seven hours; 4/10 rats died after four hours'
exposure to the highest concentration (Rowe et al., 1956).

Exposure of rats and guinea-pigs to propylene oxide vapour produced eye irritation, nasal
irritation, difficulty in breathing, drowsiness and weakness. While no toxic effect was seen
in monkeys, rabbits, rats or male guinea-pigs exposed to 462 mg/m3 (195 ppm) propylene
oxide vapour on five days per week for six or seven months, an increase in the average
weight of lungs was observed in female guinea-pigs; no adverse effect was noted in the
four species when exposed to 242 mg/m3 (102 ppm). With similar exposures to 1083 mg/m3
(457 ppm), no adverse effect was seen in rabbits and monkeys; irritation of the eye and res-
piratory passages was noted in rats and guinea-pigs (Rowe et al., 1956).

Repeated intragastric doses of 0.2 g/kg bw administered as a 10% solution in olive oil
on five days per week for 24 days produced no toxic effect in rats (Rowe et al., 1956).

ln rabbits, hyperaemia and oedema of the shaved skin resulted from contact with undi-
luted or aqueous solutions of propylene oxide (Rowe et al., 1956).

No compound-related gross or microscopie pathological effect was observed in mice or
rats exposed to up to 500 ppm (1185 mg/m3) propylene oxide vapour for six hours per day
on five days per week for 13 weeks. Suppurative inflammation and squamous metaplasia
of the respiratory epithelium were observed in mice and rats exposed to 200 and 400 ppm
(474 and 948 mg/m3) propyle 

ne oxide vapour at a similar exposure regimen for 104 weeks.
The measured concentrations of gas agreed with the calculated ones (National Toxicology
Program, 1984).

Effects on reproduction and prenatal toxicity

New Zealand white rabbits were exposed by inhalation to 0 (n = 17) or 500 ppm (1185
mg/m3) propylene oxide (purity, 99%) vapour for seven hours per day on either gestation
days 7-19 (n = 11) or 1-19 (n = 19). Foetuses were examined on day 30. Food consump-
tion, but not maternai body weight, was generally depressed in the treated groups during
the periods of exposure. The overall resorption rate was not increased in the treated groups
(0.71 resorptions per Iitter in the control 

s, 0.73 in the group exposed on days 7-19 and 1.58
in the group exposed on days 1-19). However, in females that had been exposed throughout
gestation, the resorption rate was increased (4.3%) as compared to either controls (1.5%)
or females exposed from days 7-19 only (1.3%) (Hackett et al., 1982).

Sprague-Dawley rats were exposed by inhalation to 0 (n = 46) or 500 ppm propylene
oxide (pu rit y, 99%) vapour for seven hours per day either from three weeks prior to gesta-
tion to day 16 of gestation (n = 43), on days 1-16 of gestation (n = 41) or on days 7-16 of
gestation (n = 44). Foetuses were examined on day 21. Food consumption was reduced in
females that received the pregestational exposure, and maternai weight gain tended to be
lower in ail treated groups during exposure. The numbers of corpora lutea (13.8 compared
to 15.4 in controls) and implantation sites per dam (12.3 compared to 13.9 in controls) and,
consequently, the number of live foetuses per litter (11.7 compared to 13.0 in controls) were
lower in the rats receiving pregestational exposure. Foetal growth was reduced in rats re-
ceiving only the gestational exposures. No treatment-related major malformation was seen,
but the incidence of rib dysmorphology (primarily wavy ribs) was increased in ail propyle ne
oxide-treated groups (Hackett et al., 1982). .
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Absorption, distribution, excretion and metabolism

Propyle ne oxide reacts with DNA at neutral pH to yield two principal products,
N-7 -(2-hydroxypropyl)guanine and N-3-(2-hydroxypropyl)adenine (Lawley & Jarman, 1972).
ln-vitro reaction products of propyle ne oxide have been reported with deoxyadenosine and
deoxyguanosine (Hemminki et al., 1980), deoxycytidine (Djuric & Sinsheimer, 1984a) and thym-
idine (Djuric & Sinsheimer, 1984b).

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 340)

Propyle ne oxide did not induce mutations in 1'2 bacteriophage (Cookson et al., 1971). It
was mutagenic to Salmonel/a typhimurium TA 1535 and TA 100 both in the presence and

absence of an exogenous metabolic system; no activity was observed in strains TA 1537 or
T A98. It was also mutagenic to Escherichia coli WP2 and CM891 both in the presence and
absence of an Aroclor-induced rat-liver metabolic system (Wade et al., 1978; Bootman et al.,
1979; Pfeiffer & Dunkelberg, 1980; Yamaguchi, 1982).

Propyle ne oxide induced mutations in Klebsiel/a pneumoniae (Voogd et al., 1981) and in
Neurospora crassa (KØlmark & Giles, 1955). ln Schizosaccharomyces pombe, the induction
of mutations by propylene oxide was slightly reduced by a metabolic system from pheno-
barbital-induced mou se liver (Migliore et al., 1982).

Sex-linked recessive lethal mutations were observed in Drosophila melanogaster ex-
posed to 1530 mg/m3 (645 ppm) propylene oxide vapour for 24 hours (Hardin et al., 1983).

Propyle ne oxide induced DNA single-strand breaks in rat hepatocytes in vitro, as evalua-
ted by alkaline elution (Sina et al., 1983).

Propylene oxide induced chromosomal aberrations in an epithelial-type cellline (RL1) deri-
ved from rat liver (Dean & Hodson-Walker, 1979) and in human lymphocytes treated in vitro
(Bootman et al., 1979).

An increase in the incidence of micronucleated cells in the bone marrow was observed
in male CD-1 mice given two intraperitoneal injections of 300 mg/kg bw propyle ne oxide 30
and six hours prior to killing; no such increase was seen in mice receiving intraperitoneal
injections of 75 or 150 mg/kg bw, nor in mice given two doses (30 and six hours prior to
killing) of 100, 250 or 500 mg/kg bw propylene oxide by gavage (Bootman et al., 1979).

No dominant lethal mutation was observed in the offspring of male CD-1 mice treated
orally with 50 or 250 mg/kg bw propylene oxide every 24 hours for 14 days and mated with
virgin females every week for six weeks (Bootman et al., 1979), nor in Sprague-Dawley rats
treated by inhalation with concentrations of 305 ppm (290-323 ppm) (723/687-765 mg/m3)
propyle ne oxide (pu rit y, 98%) vapour for seven hours per day for five days and mated with
virgin females every five days for 30 days; propylene oxide did not lead to sperm abnormal-
ities in mice (Hardin et al., 1983).

(b) Humans

Toxic effects

Three cases of corneal burns from exposure to propyle ne oxide have been described
(McLaughlin, 1946).
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Effects on reproduction and prenatal toxicity

No data were available to the Working Group.

Absorption, distribution, excretion and metabolism

NT -(2-Hydroxypropyl)histidine was determined in haemoglobin. of workers producing
hydroxypropylated starch, as a measure of exposure. ln those exposed to propylene oxide,
the lever of alkylhistidine was 4.5-13 nmol/g haemoglobin, as compared to 0.1-0.38 nmol/g
haemoglobin in workers exposed to ethylene oxide and .:0.1 nmol/g haemoglobin in
non-exposed workers (Osterman-Golkar et al., 1984).

Mutagenicity and chromosomal effects (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 340)

Lymphocytes obtained from workers exposed to a mixture of alkylene oxides including
ethylene oxide, propyle ne oxide, butylene oxide, dioxane, epichlorohydrin, dichloropropane,
ethylene chlorohydrin and propylene chlorohydrin, showed an increased incidence of chro-
mosomal aberrations (Thiess et al., 1981 a). (The Working Group noted the unquantified
mixed exposure and that a culture time of 70-72 hours was used, which is longer than that
currently recommended (Evans, 1984).)

3.3 Case reports and epidemiological studies of carcinogenicity to humans

Thiess et al: (1981 b) reported a mortality study of 602 active employees and former
employees who had worked for six months or more in an area of alkylene oxide production
in Germany. The men had been exposed to ethylene oxide and, later, to propylene oxide, as
weil as to benzene and ethylene chlorohydrin. This study is reported in detail in the mono-
graph on ethylene oxide (p. 189). It included workers from 1928, although production of
propylene oxide began only in 1959. No industrial hygiene measurement of this compound
was reported. The authors stated that workers were regularly in brief contact with propy-
lene oxide, ethylene oxide and other substances during sampling operations and when filters
were changed. The observed and expected numbers of cancer deaths did not differ signif-
icantly. (The Working Group questioned the calculation of expected numbers (see mono-
graph on ethylene oxide). Since propyle ne oxide production started 30 years after the begin-
ning of the observation period, only a portion of the study population would have been ex-
posed to propylene oxide.

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Propylene oxide has been produced commercially since 1925 and is produced in large
quantities in several countries. It is used primarily as an intermediate and also finds limited
use as a fumigant, principally for sterilizing packaged food products.

4.2 Experimental data

Propylene oxide was tested by oral gavage in rats of one strain and produced
local tumours, mainly squamous-cell carcinomas and papilomas of the forestomach, in a
dose-dependent manner. It was tested by inhalation in mice of one strain and in two exper-
iments in rats of one strain. It produced haemangiomas and haemangiosarcomas of the
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Overall assessment of data from short-term tests: propylene oxidea

Genetic activity Cell transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes +

Fungilgreen plants +

Insects +

Mammalian cells + +
(in vitro)

Mammals (in vivo) +

Humans (in vivo)

Degree of evidence in short-term tests for genetic activity: Suffcient J Cell transformation: No
data

aThe groups into which the table is divided and the symbol + are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.

nasal turbinates in mice; an increased incidence of papilary adenomas of the nasal turbi-
nates was observed in rats in both studies. ln one experiment in male rats, an increased
incidence of adrenal phaeochromocytomas and of peritoneal mesotheliomas was observed.
Propylene oxide was also tested by subcutaneous administration in mice of one strain and
induced local sarcomas, mainly fibrosarcomas, in a dose-dependent manner.

Exposure of rats by inhalation to propylene oxide at maternally toxic doses decreased
the number of corpora lutea, implantation sites and Iive foetuses. No teratogenic effect was
observed in rats or rabbits.

Propylene oxide was mutagenic to bacteria, fungi and insects. It induced DNA damage
and chromosomal aberrations in cultured mammalian cells, and micronuclei in bone-marrow
cells of mice in vivo. Dominant lethal mutations were not induced in mice or rats.

4.3 Human data

A study of workers, some of whom were exposed to propylene oxide but also to other
chemicals, was inconclusive in relation to the carcinogenicity of propylene oxide.

No adequate data were available to the Working Group on mutagenic or chromosomal
effects of propylene oxide in humans.

4.4 Evaluation1

There is sufficient evidence2 for the carcinogenicity of propylene oxide to experimen-
tal animais.

There is inadequate evidence for the carcinogenicity of propylene oxide to humans.

1 For definitions of the italicized terms, see the Preamble, pp. 15-16.
21n the absence of adequate data on humans, it is reasonable, for practical purposes, to regard chemicals for which

there is sufficient evidence of carcinogenicity in experimental animais as if they represented a carcinogenic
risk to humans.
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STYRENE OXIDE

This substance was considered by previous working groups, in February 1976 (IARC,
1976), February 1978 (IARC, 1979a) and February 1982 (IARC, 1982a). Since that time, new
data have become available, and these have been incorporated into the monograph and
taken into account in the present evaluation.

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 96-09-3

Chem. Abstr. Name: Oxirane, phenyl-

IUPAC Systematic Name: (Epoxyethyl)benzene

Synonyms: Epoxyethylbenzene; 1,2-epoxyethylbenzene; (1,2-epoxyethyl)benzene;¡
epoxystyrene; ci,ß-epoxystyrene; NCI-C54977; phenethylene oxide; 1-phenyl-
1,2-epoxyethane; phenylethylene oxide; phenyl oxirane; phenyloxirane; 1-phenyl-
oxirane; 2-phenyloxirane; styrene epoxide; styrene 7,8-oxide; styrene-7,8-oxide;
styryl oxide

1.2 Structural and molecular formulae and molecular weight

rSCH-CH2
Qi '0/

CaHaO MoL. wt: 120.2

1.3 Chemical and physical properties of the pure substance

From National Research Council (1981), unless otherwise specified

(a) Description: Colourless to pale, straw-coloured liquid (Hawley, 1981)

(b) Boilng-point 194.1°C

-, 245 -
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(c) Freezing-point: -36.8°C

(cf Density: Specifie gravit y (20j20°C), 1.0540

(e) Refractive index: nßo 1.5339

(f) Spectroscopy data: Ultraviolet, infrared, nuclear magnetic resonance and mass
spectral data have been reported

(g) Solubility: Slightly soluble in water (0.3%); completely soluble in acetone, benzene,
carbon tetrachloride, diethyl ether, heptane and methanol

(h) Viscosity: 1.99 cP at 20°C

(/) Volatilty: Vapour pressure, 0.3 mm Hg at 20°C

(¡) Stabilty: Flash-point, 80°C

(k) Reactivity: Reacts with compounds having labile hydrogen

(D Conversion factor: 1 ppm = 4.91 mgjm3 at 760 mm Hg and 25°C

1.4 Technical products and impurities

Typical properties of the styrene oxide available from the sole US producing company
are: purity, 97.5%; apparent specifie gravit y (20j20°C), 1.0540; boiling-point, 194.0°C; vapour
pressure, -c1 mm Hg at 20°C; freezing-point, -36.8°C; and solubility in water (20°C), 0.3%
(Union Carbide Corporation, 1979).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Styrene oxide was first made in 1905 by the reaction of styrene iodohydrin with potassium
hydroxide (Fourneau & Tiffeneau, 1905). It is believed to be produced commercially either
by treating styrene chlorohydrin with al kali or by epoxidizing styrene (see IARC, 1979b) with
peracetic acid (Lapkin, 1967).

Commercial production of styrene oxide in the USA was first reported in 1974 (US Inter-
national Trade Commission, 1976). Currently, the sole producer is estimated to produce
450-900 thousand kg per year. Imports of styrene oxide through the principal US customs
districts have been reported in only two years. ln 1979, they amounted to 24 thousand kg
(US International Trade Commission, 1980), and in 1982, they totalled 276 thousand kg (US
International Trade Commission, 1983). Separate data on US exports of styrene oxide are
not published.
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Commercial production in Japan of styrene oxide started in 1964. Two Japanese com-
panies currently manufacture styrene oxide, and their combined 1983 production is estimat-
ed to have been 3-4 million kg, about one millon kg of which was exported.

(b) Use

Styrene oxide is used as a reactive plasticizer or diluent in epoxy resins to lengthen the
polymer segments between cross-links and to produce a slight softening and flexibility with
improved impact strength (Sears & Touchette, 1982).

Styrene oxide is also used as a chemical intermediate in one of the commercial proces-
ses for making ß-phenethyl alcohol, a fragrance material. Ringk and Theimer (1978) report-
ed that 20% of ail ß-phenethyl alcohol is produced by this process, and they estimated
that total US production of ß-phenethyl alcohol amounted to 1.2 million kg in 1976 (this would
mean that 240 thousand kg were made from styrene oxide).

Styrene oxide has also been used to make a polymer with linoleic acid dimer, ethylene
diamine and 2-ethoxyethyl acetate. It may also have been used as a chemical intermediate
to make special polyols.

ln Japan, approximately half of the styrene oxide is used to make ß-phenethyl alcohol,

and the remainder is used in epoxy resins and other applications.

Styrene oxide has been approved by the US Food and Drug Administration (1980) for use
as a cross-lin king agent for epoxy resins in coatings for containers with a volume of 1000
gallons (3785 1) or more intended for repeated use in contact with alcoholic beverages con-
taining up to 8% of ethanol by volume.

2.2 Occurrence

(a) Occupational exposure

ln its 1974 National Occupation al Hazard Survey, the National Institute for Occupational
Safety and Health (1981) reported that US workers in two industries were exposed to sty-
rene oxide. The principal industry in which exposure was found was fabricated rubber pro-
ducts; some exposure was also noted in the paints and alled products industry.

Exposure to styrene oxide can occur when styrene is used in the reinforced plastics
industry: styrene oxide was found in the air of a plant in Finland. The average breathing-zone
concentration during lamination processes was 0.2 mg/m3 during hand application (the simul-
taneous concentration of styrene was 560 mg/m3) and 0.6 mg/m3 during spray application
(the simultaneous concentration of styrene was 550 mg 

1m3) (Pfäffli et al., 1979). Styrene
oxide concentrations ranging from -:0.02-0.6 mg/m3 were observed in the air during the
manufacture of reinforced polyester plastics in Norway (the simultaneous concentrations of
styrene ranged from 70-1200 mg/m3) (Fjeld stad et al., 1979).

(b) Air

Styrene oxide has been tentatively identified in air sam 
pIes collected in the Los Angeles

Basin, USA, using gas chromatography and mass spectrometry analysis (Pellzzari et al.,
1976). Sawicki (1976) has also reported the tentative identification of styrene oxide in US
atmospheric air samples using similar analytical methods.
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(c) Water

Styrene oxide has been detected in effluent-water from latex manufacturing plants in
Louisville, KY, and from chemical manufacturing plants in Louisville and in Memphis, TN
(Shackelford & Keith, 1976).

(d) Tobacco and tobacco smoke

Styrene oxide has been detected as a volatile component of a Burley tobacco concen-
trate (Demole & Berthet, 1972).

(e) Biological f1uids

Low concentrations of styrene oxide (0.05 Ilmol/I) have been detected in the venous blood
of four workers exposed to styrene of unspecified purity (Wigaeus et al., 1983).

(f) Other

Styrene oxide has been detected as an impurity in commercial sam pies of styrene chlo-
rohydrin (Dolgopolov & Lishcheta, 1971).

2.3 Analysis

Reported methods for the analysis of styrene oxide in a variety of matrices are listed in
Table 1.

Table 1. Methods for the analysis of styrene oxide

Sample matrix Sam pie preparation Assay
procedurea

Limit of
detection

Reference

Ambient air Collect on sorbe nt; desorb GC/MS
thermally

Workplace air Collect on sorbent; extract GC/FID
(ethyl acetate)
Collect on charcoal; extract GC/FID; GC/MS
(dichloromethane)

Drinking water Concentrate; extract (ethanol); HPLC/UV
react with 4-nitrothiophenol

Biological media Form picrate GC/FID or TLC

2 ng/m3 Pellizzari et al. (1976);

Krost et aL. (1982)

Stampfer & Hermes

(1981 )
Pfäffli et al. (1979)

Cheh & Carlson (1981)

Leibman & Ortiz (1970)

Bidoli et al. (1980)

0.2 ng in extract
(0.1 iig/sample)
Not given

Not given

Not given

Mouse blood Extract (dichloromethane);
use para-methylanisole as an
internai standard
React with nicotinamide;
incubate

GC/FID or GC/MS .10 ng/ml

Rat-liver homo-
genate
Commercial sty-
rene chlorohydrin
Aqueous solution React with periodate; react

with cadmium iodide-starch
React with sodium sulphite

Acetone solution React with 4-(p-nitrobenzyl)-
pyridine/triethylamine

Fluorimetry 24-60 ng Nelis & Sinsheimer
(1981 )
Doigopolov & Lishcheta
(1971 )
Mishmash & Meloan

(1972)
Swan (1954)
Agarwal et al. (1979)

TLC/Spectrophoto- 1.5 iig
metry
Spectrophotometry Not given

Titration Not given
Spectrophotometry 12 iig max

aAbbreviations: GC/MS, gas chromatography/mass spectrometry; GC/FID, gas chromatography/flame ionization
detection; HPLC/UV, high-pertormance liquid chromatography/ultraviolet absorbance detection; TLC, thin-Iayer chro-
matography



STYRENE OXIDE 249

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais 1

(a) Oral administration

Rat: Groups of 40 male and 40 female Sprague-Dawley rats, 13 weeks old, received 50
or 250 mg/kg bw styrene oxide (pu rit y unspecified) in olive oil by intragastric intubation once
daily, on four to five days per week for 52 weeks. Control groups of 40 male and 40 female
rats received olive oil alone. The preliminary results reported refer to an observation period
of 135 weeks from the start of the bioassay and are concerned solely with oncological
lesions of the stomach. Treatment with styrene oxide induced a dose-dependent increase
in the incidence of squamous-cell carcinomas and papillomas of the forestomach. The first
epithelial tumour of the forestomach appeared after 51 weeks. The incidences (referring to
corrected numbers of animaIs alive at 51 weeks) of squamous-cell carcinomas (invasive
plus in situ) were 0/37 in control, 6/31 in low-dose and 12/28 in high-dose males, respec-
tively; and 0/28, 6/31 and 15/30, respectively, in females. The incidences of papillomas of
the forestomach were 0/37, 0/31 and 3/28, respectively, in males; and 0/28, 2/31 and 6/30,
respectively, in females (Maltoni et al., 1979).

(b) Skin application

Mouse: A group of 40 13-week-old C3H mice received skin applications by brush of a
5% solution of styrene oxide in acetone on the clipped dorsal ski.n thrice weekly for Iife. No
skin tumour was observed at 24 months; 37 mice survived 12 months, 33 mice survived 17
months and 17 mice survived 24 months. Another group of C3H mice was similarly treated
with a 10% solution of styrene oxide in acetone; 18 mice survived 12 months, only two mice
survived to 17 months, and no skin tumour was observed (Weil et al., 1963).

Of 30 male Swiss ICR/Ha mice, eight weeks of age at the start of the treatment, given
thrice-weekly applications of 100 mg of a 10% solution of styrene oxide in benzene on the
c1ipped dorsal skin for life, three developed skin tumours; one of these was a squamous-cell
carcinoma. The median survival time was 431 days. Of 150 benzene-painted controls, 11
developed skin tumours, one of which was a squamous-cell carcinoma. The study was con-
sidered to be negative by lie-table analysis (Van Duuren et al., 1963).

(c) Pre- and post-natal administration

Rat: A group of 14 female BDIV inbred rats (age unspecified) were given 200 mg/kg bw
styrene oxide (pu rit y, 97%) orally by gavage on day 17 of pregnancy. Their offspring (62
females and 43 males) received 96 weekly oral doses of styrene oxide (100-150 mg/kg bw)
in olive oil from four weeks until 120 weeks of age, at which time the experiment was ter-
minated (estimated total doses, 2.5 9 for females and 5.0 9 for males). Groups of control

rats received olive oil only. Of the treated progeny, 60 males and 42 females were alive at
the time of appearance of the first tumour. A statistically significant increase in the incidence
of forestomach tumours was observed in the styrene oxide-treated progeny of both sexes:

lThe Working Group was aware of studies in progress in mice and rats by oral administration (IARC, 1982b).
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papillomas in 9/102; carcinoma in situ in 10/102; and carcinomas in 26/102. ln the progeny
of controls, the incidence of forestomach tumours was: papilomas, 2/104; and carcinomas,
1/104. No difference between treated and control groups was observed ìn the incidence of
tumours occurring at other sites (Ponomarkov et al., 1984). (The Working Group could not
evaluate the effects of the prenatal treatment, since no appropriate control group was avail-
able.)

3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

The toxicity of styrene oxide has recently been reviewed (International Programme on
Chemical Safety, 1983).

ln rats, the oral LDso of styrene oxide was reported to be 4290 mg/kg bw (Smyth et al.,
1954) or 3000 mg/kg bw (Weil et al., 1963); the intraperitoneal LDso was 460-610 mg/kg bw
(Ohtsuji & Ikeda, 1971). The LDso by skin application in rabbits was reported as 1184 mg/kg
bw (Smyth et al., 1954) or 930 mg/kg bw (Weil et al., 1963). Inhalation of 4900 ~g/m3 (1000
ppm) in air killed 2/6 rats within four hours (Weil et al., 1963).

Styrene oxide causes corneal injury in rabbits (Weil et al., 1963); even dilutions as low
as 1 % cause eye irritation (Hine & Rowe, 1963). Intradermal injections sensitized the skin
of guinea-pigs (Weil et al., 1963).

One intraperitoneal dose of 375 mg/kg bw styrene oxide caused a decrease in the acti-
viti es of rat-liver mixed-function oxidases and in cytochrome P-450 content (Parkki et al.,
1976). Styrene oxide decreased rat-liver glutathione content in vivo at doses of 50 and 200
mg/kg bw (Marniemi et al., 1977).

Effects on reproduction and prenatal toxicity

Doses of 0, 0.5, 1, 2, 2.5 or 5 ~mol/egg styrene oxide (purum grade) dissolved in ethanol
were injected into the air space of groups of 10-20 White Leghorn SK 12 chicken eggs on
day three of incubation. Embryos were examined on day 14 of incubation. Concentrations
above 0.1 ~mol (data for this dose were not presented) reduced embryonic viability (LDso,
1.5 ~imol/egg), and malformations were observed in 7% of the treated eggs and 0% of con-
trol eggs. The lowest effective dose that produced malformations was 0.5 ~mol/egg (Vainio
et al., 1977). No dose-response relationship was observed.

Doses of 0.8 ~mol/egg styrene oxide (pu rit y, 97%) dissolved in vegetable oil were inject-
ed into the air space of White-Leghorn 'mittari' and SK 12 chicken eggs on day three of
incubation. ln additional groups, 0.1 ~mol trichloropropylene oxide (TCPO), an inhibitor of
epoxide hydrolase, was injected simultaneously with styrene oxide as a check on the effects
of metabolism on embryotoxicity. Embryos were examined on day 14 of incubation. Styrene
oxide treatment alone resulted in embryolethality and malformations; addition of TCPO to
the styrene oxide treatment augmented these effects (Kankaanpää et al., 1979).

Groups of 23-24 New Zealand white rabbits were exposed by inhalation to 0, 15 or 50
ppm (74 or 245 mg/m3) (measured concentration of 14.6 or 51 ppm) styrene oxide (pu rit y,
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99%) vapour for seven hours per day on days 1-24 of gestation. Foetuses were exam-
ined on day 30. Exposure to styrene oxide resulted in maternaI toxicity (increased mortality,
decreased food consumption and weight gain) and increased the frequency of resorptions.
MaternaI mortality was 1/23, 4/24 and 19/24, and the resorption rates were 0.25, 0.93 and
1.5 per litter in the control, low- and high-dose groups, respectively (Hardin et al., 1981;
Sikov et al., 1981, 1984).

Six groups of at least 31 Sprague-Dawley rats were exposed by inhalation to 100 ppm
(490 mg/m3) or 300 ppm (1470 mg/m3) styrene oxide (pu rit y, 99%) vapour for seven hours
per day either during a three-week pregestational period only, during a three-week preges-
tational period and through days 1-19 of gestation, or on gestation days 1-19 only. A con-
trol group was exposed to air during the whole period. Foetuses were examined on day 21.
There was extensive mortality in rats that received prolonged exposure to 100 ppm; expo-
sures at 300 ppm were discontinued after one day due to mortality. MaternaI weight gain
was reduced in ail groups receiving 100 ppm. Gestational exposure decreased fecundity by
increasing the preimplantation loss of embryos. Foetal weights and lengths were reduced,
and the incidences of ossification defects of the sternebrae and occipital bones were in-
creased by gestational exposure (Hardin et al., 1981; Sikov et al., 1981, 1984).

Absorption, distribution, excretion and metabolism

The metabolism and pharmacokinetics of styrene oxide have been reviewed by Leibman
(1975) and Vainio et al. (1984a,b) (see Fig. 1).

After mice received an intraperitoneal injection of styrene, the highest concentrations of
styrene oxide were detected in the kidneys, subcutaneous adipose tissue and blood from
one to five hours after injection (Nordqvist et al., 1983; Lof et al., 1984). Styrene oxide is a
metabolite of styrene (Leibman & Ortiz, 1970; Norppa et al., 1980) (see Fig. 1). It is also form-
ed non-enzymatically through catalysis by oxyhaemoglobin (Belvedere et al., 1983).

Styrene oxide is hydrolysed in vitro to styrene glycol (phenylethylene glycol) by microso-
mal epoxide hydrolase from the liver, kidneys, intestine, lungs and skin of several mamma-
lian species (Oesch, 1973).

The biotransformation of styrene oxide to styrene glycol was stimulated by pretreatment
of rats with phenobarbital or 3-methylcholanthrene (Oesch et al., 1971); further metabolism
of styrene glycol to mande lie acid was not stimulated (Ohtsuji & Ikeda, 1971). Isolated, per-
fused rat Iiver rapidly metabolized styrene oxide to styrene glycol, mandelic acid and gluta-
thione conjugates (Ryan & Bend, 1977; Steele et al., 1981). Microsomal conjugation of
styrene oxide with glutathione yields about 60% S-(1-phenyl-2-hydroxyethyl)glutathione and
40% S-(2-phenyl-2-hydroxyethyl)glutathione (Pachecka et al., 1979).

The main route of excretion of styrene oxide metabolites in animais is via the kidney; in
rabbits, about 80% of a single oral dose was excreted in the urine (James & White, 1967).
Acidic urinary metabolites of styrene oxide derived from glutathione conjugates are species
dependent. ln rats, the only products detected are the mercapturic acids. ln guinea-pigs,
the major bivalent sulphur acids are the corresponding mercaptoacetic acids, together with
mercaptolactic and mercaptopyruvic and mercapturic acids. Some reduction of styrene oxide
to styrene may occur in rats and guinea-pigs, with subsequent formation of the dihydrodiol,
3,4-dihydroxy-3,4-dihydro-1-vinylbenzene, which has been found as a urinary metabolite of
both styrene and styrene oxide (Nakatsu et al., 1983).
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Fig. 1. Metabolic pathways of styrene oxide8
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(7 -3H)-Styrene oxide injected intraperitoneally or incubated in vitro binds covalently to
microsomes, protein and nucleic-acid fractions of rat Iiver (Marniemi et al., 1977); in per-
fused rat liver, binding to RNA and DNA is also detected (Van Anda et al., 1979). When sty-
rene oxide was reacted with polyamino acids in vitro, preferential binding to polycysteine
was noted (Hemminki, 1983). Reaction products of styrene oxide with nucleosides were iden-
tified as 7-alkylguanine and 3-alkylcytosine (Hemminki et al., 1980; Sugiura & Goto, 1981);
adducts at N2- and 06-guanosine have been described (Hemminki & Hesso, 1984). Esterifi-
cation of phosphate groups in thymidine monophosphate has been noted (Hemminki & Suni;1984). .

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 341)

Styrene oxide was mutagenic to Salmonel/a typhimurium TA 1535 and TA 100 in the
absence of an exogenous metabolic system (S9); it was not mutagenic to strains TA 1537,
TA 1538 or T A98 in the presence or absence of S9 (Milvy & Garro, 1976; Vainio et al., 1976;
Stoltz & Withey, 1977; Loprieno et al., 1978; de Meester et al., 1978; Sugiura et al., 1978a;
Ueno et al., 1978; Wade et al., 1978; Watabe et al., 1978; Busk, 1979a; Yoshikawa et al.,
1980; De Flora, 1981; de Meester et al., 1981; Turchi et al., 1981; Glatt et al., 1983). Acti-
vit Y was reduced by glutathione and S9 (de Meester et al., 1978; Busk, 1979b; Yoshikawa
et al., 1980; De Flora, 1981). The (R) enantiomer of styrene oxide is more mutagenic to S.
typhimurium TA 100 th an is the (S) enantiomer (Pagano et al., 1982). Mutations were also
induced by styrene oxide in Escherichia coli WP2 in the absence of an exogenous metabol-
ic system (Sugiura et al., 1978b; Sugiura & Goto, 1981).

Styrene oxide was mutagenic to Klebsiel/a pneumoniae (Voogd et al., 1981). It induced
forward mutations in Schizosaccharomyces pombe in vitro and in the host-mediated assay
in which mice were given oral doses of 100 mg/kg bw. (The authors report the latter as a
negative result; however, the data indicate a positive effect. The compound induced mitot-
ic gene conversion in Saccharomyces cerevisiae in vitro, and in the host-mediated assay in
which mice were given oral doses of 100 mg/kg bw (Loprieno et al., 1976).

Chromosomal aberrations and micronucleated cells were observed in root-tip cells of
Allium cepa treated with styrene oxide (Linnainmaa et al., 1978a,b).

Sex-Iinked recessive lethal mutations were observed in Drosophila melanogaster ex-
posed to 200 ppm (980 mg/m3) styrene oxide vapour for six hours per day for four days,
or fed a 200 mg/kg solution in 1 % sucrose for 24 hours (Donner et al., 1979).

Treatment of a primary culture of rat hepatocytes with 0.3 mM (36 ~g/ml) styrene oxide
induced DNA single-strand breaks, as evaluated by alkaline elution (Sina et al., 1983). Un-
scheduled DNA synthesis was induced in a human heteroploid ce ii line following exposure to
styrene oxide in the absence of an exogenous metabolic system (Loprieno et al., 1978). It
was reported in an abstract that styrene oxide induces unscheduled DNA synthesis in human
amniotic cells (Audette et al., 1979).

The compound induced forward mutations (HGPRT locus) in Chinese hamster V79 cells
(Loprieno et al., 1976; Bonatt et al., 1978; Loprieno et al., 1978; Beije & Jenssen, 1982).
Perfusion of styrene oxide through isolated liver abolished its mutagenic effect to V79 cells
(Beije & Jenssen, 1982). It was positive in the mouse-Iymphoma L5178Y assay (TK+/t activ-
ity was reduced by addition of S9 (Amacher & Turner, 1982).

Styrene oxide induces chromosomal aberrations in Chinese hamster V79 cells (Turchi et
al., 1981) and in human lymphocytes (Fabry et al., 1978; Linnainmaa et al., 1978a,b; Norppa
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et al., 1981). It induces micronuclei in Chinese hamster V79 cells (Turchi et al., 1981) and
cultured human lymphocytes (Linnainmaa et al., 1978a,b), and sister chromatid exchanges
in Chinese hamster ovary cells (de Raat, 1978) and cultured human lymphocytes (Norppa et
al., 1981).

Styrene oxide injected intraperitoneally into male mice at 1.8-7.0 mmol/kg bw induced sing-
le-strand breaks in the DNA of liver, lung, kidney, testis and brain (Walles & Orsén, 1983). It
did not induce chromosomal aberrations or micronuclei in the bone-marrow cells of BALB/c
mice treated intraperitoneally with 250 mg/kg bw, or dominant lethal mutations or translo-
cations in meiotic male germ cells of BALB/c mice (Fabry et al., 1978).

Styrene oxide was negative in a micronucleus test with Chinese hamsters given a single
intraperitoneal injection of 250 mg/kg bw (Penttilä et al., 1980).

No increase in the incidence of chromosomal aberrations or sister chromatid exchanges
was observed in bone-marrow cells of male Chinese hamsters treated by inhalation with 25,
50, 75 or 100 ppm (122, 245, 368 or 4900 mg/m3) styrene oxide vapour for two, four and
21 (25 ppm only) days (Norppa et al., 1979). ln a preliminary report, inhalation exposure of
mice to 50 ppm (245 mg/m3) styrene oxide vapour indLJced a slight increase in sister chro-
matid exchanges in regenerating liver cells and alveolar macrophages, but not in bone-mar-
row cells (Conner et al., 1982).

Styrene oxide induced chromosomal aberrations in the bone-marrow cells of male CD-1
mice treated by gavage with 50, 500 or 1000 mg/kg bw (Loprieno et al., 1978).

(b) Humans

Toxic effects

Acute exposure to styrene oxide causes skin and eye irritation and skin sensitization
(Hine et al., 1981).

Effects on reproduction and prenatal toxicity

No data were available to the Working Group.

Absorption, distribution, excretion and metabolism

No data were available on the absorption, distribution, excretion and metabolism after
human exposure to styrene oxide al one. However, the main urinary excretion products of
styrene include mande lie acid and phenylglyoxylic acid, both of which involve styrene oxide
as an intermediate (Leibman, 1975; Vainio et al., 1984b). Low concentrations of styrene oxide
(0.05 ¡.mol/I) have been detected in the venous blood of four workers exposed to styrene
of unspecified purity (Wigaeus et al., 1983).

Mutagenicity and chromosomal effects

No data were available to the Working Group.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

No data were available to the Working Group.
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4. Summary of Data Reported and Evaluation

4.1 Exposure data

Commercial production of styrene oxide was first reported in 1974. This compound is
used as a reactive plasticizer and diluent for epoxy resins and as a chemical intermediate.
It has been found in low concentrations in the air of workplace environments where styrene
was used, and has been detected in the blood of workers exposed to styrene.

4.2 Experimental data

Styrene oxide was tested by intragastric intubation in rats of one strain and induced squa-
mous-cell carcinomas and papillomas of the forestomach. Prenatal exposure followed by
postnatal oral administration of styrene oxide to rats of another strain also produced squa-
mous-cell carcinomas and increased the incidence of papillomas of the forestomach. No
increase in the incidence of skin tumours was observed in mice of two strains following topi-
cal application of styrene oxide.

Exposure of rats and rabbits by inhalation to styrene oxide vapour at maternally toxic
doses did not result in malformations; however, there was an increase in preimplantation
losses and ossification defects in rats and an increased resorption frequency in rabbits.

Styrene oxide was mutagenic to bacteria, yeast and insects; it induced chromosomal
aberrations and micronuclei in plants. The compound was mutagenic to mammalian cells
in vitro; it induced DNA damage in mammalian cells both in vivo and in vitro, chromosomal

Overall assessment of data from short-term tests: styrene oxidea

1 G Il tGenetic activity e trans orma ion

DNA damage Mutation Ghromosomal
effects

Prokaryotes +

Fungijgreen + +
plants

Insects +

Mammalian cells + + +
(in vitro)

Mammals + ?
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Suffcient Gell transformation: No
data

aThe groups into which the table is divided and the symbols + and ? are defined on pp. 17-18 of the Preamble;
the degrees of evidence are defined on p. 18.
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aberrations and sister chromatid exchanges in vitro. ln several studies in mice and hamsters
in vivo, no dominant lethal mutations, chromosomal aberrations, micronuclei or sister chro-
matid exchanges were induced; however, in one study in mice, styrene oxide induced chro-
mosomal aberrations.

4.3 Human data

No case report or epidemiological study of the carcinogenicity of styrene oxide to humans
was available to the Working Group.

4.4 Evaluation 1

There is suffcient evidence2 for the carcinogenicity of styrene oxide to experimen-

tal animais.

No data on the carcinogenicity of styrene oxide to humans were available to the Working
Group.
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BENZOYL PEROXIDE

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 94-36-0

Chem. Abstr. Name: Peroxide, dibenzoyl

IUPAC Systematic Name: Benzoyl peroxide

Synonyms: Benzoic acid, peroxide; benzoperoxide; benzoyl superoxide; dibenzoyl
peroxide; dibenzoylperoxide; diphenylglyoxal peroxide

Trade Names: Acetoxyl; Acnegel; Aztec BPO; Benox A-70, A-80, B-50, B-120, B-125,
B-135 and L40; Benoxyl; Benzac; Benzaknen; BZF-60; BZQ 25, 40, 50, 50 Pigmen-
ted and 55; BZW 70, 75 and 80; Cadet BCP, BPO-70, BPO-78 and BPO-78FP;
Cadox BCP, BFF-50, BFF-60W, BP, BP-55, BS and 40E; Clearasil Benzoyl Peroxide
Lotion; Clearasil BP Acne Treatment; Cuticura Acne Cream; Debroxide; Dry and
Clear Acne Cream; Dry and Clear Acne Medication; Epiclear; Fostex; G20; Garox
BZP, OZA and 55A; Incidol; Loroxide; Lucidol; Lucidol B50, CH50, G20, KL50, 50P,
70, 70S, 78 and 98; Luperco AA, ACP, ACP-50, AFR, AFR-400, AMB, ANS, ANS-50,
ANS-50-AT, ANS-60, AST, ATC, BP, BP-55 and WET; Luperox FL; Nayper Band
BO; Norox BZP-C-35 and BZP-250; Novadelox; Oxy-5; Oxy-10; Oxylite; Oxy Wash;
Panoxyl; Pan Oxyl; Pan Oxyl Bar; Persadox; Persadox HP; Ouinolor Compound;
Ouinolor Compound Ointment; Sulfoxyl; Superox 705, 706, 717, 718 and 742; The-
raderm; Topex; Vanoxide; Xerac

1.2 Structural and molecular formulae and molecular weight

.~w-_.. w IQ
Q; c-o-o-c~

C14HlO04 MoL. wt: 242.2

1.3 Chemical and physical properties of the pure substance

From Dailey (1978), unless otherwise specified

(a) Description: A tasteless, white, granular, crystalline solid with a slight almond-like
odour resembling that of benzaldehyde

- 267 -
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(b) Melting-point: 103-1 05°C, with explosive decomposition above 1050C

(c) Density: Specifie gravit y (25°C), 1.3340

(d) Spectroscopy data: A review on spectroscopy data has been published (Sil-
bert, 1971).

(e) Solubility: Very sparingly soluble in water; sparingly soluble in carbon disulphide
(1 9 in 40 ml), ethanol and olive oil (1 9 in 50 ml); soluble in benzene, chloroform
and diethyl ether

(f) Stability: Inflammable; may decompose explosively if subjected to excessive heat,
friction or sudden shock (National Institute for Occupational Safety and Health,
1977)

(g) Reactivity: Highly reactive oxidizing material. Can decompose on photolysis (..300
nm) or by catalysis with transition metal ions (Sheppard & Mageli, 1982)

(h) Conversion factor: 1 ppm = 10.1 mg/m3 at 760 mm Hg and 20°C (Verschue-
ren, 1977)

1.4 Technical products and impurities

Benzoyl peroxide is available in the USA as granules containing 98.5 :t 1 % benzoyl

peroxide, as granules containing 75-80% and 70 :t 2 % benzoyl peroxide with water as a
diluent, as pastes containing from 24-27% up to 55% min benzoyl peroxide with proprie-
tary diluents, as a paste containing 50-52% benzoyl peroxide with tricresyl phosphate as a
diluent, as a paste containing 50% min benzoyl peroxide with silicone oil as a diluent, as a
powder containing 35-37% benzoyl peroxide with dicalcium phosphate as a diluent, and as
a powder containing 32-33% benzoyl peroxide with wheat starch as a diluent (Pennwalt Cor-
poration, 1983).

Flour bleach typically contains 32% benzoyl peroxide and 68% corn-starch (National In-
stitute for Occupational Safety and Health, 1983).

Benzoyl peroxide is available in western Europe in the following forms: 98% active
water-wet solid; 50% and 55% active pastes in plasticizers; 36% active liquid in a plastici-
zer; and 50% active paste in silicone oil (Luperox GmbH, 1979).

ln the USA, to meet the requirements of the Food Chemicals Codex, benzoyl peroxide
must pass an identification test and meet the following requirements: purity, 96% min; heavy
metals, 0.004% max; lead, 0.001% max; and arsenic, 0.0003% max (National Research
Council, 1981).

Hydrous benzoyl peroxide USP must pass a thin-Iayer chromatography identification test
and meet the following specifications: purity, 65-82%; water, about 26%; and acidity as ben-
zoic acid, 1.5% max (US Pharmacopeial Convention, Inc., 1980).
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2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Benzoyl peroxide was first prepared by Brodie in 1858. It can be synthesized by the
reaction of benzoyl chloride (see IARC, 1982a) with sodium hydroxide and hydrogen perox-
ide (Le., sodium peroxide), and this is the method used for its commercial production (Dail-
ey, 1978).

US commercial production of benzoyl peroxide was started in 1927, although it was report-
edly being used as early as 1921 in Germany (Dailey, 1978). Annual US production reached
a peak in 1974 when six companies reported combined production of 4.1 million kg (US Inter-
national Trade Commission, 1976). ln 1982, five US companies reported combined produc-
tion of 2.3 million kg (US International l'rade Commission, 1983a). Six US companies cur-
rently produce benzoyl peroxide.

Imports of benzoyl peroxide through the principal US customs districts reached a peak
in 1975 when 45 thousand kg were imported (US International l'rade Commission, 1977).
Imports through the principal US customs districts totalled only 350 kg in 1982 (US Interna-
tional Trade Commission, 1983b).

One company produces benzoyl peroxide in Canada (Anon., 1981).

Benzoyl peroxide is produced by three companies each in Germany and the UK, by two
companies in the Netherlands, and by one company in France. Total annual production in
western Europe is estimated to be in the range of 1-5 million kg.

The commercial production of benzoyl peroxide in Japan started around 1944. Six Japan-
ese companies currently manufacture it from benzoyl chloride and sodium peroxide, and
1983 production is estimated to have been 300-400 thousand kg.

(b) Use

Benzoyl peroxide is used principally as a source of free radicals in the plastics and
rubber industry; it also finds use as a food additive and in non-prescription drugs. Applica-
tions in a, numcer of other areas have been reported, but their present commercial status
is unknown.

Benzoyl peroxide is widely used as an initiator in free-radical polymerizations, primarily in
the curing of unsaturated polyester resins (used in glass,.fibre construction, e.g., boats and
automobile repairs). Production of polystyrene (see IARC, 1979) and related resins is the
next most important use, and approximately 3.1 millon kg of benzoyl peroxide were used
in polyester resins in the USA in 1978 and approximately 0.8 million kg in styrene polymers
(Burke, 1979). Benzoyl peroxide has been recommended for use in the polymerization/curing
of vinyl acetate and styrenated alkyd resins (Pennwalt Corporation, 1983). It is also used to
cross-link resins and elastomers and may be used in this way in the curing of rubber and
silicone elastomers (see IARC, 1982b). Benzoyl peroxide has also been reported to be the
most commonly used initiator in dental applications, where it is typically used in the poly-
merization of methacrylate mono mers to produce resin cements and restorative resins (Paf-
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fenbarger & Rupp, 1979). A number of paint-on artificial fingernail products were reported,
in 1982, to contain benzoyl peroxide as the initiator for polymerizing the alkyl methacrylate
monomers in such products (Fuller, 1982).

Benzoyl peroxide was used to bleach edible oils in the early 1900s, but this practice is
reported to be rare now (National Institute for Occupation al Safety and Health, 1977); how-
ever, it continues to be used to bleach foods (e.g., flour, milk used for cheese, and lecithin).
Although a 1977 survey on the use of food additives in US industry did not report its use,
668 thousand kg were added to food in 1975 (Federation of American Societies for Experi-
mentaI Biology, 1980).

Benzoyl peroxide is used in topical non-prescription medications for the treatment of
acne. These products are sold as lotions, gels, creams and ointments containing 2.5-10%
benzoyl peroxide; similar products have been suggested for use in the treatment of ath-
lete's foot (American Pharmaceutical Association, 1982). It was used in Germany as an anti-
septic and local anaesthetic in the treatment of burns and ulcers. It was also, reportedly, for-
merly taken internally (Dailey, 1978). It is used in the treatment of bed sores and was used
formerly in the treatment of dermatitis due to poison ivy (National Institute for Occupation 

al
Safety and Health, 1977).

Benzoyl peroxide has also been reported to be used in the following applications: (1) as
a fixing agent in Iight microscopy in Germany (Dailey, 1978); (2) as an initiator in systems
used to prepare polymers for use in roof bolting in mines; (3) formerly, as a bleaching agent
for textiles and paper (National Institute for Occupational Safety and Health, 1977); (4) as a
drying agent for unsaturated oils (Hawley, 1981); (5) as a burn-out agent for cellulose ace-
tate in mixed fabrics with viscose, silk or cotton to produce a lace-like appearance; (6) in
printing pastes; (7) in special fast-drying printing inks for printing on plastic surfaces; (8)

as an initiator for addition and substitution reactions in organic synthesis (Mackison et al.,
1981); and (9) in the embossing of vinyl flooring (Hawley, 1981). The commercial status of
the se possible uses is unknown.

Canadian usage of benzoyl peroxide in 1980 has been estimated at 265 thousand kg
(Anon., 1981).

ln Japan, benzoyl peroxide is used principally in the plastics industry; lesser quantities
are used as a bleaching agent and in cosmetics and pharmaceuticals.

Occupational exposure to benzoyl peroxide has been limited by regulation or recommend-
ed guidelines in at least eight countries. The standards are listed in Table 1.

Benzoyl peroxide has been approved by the US Food and Drug Administration for use as
a direct and indirect food additive in the following ways: as a bleaching agent for flour and
for milk used in the preparation of certain cheeses and lecithin; as an ingredient in the pre-
paration of hydroxylated lecithin; as a component of adhesives; as a preservative in paper
and paperboard; as a catalyst in the formulation of polyester resins; and as an accelerator
in the production of rubber articles. ln 1982, it was proposed that benzoyl peroxide be affir-
med as generally recognized as safe as a direct human food ingredient when used as a
bleaching agent following conditions of use of current good manufacturing practice (US Food
and Drug Administration, 1982a).

ln 1982, an advisory review panel on over-the-counter drugs concluded that benzoyl perox-
ide is safe and effective for topical use in the treatment of acne when used at concentra-
tions of 2.5-10% in over-the-counter products (US Food and Drug Administration, 1982b).
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Table 1. National occupational exposure limits for benzoyl peroxidea

Country Year Concentration Interpretationb Status

mg/m3 ppm

Australia 1978 5 TWA Guideline
Belgium 1978 5 TWA Regulation
Bulgaria 1971 0.05 TWA Regulation
Finland 1981 5 TWA Guideline

10 STEL
Germany, Federal 1984 5 TWA Guideline
Republic of
Netherlands 1978 5 TWA Guideline
Switzerland 1978 5 TWA Regulation
USAC

OS HA 1978 5 TWA Regulation
ACGIH 1984-85 10 Maximum (30 min) Guideline

5 TWA

aFrom International Labour Office (1980); National Finnish Board of Occupational Safety and Health (1981); Ameri-
can Conference of Governmental Industrial Hygienists (1984); Deutsche Forschungsgemeinschaft (1984)

bTWA, time-weighted average; STEL, short-term exposure limit
cOSHA, Occupation al Safety and Health Administration; ACGIH, American Conference of Governmental Industrial

Hygienists

As part of the Hazardous Materials Regulations of the US Department of Transportation
(1980), shipments of benzoyl peroxide are subject toa variety of labellng, packaging, quan-
tity, and shipping restrictions consistent with its designation as a hazardous material.

2.2 Occurrence

(a) Natural occurrence

Benzoyl peroxide is not known to occur as a natural product.

(b) Occupational exposure

On the basis of the 1974 National Occupational Hazard Survey, the National Institute for
Occupational Safety and Health (1980, 1981) estimated that about 58 000 US workers in 47
industries were exposed to benzoyl peroxide. The principal industry in which exposure was
found was the industrial patterns manufacturing industry.

Benzoyl peroxide levels were below the limit of detection (0.002 mg/sample) of the anal-
ytical method used for three personal breathing-zone air sam pIes taken in April 1980 from
the production area at a plant in Baton Rouge, LA, where plastic tanks, hoods and ducts
were being manufactured from glass fibre during the time of sampling (Markel & Janner-
feldt, 1981).

Exposure to airborne benzoyl peroxide was investigated in December 1979 in the pro-
duction area of a plant in Little Rock, AR, where large-diameter glass-fibre reinforced plas-
tic pipe was being manufactured. Ten out of 12 personal breathing-zone and general area
air samples were below the limit of detection (0.8 l-g/sample); of the remaining two samp-
les, one from personal breathing-zone air contained 0.10 mg/m3 and the other from gene-
rai area air contained 0.01 mg/m3 (Markel & Wilcox, 1981).
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Exposures tD benzoyl peroxide resulting from its use in various applications have been
implied. ln 1975, interviewed welders employed at a plant in La Grange, IL, in the manufac-
ture of diesel locomotives reported exposure to a plastic body filler made of a taIe-polyes-
ter resin and benzoyl peroxide (Bloom, 1975). Polyester processors at a Netherlands aircraft
factory in 1957 were possibly exposed to benzoyl peroxide. ln 1960, 34 of an unspecified
number of workers in Czechoslovakia were assessed as having experienced sèTne expo-
sure to benzoyl peroxide owing to its use as a hardener for epoxy resins. ln 1976, tele-
phone-repair workers in the USA were reported to be exposed to a styrene hardener con-
taining 50% benzoyl peroxide when new and replacement telephone cables were installed
(National Institute for Occupational Safety and Health, 1977).

(c) Food, beverages and feeds

It was concluded in 1953 that the greater part of the benzoyl peroxide that is added to
flour (at typical concentrations of about 15 mg/kg) as a bleaching agent decomposes into
benzoic acid within a few days, although small amounts of the peroxide may persist for
several weeks (Dailey, 1978). It is used at a level of 0.002% to bleach milk in the prepara-
tion of certain cheeses. Weighted means of the usual levels of addition of benzoyl peroxide
to sorne US foods in 1970 were as follows: baked goods,baking mixes, 56 mg/kg; grain pro-
ducts, 41 mg/kg; and fats and oils, 100 mg/kg (Federation of American Societies for Expe-
rimentai Biology, 1980).

(d) Other

Benzoyl peroxide is present in dental restorative resins owing to its use as a catalyst. It
has been detected in different brands of restoration resins at concentrations ranging from
0.32-2.59% (Asmussen, 1980; Miyazaki et al., 1981).

2.3 Analysis

General methods for the analysis of benzoyl peroxide in various matrices have been review-
ed (Mair & Hall, 1971).

The National Institute for Occupational Safety and Health (1977) reported methods for the
determination of benzoyl peroxide in pharmaceuticals, fats and oils. Methods for the anal-
ysis of pharmaceuticals included spectrophotometric, titrimetric and polarographic tech-
niques; however, no ne was specifie for benzoyl peroxide.

Typical methods for the analysis of benzoyl peroxide in various matrices are summa-
rized in Table 2.
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Table 2. Methods for the analysis of benzoyl peroxide
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Sample matrix Sam pie preparation Limit of
detection

ReferenceAssay
procedurea

Collect on a cellulose ester HPLCjUV
membrane filter; desorb with
diethyl ether
For total airborne dust exceed-Gravimetric detec-
ing 5 mgjm3: collect on tion followed by
glass-fibre filter of a constant colorimetry
weight at 50% relative humi-
dity; weigh; mix fiter with a
water, potassium iodide and
starch solution

Dental restorative n
resins

Air 100-150 J.gjm3
(30-lire sample)

1-3 J.g

MHPLC and LC-MS Not given

Flour

Not given Detection by iodo- Not given
metric titration

Repeated diethyl ether extrac- Visible spectropho- Not given
tions to remove interfering tometry
impurities
Extract (phosphoric acid. GCjFID Not given
ethanol, diethyl ether and
petroleum ether); add cuprous
chloride, electrolytic copper
and hydrochloric acid; treat
with potassium permanganate;
transfer to chloroform
containing lauric acid
Shake with water; add aceto- HPLCjUV 10 ngj20 J.i injected
nitrile and extract; centrifuge
and filter supernatant

Cheese

Blood (human,
rabbit and rat)

Gunderson & Anderson
(1980); Purnell et al.
(1982)
National Institute for
Occupational Safety
and Health (1977)

Miyazaki et al. (1981)

Asmussen (1980)

Horwitz (1980)

Karasz et al. (1974)

Ehinger & Andermann
(1980)

aAbbreviations: HPLCjUV. high-performance liquid chromatographyjultraviolet absorption; MHPLC, micro-high-per-
formance liquid chromatography; LC-MS. liquid chromatography-mass spectroscopy; GCjFID. gas chromatogra-
phyjflame ionization detection

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(a) Oral administration

Mouse: Groups of 25 male and 25 female albino mice (strain and age unspecified) were
fed a diet containing different doses of a commercial powder containing 18% benzoyl perox-
ide (pu rit y unspecified) which were based upon consideration of the use of benzoyl perox-
ide in bread production (calculated doses of benzoyl peroxide: 0, 28, 280 and 2800 mg/kg
of diet), for 80 weeks, at which time the number of survivors was 3, 10, 0 and 2 male mice
and 9, 11, 9 and 11 females; ail surviving animais were then killed. A few tumours at various
sites were observed, but the ove rail tumour incidence did not differ significantly between
treated and control groups (Sharratt et al., 1964). (The Working Group noted the short dura-
tion of the experiment and the high mortality.)

Rat: Groups of 25 male and 25 female albino rats (strain and age unspecified) were fed
a diet containing different doses of a commercial powder containing 18% benzoyl peroxide
(pu rit y unspecified) which were based upon consideration of the use of benzoyl peroxide in
bread production (calculated doses of benzoyl peroxide: 0, 28, 280 and 2800 mg/kg of diet)
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for 120 weeks, at which time they were killed. At 104 weeks, 12, 12, 13 and 11 males and
14,7,9 and 11 females survived. A few tumours were observed at various sites, but the over-
ail tumour incidence did not differ significantly between treated and control groups (Shar-
ratt et al., 1964).

(b) Subcutaneous and/or intramuscular administration
Mouse: Groups of 25 male and 25 female albino mice (age and strain unspecified) re-

ceived a single subcutaneous injection of 50 mg of a 20% suspension of benzoyl peroxide
(purity unspecified) in starch solution and were observed for 80 weeks, at which time they
were killed. An equal number of animais was injected with starch solution only and served
as vehicle controls. Nine treated males, seven treated females, no control male and six con-
trol females survived. No tumour was found at the site of injection or at any other site in
treated or control groups (Sharratt et al., 1964). (The Working Group noted the short dura-
tion of the experiment, the high mortality and the low degree of exposure.)

Rat: A group of 25 male and 25 female albino rats (age and strain unspecified) received
a single subcutaneous injection of 120 mg of a 20% suspension of benzoyl peroxide (pu rit y
unspecified) in starch solution and were observed for 120 weeks, at Which time they were
killed. An equal number of animais was injected with starch solution only and served as vehi-
cie controls. Ten treated males and 16 control males and nine treated females and 17 con-
trol females survived 104 weeks. No tumour was found at the site of injection, and overall
tumour incidence did not differ significantly between treated and control groups (Sharratt et
al., 1964). (The Working Group noted the low degree of exposure.)

A group of 20 male Charles River CD rats (age unspecified) received subcutaneous injec-
tions of 2.9 mg benzoyl peroxide (pu rit y unspecified) in 0.2 ml trioctanoin (tricaprylin) into
the right hind leg twice weekly for 12 weeks and were observed for 14 months, at which
time ail animais were still alive. A further group of 20 male rats received trioctanoin only and
served as vehicle controls. No malignant tumour was found at the injection site or in inter-
nai organs (Poirier et al., 1967). (The Working Group noted the short duration of the
experiment.)

Groups of 20 male and 15 female Bethesda black rats (NIH Black rats) received a sub-
cutaneous implantation of 50 mg benzoyl peroxide (pu rit y unspecified) in a gelatin capsule
at the nape of the neck and were observed for 24 months. Mortality was 9/35 (sex unspec-
ified) at week 52 and 22/35 at week 78. None of the rats developed tumours at the site
of implantation. Single tumours were found at various other sites, but none of the tumours
was considered by the author to be causally related to benzoyl peroxide treatment (Hueper,
1964).

(c) Skin application

Mouse: A group of 30 male ICR/Ha mice, eight weeks old, received thrice-weekly appli-
cations for life of approximately 100 mg benzoyl peroxide (pu rit y unspecified) dissolved in
5% benzene. Median survival time was 292 days; one mouse developed a skin papiloma.
A total of 150 mice (from four different control groups) were treated with benzene alone.
Median survival times ranged from 262-412 days; 11 skin tumours, including one carcinoma,
were observed (Van Duuren et al., 1963).

Groups of 25 male and 25 female albino mice (age and strain unspecified) received skin
applications of one drop (approximately 50 mg) of a 50% suspension of benzoyl peroxide
(purity unspecified) in flour paste on the back of the neck on six days per week for 80
weeks. An equal number of mice painted with flour paste only served as controls. No skin
tumour was observed, and overall tumour incidence did not differ significantly between treat-
ed groups and controls (Sharratt et al., 1964). (The Working Group noted that adequate
data on survival were not given.)
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A group of 21 female Swiss mice rage unspecified) received twice-weekly skin applica-
tions of 0.5% benzoyl peroxide rpurity unspecified) in acetone for 80 weeks. No skin tumour
was observed. Another group of 20 females received applications of 0.5% benzoyl peroxide
in acetone twice weekly for three weeks then, after one week, they were treated with 5%
croton oil in minerai oil twice weekly for 67 weeks. No skin tumour was reported (Saffiotti &
Shubik, 1963). rThe Working Group noted that adequate data on survival were not given.)

Groups of 30 female Sencar mice, aged seven to nine weeks, were used to test the
tumour-promoting (A), tumour-initiating (B) and complete carcinogenic (C) activities of benz-
oyl peroxide rpurity unspecified) on the skin. Mice in experiment (A) rèceived a single topic-
al application of 10 nmol 7,12-dimethylbenz(a)anthracene (DMBA) in 0.2 ml acetone, follow-
ed one week later by applications of 1, 10, 20 or 40 mg benzoyl peroxide in 0.2 ml acetone
twice weekly for 52 weeks. A group receiving a single application of 0.2 ml acetone alone
served as controls. The numbers of mice with papillomas at 30 weeks were 1/28 (controls),
9/29 (1 mg), 20/28 (10 mg), 21/27 (20 mg) and 20/24 (40 mg). The numbers of mice with
carcinomas at 52 weeks in the se groups were 0/28, 1/29, 6/28, 12/27 and 10/24, respec-
tively. Mice in experiment (B) received a single topical application of 0.2 ml acetone alone or
1, 10, 20 or 40 mg benzoyl peroxide in acetone, followed one week later by twice-weekly
applications of 2 I1g 12-0-tetradecanoylphorbol 13-acetate (TPA) in acetone for 52 weeks.
No significant difference was observed in the incidence of papillomas; no carcinoma was
observed. Mice in experiment (C) received twice-weekly topical applications of acetone alone
or 1, 10, 20 or 40 mg benzoyl peroxide in 0.2 ml acetone for 52 weeks. No significant dif-
ference was observed in the incidence of papillomas; no carcinoma was observed. Survival
rates in ail experiments at 30 weeks ranged from 24-29 mice per group (Slaga et al., 1981).
(The Working Group noted the absence of a control group treated with DMBA only, and the
short duration of the experiment for complete carcinogenicity.)

Groups of 30-40 female Sencar mice, aged seven to eight weeks, received a single appli-
cation of 10 nmol DMBA in 0.2 ml acetone and, one week later, were treated twice weekly
either with 2 I1g TPA in 0.2 ml acetone or 20 mg benzoyl peroxide (purity unspecified) in
0.2 ml acetone for 48 weeks. The incidence of skin papillomas was 100% at 20 weeks in
the TP A group and about 80% at 48 weeks in the benzoyl peroxide group. The incidence of
squamous-cell càrcinomas was 0% in the TPA group and about 50% in the benzoyl perox-
ide group. Additional groups of 30-40 female C57BL/6 mice, aged seven to eight weeks,
received a single skin application of 400 or 800 nmol DMBA or 1600 or 3200 nmol benzo-
(a)pyrene (BP) in 0.2 ml acetone, and one week later were treated twice weekly with 4 I1g
TPA in 0.2 ml acetone or 20 mg benzoyl peroxide in 0.2 ml acetone for 48 weeks. The inci-
dence of squamous-cell carcinomas was about 60% in the DMBA-benzoyl peroxide group,
-:50% in the DMBA-TPA group, :;50% in the BP-benzoyl peroxide group and .-50% in the
BP-TPA group (Reiners et al., 1984). (Those values were taken from graphs, and actual num-
bers were not given. The Working Group noted that survival rates were not given, nor were
data available on controls treated with DMBA or BP.)

(d) Other experimental systems

Mouse: Groups of 25 male and 25 female albino mice rage and strain unspecified) were
fed a diet containing 2800 mg/kg benzoyl peroxide (purity unspecified) and received, simul-
taneously, a subcutaneous injection of 50 mg benzoyl peroxide in 20% starch solution. ln
addition, the animais were painted on six days per week with one drop (approximatel)' SO
mg) of a 50% suspension of benzoyl peroxide in flour paste. The experiment was terminat-
ed after 80 weeks of treatment, when three males and 11 females were ::till alive. Single
tumours occurred at various sites, but the ove rail tumour incidence did not differ significant-
Iy between treated and untreated control groups (Sharratt et al., 1964).

Rat: Groups of 25 male and 25 female albino rats (age and strain unspecified) were fed
a diet containing 2800 mg/kg benzoyl peroxide rpurity unspecified) and received simul-
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taneously a subcutaneous injection of 120 mg benzoyl peroxide in 20% starch solution. The
experiment was terminated after 120 weeks of treatment; 14 males and 10 females were
stil alive at 104 weeks. Single tumours occurred at various sites, but the ove rail tumour inci-
dence did not differ significantly between treated and untreated control groups (Sharratt et
al., 1964).

3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

The oral LDso of benzoyl peroxide in rats is ::950 mg/kg bw (National Institute for Occu-
pational Safety and Health, 1977). The intraperitoneal LDso of benzoyl peroxide in mice was
reported to be 17-20 Ilmol (206-242 mg/kg bw); most of the deaths occurred within hours
of the injection (Horgan et al., 1957; Philpot & Roodyn, 1959).

Benzoyl peroxide dust irritates the eyes of albino rabbits if not washed out within five
minutes after being placed in the conjunctival sac. Application of a 10% solution of benz-
oyl peroxide in propyle ne glycol to the skin of guinea-pigs resulted in slight to moderate
erythema (National Institute for Occupational Safety and Health, 1977).

A single application of either 20 or 40 mg benzoyl peroxide to the skin of mice in-
duced marked hyperplasia and a temporary increase in the number of dark basal keratino-
cytes (Klein-Szanto & Slaga, 1982).

ln chronic feeding studies, rats were given a flour-based diet containing a commercial
powder (Novadelox), which contains 18% benzoyl peroxide and is used to treatflour (cal-
culated doses of benzoyl peroxide: 28, 280 and 2800 mg/kg of diet). There was a slight
depression in growth rate at the high- ànd medium-dose levels. An increased incidence of
testicular atrophy was observed in the high-dose group and in rats receiving diets contain-
ing bread prepared from flour that had been treated with the 'usual' and 'ten-times usual
commercially used levels of Novadelox. The authors suggested that destruction of tocopher-
ols in the diet by benzoyl peroxide was responsible for these effects. Similar effects were
not observed in mice (Sharratt et al., 1964).

Effects on reproduction and prenatal toxicity

Doses of 0.05, 0.10, 0.21, 0.42, 0.83 and 1.7 IlmOI benzoyl peroxide (moistened, purum)
(pu rit y unspecified) were dissolved in acetone and injected onto the inner shel! membrane
in the air cham ber of three-day-old White Leghorn chicken eggs. There was a dose-related
increase in early embryonic deaths at ail but the lowest dose level, with an LDso estimated

at 0.99 Ilmol/egg. However, the dose-response curve was f1at for the three highest doses,
indicating saturation of penetration. Only 1/80 control embryos was malformed, but ail doses
of benzoyl peroxide increased the malformation rate, although no clear dose-response was
evident (perhaps, due to the increasing rate of embryonic death). The EDso for mortality and
malformations was calculated to be 0.27 Ilmol/egg (Korhonen et al., 1984).

Absorption, distribution, excretion and metabolism

No data were available to the Working Group.
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Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 343)

Benzoyl peroxide was not mutagenic to Salmonel/a typhimurium TA 1535, TA 1537, T A92,

T A94, T A98 or TA 100 either in the presence or absence of an exogenous metabolic system
(S9 from polychlorinated biphenyl-induced rat liver) (Ishidate et al., 1980).

Benzoyl peroxide did not induce polyploidy or chromosomal aberrations in cultured Chi-
nese hamster lung cells (Ishidate et al., 1980).

No significant increase in dominant lethal mutation rate was observed in ICR/Ha Swiss
mice following an intraperitoneal injection of 54 or 62 mg/kg bw benzoyl peroxide (Epstein
et al., 1972).

It was reported in an abstract that benzoyl peroxide induced a dose-dependent increase
in the incidence of sister chromatid exchanges in Chinese hamster ovary cells in the pres-
ence of S9; no such effect was observed in the absence of S9 (Järventaus et al., 1984).

Intercellular communication between Chinese hamster V79 cells, measured by metabolic
cooperation between HGPRT+ and HGPRT- cells (Slaga et al., 1981), and between cultured
human epidermal keratinocytes, measured by 3H-uridine transfer (Lawrence et al., 1984),
was inhibited by benzoyl peroxide at non-cytotoxic concentrations.

(b) Humans

Toxic effects

Case reports have cited an allergie dermal response to benzoyl peroxide (Eaglstein, 1968;
Poole et al., 1970).

No data were available to the Working Group on effects on reproduction and prenatal
toxicity, on absorption, distribution, excretion and metabolism, or on mutagenicity and chro-
mosomal effects.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

Sakabe and Fukuda (1977) reported two cases of lung cancer in workers in a small plant
in Japan where benzoyl peroxide and benzoyl chloride (see IARC, 1982a) were produced.
The factory population from which the two cases were derived varied from 13 individuals
in 1952 to 40 in 1963. One of the cases was a 40-year-old male smoker with 17 years of
employment in the manufacture of benzoyl peroxide and intermittent exposure to benzoyl
chloride over seven years; the other case was a 35-year-old male nonsmoker with a squam-
ous-cell carcinoma, who had had about four years of exposure to the benzoyl perox-
ide-production process starting about 15 years prior to diagnosis, and had worked for one
year in benzoyl chloride production. Both cases would also have been exposed to a number
of precursors in the production process, including benzotrichloride (see IARC, 1982c). The
authors attributed the two cases to exposure to benzoyl chloride or to benzotrichloride and
Iinked this observation to four cases observed in another plant where benzoyl chloride was
manufactured (IARC, 1982a). (The Working Group noted that these cases were also ex-

posed to benzoyl peroxide.)



278 IARC MONOGRAPHS VOLUME 36

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Benzoyl peroxide has been produced commercially since 1921. Major sources of expo-
sure are its use in the plastics industry (principally for polyester resin production) and in
acne medications. Another potential source is its use in bleaching foods.

4.2 Experimental data

Benzoyl peroxide was tested for carcinogenicity in mice and rats by oral administration
in the diet and by subcutaneous administration, and in mice by skin application. ln three
studies by skin application in mice, benzoyl peroxide was tested for either initiating or pro-
moting activity. Ali of the studies were inadequate for an evaluation of complete carcinoge-
nicity; two studies indicated that benzoyl peroxide has promoting activity in mouse skin.

The available data are inadequate to evaluate the teratogenic potential of benzoyl perox-
ide in mammals.

Benzoyl peroxide was not mutagenic to bacteria. It did not induce chromosomal aberra-
tions in mammalian cells in vitro and did not induce dominant lethal mutations in mice.

Overall assessment of data from short-term tests: benzoyl peroxidea

Genetic activity Cel! transformation

DNA da mage Mutation Chromosomal
effects

Prokaryotes -

Fungi/green
plants

Insects

Mammalian cells -
(in vitro)

Mammals -
(in vivo)

Humahs
(in vivo)

Degree of evidence in short-term tests for genetic activity: Inadequate Cel! transformation: No
data

aThe groups into which the table is divided and the symbol - are defined on pp. 17-18 of the Preamble; the degrees
of evidence are defined on p. 18.

4.3 Human data

Among a small factory population, two cases of lung cancer were found in young men
who were involved primarily in the production of benzoyl peroxide but were also exposed
to benzoyl chloride and other chemicals.
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4.4 Evaluation 1

There is inadequate evidence for the carcinogenicity of benzoyl peroxide to experimen-
tal animais.

There is inadequate evidence for the carcinogenicity of benzoyl peroxide to humans.

No evaluation could be made of the carcinogenicity to humans of benzoyl peroxide.
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HYDROGEN PEROXIDE

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 7722-84-1

Chem. Abstr. Name: Hydrogen peroxide

IUPAC Systematic Name: Hydrogen peroxide

Synonyms: Dihydrogen dioxide; hydrogen dioxide; hydrogen oxide; hydrogen oxide,
per-; hydroperoxide; oxydol; peroxide

Trade Names: Albone; Albone DS; Hioxyl; Inhibine; Perhydrol; Perone; Peroxaan;
Superoxol; T-Stuff

1.2 Structural and molecular formulae and molecular weight

H202

H202 MoL. wt: 34.0

1.3 Chemical and physical properties of the pure substance

From Kirchner (1981), unless otherwise specified

(a) Description: A weakly acidic, clear, colourless liquid

(b) Boiling-point: 150.2°C

(c) Melting-point: -0.41 °C

(d) Density: 1.4425 at 25°C

(e) Spectroscopy data: A review of spectroscopie data has been published (Sil-
bert, 1971)

- 285 -
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(f) Identiy and purity test: When aqueous solutions are treated with dilute sulphuric
acid and diethyl ether, followed by addition of a potassium dichromate solution, a
blue colour forms in the aqueous layer and passes into the diethyl ether layer after
agitation and standing (National Research Council, 1981).

(g) Solubiliy: Miscible with water; soluble in diethyl ether; insoluble in petroleum ether;
decomposed by many organic solvents (Windholz, 1983)

(h) Viscosity: 1.245 cP at 20°C

(/) Stabiliy: Pure aqueous solutions in c1ean inert containers are relatively stable (sta-
bility increases with increasing concentration and is at a maximum at pH 3.5-4.5),
but commercial solutions must be stabilized with additives to prevent possibly vio-
lent decomposition due to catalytic impurities.

(¡) Reactivity: Undergoes a variety of reactions (e.g., molecular additions, substitu-
tions, oxidations and reductions); a strong oxidant; can form free radicals by homo-
Iytic cleavage

(k) Conversion factor: 1 ppm = 1.39 mg/m3 at 760 mm Hg and 25°C (calculated by
the Working Group)

1.4 Technical products and impurities

Hydrogen peroxide is available only as aqueous solutions containing 3-98% hydrogen
peroxide. Grades containing 35, 50, 70, or 90% are the most commonly used for industrial
applications and in the laboratory;~-6% grades are used for cosmetic and medical applica-
tions. A variety of stabilizers may be present, depending on the concentration of the solution
and its intended use. The quantity of stabilizers requireci decreases with increasing hydro-
gen peroxide concentration. Sodium pyrophosphates, sodium stannate, combinations of tin
salts and phosphates, and alkali metal silicates are reportedly used as inorganic stabilizers,
while certain organic compounds can be used for dilute solutions (Kirchner, 1981). Acetani-
lide and similar organic compounds have been reported to be used as stabilizers (Windholz,
1983).

ln the USA, to meet the requirements of the Food Chemicals Codex, 30-50% aqueous
solutions of hydrogen peroxide must pass an identification test and meet the following spec-
ifications: purity, as labelled; acidity (as sulphuric aCid), 0.03% max; phosphate, 0.005%
max; residue on evaporation, 0.006% max; heavy metals (as lead), 0.001 % max; tin, 0.001 %
max; arsenic, 0.0003% max; and iron, 0.00005% max (National Research Council, 1981).

Hydrogen peroxide topical solution USP and hydrogen peroxide concentrate USP must
meet certain specifications. Both products must pass an identification test and meet the
requirements of tests for acidity, nonvolatile residue and heavy metals, as weil as having a
content of a suitable preservative or preservatives of 0.05% max. Hydrogen peroxide top-
ical solution USP must contain 2.5-3.5 9 hydrogen peroxide per 100 ml, while hydrogen perox-
ide concentrate USP must contain 29.0-32.0 wt % hydrogen peroxide (US Pharmacopeial
Convention, Inc., 1980).
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2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Hydrogen peroxide was isolated by Thenard in 1818 and has been an item of commerce
since the mid-nineteenth century (Kirchner, 1981). Although it has been produced commer-
cially by the following processes, none is used in current commercial practice: (1) reaction
of minerai acids with barium peroxide; (2) hydrolysis of organic peracids; (3) autoxidation of
various hydrocarbons; (4) reaction of oxygen with secondary alcohols, such as isopropanol;
and (5) direct combination of hydrogen and oxygen. Most hydrogen peroxide is made com-
mercially by the hydrogenation of alkyl anthraquinones to the corresponding anthrahydroquin-
one and oxidation of this to yield hydrogen peroxide and the original alkyl anthraquinone.
Much less used is a method in which acid sulphate solutions are subjected to electrolysis
to produce persulphates, which are hydrolysed to give hydrogen peroxide and the starting
sulphate.

Electrolytic processes for hydrogen peroxide production were introduced in the USA in
about 1925, and the first anthraquinone process was used in Germany during the Second
World War. Ali manufacturing facilities built in the USA since 1957 have used the anthraqui-
no ne process, and the last US plant using electrolysis closed in 1983. US production has
grown steadily from 26 thousand tonnes (100% basis) in 1960 (Kirchner, 1981) to a peak
of 105.6 thousand tonnes (including unspecified amounts that were produced but not with-
drawn from the system) in 1980; 98.4 th ou sand tonnes were made in 1982 (US Department
of Commerce, 1984) at the seven plants of the five US producing companies. Currently,
three US companies produce hydrogen peroxide in four plants.

US imports of hydrogen peroxide (100% active, on the assumption that statistics are for
a gross weight of 60% active material) amounted to 2.9 thousand tonnes in 1982 (US Depart-
ment of Commerce, 1983a), down sharply from the 10.3 thousand tonnes imported in 1979
(US Department of Commerce, 1980a). US exports (100% active, on the assumption that stat-
istics are for a gross weight of 65% active material) amounted to 8.0 thousarid tonnes in
1982 (US Department of Commerce, 1983b), up from the 5.4 thousand tonnes exported in
1979 (US Department of Commerce, 1980b).

Hydrogen peroxide is not currently produced in Canada. Two companies have announ-
ced plans for plants with a total production capacity of 46 thousand tonnes for 1986.

Hydrogen peroxide is produced by two companies each in Austria, Belgium, France, Italy
and Spain and by one company each in Finland, Germany, Greece, the Netherlands, Portu-
gal, Sweden and the UK. Only two of these plants use the electrolysis process; ail the others
use the anthraquinone process. Total production was about 295 thousand tonnes in 1982;
total production capacity in western Europe is estimated to have been about 445 thousand
tonnes per year in early 1984.

Hydrogen peroxide has been produced commercially in Japan for over 50 years. Current-
Iy, four companies produce it by the anthraquinone process, and total production in 1982
is estimated to have been 85 thousand tonnes, up from 78 thousand tonnes in 1980. Japan-
ese imports were negligible in 1982 and exports totalled about 2.5 thousand tonnes.
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Hydrogen peroxide is produced by two companies in the Republic of Korea and one com-
pany in Taiwan.

(b) Use

The largest use of hydrogen peroxide is as a chemical intermediate; the next largest are
textile bleaching and pulp and paper bleaching. The use pattern for the estimated 94 thous-
and tonnes of hydrogen peroxide used in the USA in 1982 was as follows: chemical inter-
mediate, 26%; textiles, 18%; pulp and paper, 16%; water treatment, 13%; geothermal energy,
5%; metal cleaning, 3%; mining, 2%; and other uses, 17%.

The largest use as a chemical intermediate in the USA is in the synthesis of inorganic
peroxygen compounds, accounting for about 9% of total US usage of hydrogen peroxide.
The principal product is sodium perborate, and another is sodium percarbonate; both are
used as bleaches. Hydrogen peroxide is also used in large amounts as an intermediate in
the synthesis of plasticizers by epoxidizing unsaturated vegetable oils or fatty esters and
. in the synthesis of organic peroxygen compounds. Important members of the latter group
are methyl ethyl ketone peroxide, benzoyl peroxide (see p. 267 of this volume), tauroyl perox-
ide (see p. 315 of this volume) and various peroxycarbonates. Another group of chemicals
made from hydrogen peroxide is the amine oxides (e.g., lauryldimethylamine oxide). Hydro-
gen peroxide was used in one commercial method for making glycerol, but this process is
no longer used.

Hydrogen peroxide is used to bleach fabrics based on natural fibres, and in particular
cotton.

ln the pulp and paper industry, hydrogen peroxide is principally used to bleach mechan-
ical wood pulps when relativety high quality and brightness are needed. It can also be used
in bleaching chemical pulps and in the processing of recycled paper.

Hydrogen peroxide finds use in both industrial and municipal waste-water treatment, prin-
cipally to eliminate pollutants that are refractory to other water-treatment compounds.

Other uses for hydrogen peroxide in the USA are in the removal of hydrogen sulphide

from the steam produced by geothermal power plants, use in various steps during the
mining and processing of uranium, pickling of copper and copper alloys, c1eaning metals
(germanium) and silicon semiconductors used in the electronics industry, and a variety
of small-volume applications in photography, cosmetics (e.g., hair bleaches and dyes,
mouthwashes, etc.), antiseptics and c1eansing agents, food and wine processing, rocket
fuels, and treatment of package liners in aseptic packaging.

The International Labour Office (1972) reported that hydrogen peroxide has been used as
a foaming agent for foam resins and as a source of oxygen in respiratory protective equip-
ment.

Hydrogen peroxide has also been reported to be a component of non-prescription drugs
such as topical anti-infectants, canker-sore treatments, and products used to soften earwax
(American Pharmaceutical Association, 1982). A 3% solution of hydrogen peroxide has been
used widely as a cleansing and topical antiseptic agent for suppurative wounds and inflam-
mation of the skin and mucous membranes, as weil as by the dental profession for irriga-
tion during root-canal therapy and as a mouth rinse for acute necrotizing gingivitis. A 30%
solution has been used for bleaching vital and pulpless teeth (US Food and Drug Adminis-
tration, 1982).



HYDROGEN PEROXIDE 289

ln Canada, about 70-75% of total hydrogen peroxide usage is in pulp and paper bleach-
ing. Textile bleaching and water treatment are also significant markets.

The use pattern for the estimated 290 thousand tonnes of hydrogen peroxide used in
western Europe in 1982 was as follows: chemical intermediate (principally for sodium per-
borate and sodium percarbonate), 58%; pulp and paper, 25%; textiles, 12%; and other uses,
5%.

An estimated 84 thousand tonnes of hydrogen peroxide were used in Japan in 1983, with
the following use pattern: pulp and paper, 45%; industrial chemicals, 30%; textiles, 20%;
food, 3%; and pharmaceuticals and other uses, 2%.

Occupational exposure to hydrogen peroxide has been limited by regulation or recom-
mended guidelines in at least 11 countries. The standards are listed in Table 1.

Table 1. National occupational exposure limits for hydrogen peroxidea

Country Year Concentration 1 nterpretationb Status

mgjm3 ppm

Australia 1978 1.4 TWA Guidelines
Belgium 1978 1.4 TWA Regulation
Bulgaria 1971 1 Maximum Regulation
Finland 1981 1.4 1 TWA Guideline

4.2 3 STEL
Germany, Federal 1984 1.4 1 TWA Guideline
Republic of

TWA GuidelineItaly 1978 1.4 1

Netherlands 1978 1.4c 1 TWA Guideline
Switzerland 1978 1.4 1 TWA Regulation
USAd

OSHA 1978 1.4 1 TWA Regulation
ACGIH 1984-85 75 Maximum Guideline

1.5 (30 min)
3 1 TWA

2 STEL
USSR 1977 2 Maximum Regulation
Yugoslavia 1971 1.4 Ceiling Regulation

aFrom International Labour Offce (1980); National Finnish Board of Occupational Safety and Health (1981); Ameri-
can Conference of Governmental Industrial Hygienists (1984); Deutsche Forschungsgemeinschaft (1984)

bTWA, time-weighted average; STEL, short-term exposure Iimit
cFor 90% hydrogen peroxide
dOSHA, Occupational Safety and Health Administration; ACGIH, American Conference of Industrial Hygienists

The US Department of Agriculture (1980) has approved the use of hydrogen peroxide as
a bleaching agent for tripe, provided it is removed from the product by rinsing with clear
water.

The Bureau of Alcohol, Tobacco and Firearms of the US Department of the Treasury
(1982) has authorized the use of hydrogen peroxide in the production and treatment
of wine, juice and distilling material. The proposed uses and limitations are summarized in
Table 2.

Hydrogen peroxide has been approved for use in a variety of foods and related proces-
sing steps by the US Food and Drug Administration (1983a). After a comprehensive safety
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Table 2. US Department of the Treasury regulations on use of hydrogen peroxide in wine,
juice and distiling materiaia

Product Use Reference of limitation

Wine To facilitate secondary fermentation in
the production of sparkling wine

To remove colour from the juice of red
and black grapes

Grape juice

Distilling material To reduce aldehydes in distilling mate-
rial

aFrom US Department of the Treasury (1982)

The amount used shall not exceed 3 mg/kg; the
fini shed wine shall contain no residual hydrogen
peroxide.
The amount used shall not exceed 500 mg/kg; the
use of hydrogen peroxide is Iimited to oxidizing
colour pigment in the juice of red and black
grapes; wine produced by fermentation of such
juice is Iimited sOlely to blending with white wines
and red wines derived from such juice not sUbject-
ed to such treatment.
The amount used shall not exceed 200 mg/kg.

review, it has been proposed to affirm that hydrogen peroxide is generally recognized as
safe, with specifie limitations, as a direct human food ingredient. The proposed uses and
limitations are summarized in Table 3.

Table 3. US Food and Drug Administration proposed regulations on direct food use of
hydrogen peroxidea

Food Maximum treatment
level in food (%)

Functional
use

Limitations or
restrictions

Milk intended for use during 0.05
cheese-making, as permitted in
the appropriate standards of
identity for cheese and related
cheese products
WheX, during the preparation of 0.04
modified whey by electrolysis
methods
Dried eggs, dried egg whites Amount sufficient for the
and dried egg yolks purpose
Tripe Amount sufficient for the

purpose

Beef feet Amount sufticient for the
purpose (hydrogen perox-
ide may be in the form of
a compound salt, sodium
carbonate peroxide)
Amount sufticient for the
purpose
Amount sufticient for the
purpose

Herring

Wine

Antimicrobial agent Residual hydrogen peroxide is
removed by addition of catalase.

Antimicrobial agent Residual hydrogen peroxide is
removed by addition of catalase.

Oxidizing and reducing Residual hydrogen peroxide is
agent removed by addition of catalase.
Bleaching agent Residual hydrogen peroxide is

removed by a potable water
rinse.
Residual hydrogen peroxide is
removed by a potable water
rinse.

Bleaching agent

Bleaching agent No hydrogen peroxide residue is
permitted in the final product.

Oxidizing and reducing No hydrogen peroxide residue is
agent permitted in the final product.

aFrom US Food and Drug Administration (1983a)

The FAO/WHO Expert Committee on Food Additives (WHO, 1980) concluded that, when
no adequate cooling facilities are available, hydrogen peroxide is an acceptable alternative
for preserving milk. No acceptable daily intake (ADI) level has been allocated to this com-
pound.
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ln Japan, hydrogen peroxide has been used for a long time as a food additive for its anti-
septic and bleaching properties. Since 1 October 1980, residues of hydrogen peroxide in
the final product must not exceed 0.1 mg/kg (Ito et al., 1981 a).

An advisory review panel on over-the-counter drugs of the US Food and Drug Adminis-
tration (1979) concluded that hydrogen peroxide is safe and effective for use in oral wound
c1eaners but that there was insufficient evidence to decide whether it was safe and effec-
tive for use in oral wound-healing agents. Another advisory review panel of the US Food
and Drug Administration (1982) concluded that hydrogen peroxide is safe but that there was
insufficient evidence to decide whether it was effective for use as an antimicrobial agent in
oral health-care drug products for over-the-counter human use. ln a tentative final mono-
graph, the US Food and Drug Administration (1983b) proposed a rule requiring that any oral
wound-healing products containing hydrogen peroxide not be marketed unless they were
the subject of an approved new drug application.

As part of the Hazardous Materials Regulations of the US Department of Trahsporta-

tion (1980), shipments of hydrogen peroxide are subject to a variety of labelling, packaging,
quantity and shipping restrictions consistent with its designation as a hazardous material.

2.2 Occurrence

(a) Natural occurrence

Gaseous hydrogen peroxide is recognized to be a key component and product of the
earth's lower atmospheric photochemical reactions, both in clean and polluted atmospheres.
Atmospheric hydrogen peroxide is believed to be generated exclusively by gas-phase photo-
chemical reactions. ln the remote troposphere, primary gas-phase photochemical hydro-
gen peroxide is generated via reaction (1),

H02 + H02 ~ H202 + O2

while H202 may be removed by photolysis as in (2),

H202 + hv ~ 2 OH

(1 )

H202 + OH ~ H02 + H20

(2)

(3)

reaction with OH as in (3),

or by heterogenous loss processes such as rain-out and wash-out (Zika et al., 1982; Das
et al., 1983). On the basis of this mechanism, recent photochemical model calculations pre-
dict lower and mid-tropospheric hydrogen peroxide levels of the order of 1 ppb by volume
(1:4 Ilg/m3) (Zika et al., 1982).

ln February 1981, the level of hydrogen peroxide in the earth's stratosphere was tenta-
tively estimated to be 1.1 :! 0.5 ppb by volume (1.5 Ilg/m3) in a layer between heights of

approximately 27 and 35 km from the National Scientific Balloon Facility in Palestine, Texas
(Waters et al., 1981).

(b) Occupational exposure

On the basis of the 1974 National Occupational Hazard Survey, the National Institute
for Occupational Safety and Health (1980, 1981) estimated that 478 000 US workers in 168
industries were exposed to hydrogen peroxide.
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(c) Air

Significantly higher hydrogen peroxide concentrations are found in polluted atmos-
pheres, as compared to clean air. They are believed to arise from photochemically-initiated
oxidation of reactive hydrocarbons. Hydrogen peroxide concentrations in unpolluted rural air
range from 0.3-3 ppb(0.4-4.2 ~g/m3), whereas night-time levels may drop to undetectable
limits of 0.01 ppb (Das et al., 1983). However, under severe smog conditions, levels as high
as 0.18 ppm (0.25 mg/m3) have been reported (Bufalini et al., 1972); Kok (1983) reported
that atmospheric night-time levels of 2-5 ppb (2.8-7 ~g/m3) did not apparantly correlate with
smog intensity.

(d) Water

Hydrogen peroxide levels in rain-water have been found to vary according to the level of
atmospheric hydrogen peroxide washed out by precipitation (Kok, 1983); and to the forma-
tion of hydrogen peroxide cloud-water independently of contamination. Consequent hydro-
gen peroxide concentrations in rain-water ranged from undetectable to 2.6 mg/I (Zika et al.,
1982). Surface-water concentrations have been found to vary between 51-231 mg/l, increas-
ing both with exposure to sunlight and the presence of dissolved organic matter (Draper

& Crosby, 1983).

Traces of hydrogen peroxide have been detected in power-plant cooling-water (Zabelin
& Karbovnichii, 1983).

(e) Plants

ln plant tissues, endogenous hydrogen peroxide has been found at the following levels
(mg/kg frozen weight): potato tubers, 7.6; green tomatoes, 3.1; red tomatoes 3.5; and cas-
tor beans in water, 4.7 (Warm & Laties, 1982).

(f) Food, beverages and animal feeds

Owing to its use as a food additive for controlling the growth of microorganisms and for
bleaching, hydrogen peroxide residues have been detected in foods; at concentrations as
low as ..0.05 mg/kg in solid foods and 0.02 mg/kg in liquid foods and at least as high as
1.5 mg/kg in solid food (Ito et al., 1981 a; Toyoda et al., 1982).

(g) Human tissues and secretions

It is weil established that hydrogen peroxide is produced metabolically in intact cells and
tissues. It is formed by reduction of oxygen either directly in a two-electron transfer reac-
tion, often catalysed by flavoproteins, or via an initial one-electron step to O2- followed by
dismutation to hydrogen peroxide (Sies, 1981).

It has been identified in human breath at levels ranging from 1.0 :t 0.5 ~g/I to 0.34 :t 0.17
pg/I (Williams et al., 1982) and has also been detected in human serum and liver (Nakane &
Kosaka, 1980; Sies, 1981).

(h) Other

Hydrogen peroxide has been found at concentrations of about 10-BM in intact bacterial
cells (Micrococcus Iysodeikticus) (Chance, 1952).



HYDROGEN PEROXIDE 293

Trace amounts of hydrogen peroxide occur in polymers or resins, presumably due to its
use as a polymerization initiator (Ehrlich & Capone, 1982).

Residues of hydrogen peroxide are present on food packaging surfaces, e.g., polyethyl-
ene films used in aseptic packaging systems, as a result of its use as a chemical sterilant
(Chin & Cortes, 1983).

2.3 Analysis

Methods for the analysis of hydrogen peroxide in various matrices were reviewed in 1971
(Mair & Hall, 1971).

Typical methods for the analysis of hydrogen peroxide in various matrices are summa-
rized in Table 4. ln-situ hydrogen peroxide formation has been noted within sampling impin-
gers (e.g.. Kok et al., 1978).

Table 4. Methods for the analysis of hydrogen peroxide

Sample matrix Sam pie preparation ReferenceAssay
procedurea

Limit of
detection

Rain and cloud React with alkaline luminol
water
Cleaning antisep- Place in closed gas collection Determination of
tic solutions system; add potassium per- volume of oxygen

manganate and sulphuric acid released
Fil package with distiled Potentiometricwater titration

Air Collect in impingers contain-
ing distiled water; react with
luminol using al kali ne Cu(lI)
catalyst
Collect in aqueous gas
washing traps; react with
scopoletin and horseradish
peroxidase
Mix with phenolphthalein
leuco base
Add leuco crystal violet,
horseradish peroxidase and
acetate butter
Boil, cool, filter and irradiate

Cooling water

Water

Treated pack-
aging films, e.g.,
polyethylene

Add distiled water, purified
leuco crystal violet, horse-
radish peroxidase and
acetate butter
Dilute in a dispersion coilPickling baths

for copper and
copper alloys
Industrial solution React with titanium(4+) in
from manufacture dilute sulphuric acid
of thiourea di-
oxide
Polymer solutions Extract (aqueous chelating

agent); add luminol

Chemiluminescence 0.5 ppb (0.7 ng/I) Kok et al. (1978); Das
et al. (1983)

Fluorescence decay At least 70 ng/I in
(365 nm and 490 trap water
nm)

Zika & Saltzman (1982)

Photometry Not given Zabelin & Karbovnichii

(1983)
Draper & Crosby (1983)Spectrophotometry 50 Ilg/1

(596 nm)

Thin-Iayer chroma- 50 Ilg/1
tography using
peroxidase-catal-
ysed leuco crystal
violet spray
Chemiluminescence 1 Ilg/1

Draper & Crosby (1983)

Kok et al. (1978)

Worley (1983)Not given

Upper limit, 0.20
mg/kg

Chin & Cortes (1983)

Spectrophotometry 0.02 mg/kg
(596 nm)

Chin & Cortes (1983)

Amperometric
detection

3 mg for 5-1l1
samples; 30 Ilg/1 for
50-Ill sam pies
Not given Yakovleva et al. (1983)

Lundbaeck (1983)

Spectrophotometry
(410 nm)

Chemiluminescence Not given Ehrlich & Capone
(1982)
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Sam pie matrix Sam pie preparation Assay
procedures

Limit of
detection

Reference

Various Japanese Homogenize; extract (potas-
foods sium bromate-phosphate

butter); fiter; purge with
nitrogen; add catalase
Homogenize with aqueous Spectrophotometry 0.05 mg/kg
acetic acid; centrifuge; filter; (480 nm)
treat with acidic sulphate and
ammonium thiocyanate
Homogenize, extract (aqueous Spectrophotometry 0.5 mg/kg
methanol); centrifuge; mix (550 nm)
supernatant with phosphate
butter, hydrogen peroxide
peroxidase and sesamot
di mer; extract (chloroform)
Add potassium bromate; Colorimetry (505 0.05 mg/kg
extract (methanol); add phos- nm)
phate butter and zinc sul-
phate; react with phenol,
4-aminoantipyrine and perox-
idase; purify with Florisil and
concentrate

Cooked noodles Homogenize in water; centri- Colorimetry (420, At least 1 mg/kg
fuge; mix supernatant with 660 or 740 nm)
sodium phosphate butter
containing 2,2' -azinobis(3-
ethylbenzothiazoline-6-sulph-
onic acid) ammonium salt
and peroxidase

Extract (methanol); add cata- Photometry
lase; add 3-methyl-2-benzo-
thiazolone hydrazone and
ferric chloride
Dialyse; react with gum
guaiac or guaiacol in the
presence of peroxidase
Transfer frozen sliced tissue
into 5% thyrocalcitonin;
homogenize; centrifuge; pass
over anion exchange resin;
add to ammoniacal luminol;
add potassium ferricyanide

Intact animal ceUs Mix tissue homogenates or Spectrophotometry Not given
and tissue subcellular fractions with (640-660 nm)

catalase
Add sodium azide, ascorbate
oxidase, catalase and
1 ,4-piperazinediethanesulph-
onic acid or phosphate butter

Oxygen detection
by oxygen elec-
trode

0.1 mg/kg for solid
food; 0.01 mg/kg
for liquid food

Toyoda et al. (1982);
Kawamura et al. (1983)

Asai et al. (1982)

Kikugawa et al. (1982)

Ito et al. (1981 a)

Hasegawa & Sugawara
(1981 )

Not given Nanase et al. (1981)

Milk Spectrophotometry Not given Iwaida et al. (1981)

Plant tissues Chemiluminescence At least 1 ng (corres-
ponding to 0.1-1 9
fresh mate rial)

Warm & Laties (1982)

Sies (1981)

Blood serum Hydrogen perox-
ide-selective elec-
trode with an oxid-
ase meter

Not given Nakane & Kosaka
(1980)

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais 1

(a) Oral administration

Mouse: Groups of 98, 101 and 99 inbred C57BLl6J mice of both sexes, eight weeks of
age, were given 0, 0.1 and 0.4% hydrogen peroxide (a solution of 30% for food-additive use)

1The Working Group was aware of a recently-completed study in rats administered hydrogen peroxide in drink-
ing-water (IARC, 1984).
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in distilled water, as drinking-water, for 100 weeks. One adenoma of the duodenum was
noted in controls; six adenomas and one carcinoma of the duodenum were seen in mice
receiving 0.1 %, and two adenomas and five carcinomas of the duodenum occurred in mice
given 0.4% hydrogen peroxide (p -: 0.05 compared with controls) (Ito et al., 1981 b). (The
Working Group noted that data on survival were not given.)

A group of 138 male and female C57BL/6N mice were treated with 0.4% hydrogen perox-
ide (food grade, see above) in the drinking-water. Groups of 5-17 mice were kiled sequen-
tially at 30-day intervals up to 210 days and then every 60, 70 or 90 days up to 630 days;
29 mice were killed on day 700, when the experiment was terminated. Gastric erosions
and duodenal 'plaques' (round, flat, avillous areas) appeared at the first kil (30 days) and
were present consistently at each subsequent kill. 'Nodules' (hyperplastic lesions, adeno-
mas and carcinomas) were found in both duodenum and stomach from 90 days until the end
of the experiment, but not on days 210 and 360 in the stomach. The lesions did not appear
to increase in frequency, but atypical hyperplasia appeared late in the experiment and 5%
of the animais developed duodenal adenocarcinoma. No such lesion was observed in con-
trois. The reversibility of the lesions was investigated in groups of mice treated with 0.4%
hydrogen peroxide for 120, 140, 150 or 180 days after a treatment-free period of 10-30 days.
The stomach lesions regressed completely, irrespective of length of treatment, but some of
the duodenal les ions persisted. Groups of 22 DBA/2N, 39 BALB/cAnN and 34 C57BL/6N
mice of both sexes were given 0.4% hydrogen peroxide (food grade) in distilled water
as drinking-water. The mice were examined sequentially from 90 to 210 days of treatment
for strain differences in the development of gastric and duodenal 'nodules' (hyperplas-
tic lesions, adenomas and carcinomas). The incidences of gastric nodules were 2/22, 1/39
and 12/34 and those of duodenal nodules were 14/22, 7/39 and 22/34 in DBA, BALB/c and
C57BL mice, respectively. The duodenal nodules appeared at 90 days in ail three strains
(Ito et al., 1982).

Groups of 18-24 female C3H/HeN, B6C3F1, C57BL/6N and C3H/C~ mice with different
levels of catalase activities in the duodenal mucosa (5.3, 1.7, 0.7 and 0.4 x 10-4 k/mg pro-
tein, respectively) were given 0.4% hydrogen peroxide (food grade) in distilled water as
drinking-water for six or seven months. The incidences of duodenal 'nodules' (hyperplastic
lesions, adenomas and carcinomas) were 2/18, 7/22, 21/21 and 22/24, respectively (Ito et
al., 1984). (The Working Group noted that the pathology of the tumours was not weil docu-
mented.)

(b) Subcutaneous and/or intramuscular administration

Mouse: Hydrogen peroxide (0.1 ml of a 0.5% solution in saline) was tested by subcuta-
neous injection in mice (strain and age, number of animais and sex unspecified) either alone
or as a mixture with diatomaceous earth, hydroxylamine hydrochloride (a catalase inhibitor)
or ferrous sulphate. No tumour was found in the few animais reported to have survived long-
er than 200 days (Nakahara & Fukuoka, 1959). (The Working Group noted that the study
was inadequate for evaluating the carcinogenicity of hydrogen peroxide.)

A total of 649 male and female newborn mice of strains AB and C57BlxA/JAX received
subcutaneous injections of 0.1 ml of 0.6% hydrogen peroxide (pu rit y unspecified) diluted in
Ririger's solution; 303 animaIs received one injection and 346 animais were injected three
times. Of those that received the single injection, 12 males and 18 females survived longer
than six months; of these, six developed tumours at various sites. Of those that received
the repeated injections, 21 males and 21 females survived longer than six months; of these,
14 developed tumours at various sites (Schmidt, 1964). (The WorkingGroup could not eval-
uate the results of this study because of the absence of a proper control group.)
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Groups of female ddN mice, 30 days of age, received subcutaneous injections of hydro-
gen peroxide (pu rit y and stability unspecified) in a study of its effect on benzo(a)pyrene (BP)
carcinogenesis. (1) Groups of 30 mice received subcutaneous injections of 0.1 ml tricapry-
lin followed immediately by 0.05 ml of 0.6% hydrogen peroxide; 0.3 mg BP in 0.1 ml tricap-
rylin; or 0.3 mg BP in 0.1 ml tricaprylin followed immediately by 0.05 ml of 0.6% hydrogen
peroxide. After 437 days, the incidences of fibrosarcomas at the site of injection were 0/30,
19/30 and 22/30, respectively. Ali mice were alive at the appearance of the first tumour. (2)
Groups of 30 mice received subcutaneous injections of 0.3 mg BP in 0.1 ml tricaprylin fol-
lowed immediately by 0.05 ml distilled water; 0.3 mg BP in 0.1 ml tricaprylin followed imme-
diately by 0.05 ml of 0.6% hydrogen peroxide; or 0.3 mg BP in 0.1 ml tricaprylin followed
immediately by 0.05 ml Fenton's reagent (0.6% hydrogen peroxide + 0.1 mg ferrous chlor-
ide). At 480 days, when the study was terminated, the incidences of fibrosarcomas at the
injection site were 19/29, 18/29 and 20/29, respectively, the denominator being the num-
ber of mice alive at the appearance of the first tumour. (3) Groups of 31-32 mice received
a subcutaneous injection every two days, for 12 days, of 0.3 mg BP in 0.1 ml tricaprylin
followed immediately by 0.05 ml of 0.6% hydrogen peroxide; 0.2 mg BP in 0.1 ml tricapry-
lin followed immediately by 0.05 ml distiled water; 0.2 mg BP in 0.1 ml tricaprylin followed
immediately by 0.05 ml of 0.6% hydrogen peroxide. At 480 days, the incidences of fibrosar-
comas at the injection site were 17/31, 21/26 and 13/27, respectively. These results indi-
cate that single or repeated subcutaneous injections of hydrogen peroxide at the site of a
subcutaneous injection of BP did not alter the number or time of onset of the induced fibro-
sarcomas (Nagata et al., 1973).

(c) Skin application

Mouse: ln a two-stage mouse-skin assay, a group of 30 female ICR Swiss mice,
eight weeks of age, received a single application of 125 l.g 7, 12-dimethylbenz(a)anthracene
(DMBA) in 0.25 ml acetone. Three weeks later, the mice received applications of 0.2 ml 3%
hydrogen peroxide (purity and stabilty unspecified) in water five times weekly for 56 weeks,
at which time the experiment was terminated. No skin tumour was found (Bock et al., 1975).
(The Working Group noted the short duration of the experiment and that survival data were
not given.)

Groups of 60 female Sencar mice, aged seven to nine weeks, were used to test the
tumour-promoting (A), tumour-initiating (B) and complete carcinogenic (C) activities of hydro-
gen peroxide (purity unspecified) on the skin. Mice in experiment (A) received a single topi-
cal application of 10 nmol DMBA in 0.2 ml acetone, followed one week later by applica-
tions of a 30% solution of hydrogen peroxide diluted 1:1 (once and twice weekly), 1:2 or 1:5
in 0.2 ml acetone twice weekly for 25 weeks. Controls received acetone alone. The propor-
tions of mice with papilomas at 25 weeks were 0/60 (controls), 3/58, 5/59, 6/59 and 6/60,
respectively. Mice in experiment (B) received a single topical application of hydrogen perox-
ide diluted 1:1 in 0.2 ml acetone, or acetone alone (controls), followed one week later by
twice-weekly applications of 2 l.g 12-0-tetradecanoylphorbol 13-acetate (TP A) in acetone for
25 weeks. Papillomas were found after 25 weeks in 3/56 and 6/58 control and hydrogen

peroxide-treated animais, respectively. Mice in experiment (C) received twice-weekly topi-
cal applications of hydrogen peroxide diluted 1:1 in 0.2 ml acetone for 25 weeks; 3/57 had
papillomas at that time. No squamous-cell carcinoma was found when these animaIs were
observed up to 50 weeks (Klein-Szanto & Slaga, 1982). (The Working Group noted the
absence of a DMBA-treated control group for the promotion experiment and the short dura-
tion of the experiment for complete carcinogenicity.)
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3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

The intravenous LDso of hydrogen peroxide in rats was reported to be 21 mg/kg bw
(Spector, 1956). ln rabbits, an inverse relationship between the intravenous LDso (3-19 mg/kg
bw) and the administered concentration of hydrogen peroxide (3.6-90%) was observed:
intravascular oxygen bubbles appear at the site of injection and mechanically hinder further
access of hydrogen peroxide to the general circulation; the more concentrated the solu-
tion, the more marked are these effects and the less the quantity of hydrogen peroxide that
actually reaches the systemic circulation. The LDso for percutaneous application was much
higher, and there were marked species and strain differences in susceptibility (rabbit, 630
mg/kg bw; rat, 700-:? 7500 mg/kg bw) (US Food and Drug Administration, 1983a).

ln rabbits and cats that died after intravenous administration of hydrogen peroxide, the
lungs were found to be pale and emphysematous, with considerable amounts of gas in the
great veins and in the right side of the heart (Lorincz et al., 1948). After intraperitoneal injec-
tion of 0.5 ml of 5% hydrogen peroxide into adult mice, a radiation-like effect was obser-
ved; pyknotic nuclei were induced in the intestine and thymus within two hours and persist-
ed for up to 24 hours (Dustin & Gompel, 1949).

Rats receiving 2.5% hydrogen peroxide in their drinking-water died within 43 days (US
Food and Drug Administration, 1983a). Dose-related growth retardation, induction of dental
caries and pathological changes in the periodontium were observed in young male rats receiv-
ing 1.5% hydrogen peroxide as their drinking-fluid for eight weeks (Shapiro et al., 1960).
Aoki and Tani (1972) reported that treatment of 16 mice for 35 weeks with 0.15% hydrogen
peroxide resulted in hydropic degeneration of hepatic and renal tubular epithelial tissues,
necrosis, inflammation, irregularities of tissue structure of the stomach wall and hypertrophy
of the Iymphatic tissue of the small intestinal wall; concentrations in excess of 1 % resulted
in pronounced loss of body weight and death within two weeks. ln a sequential study of male
and female mice treated with 0.4% hydrogen peroxide in the drinking-water, gastric erosion
appeared at the time the first animais were killed (30 days) and was present consistently
throughout the study period (108 weeks) (Ito et al., 1982).

The characteristic whitening of the skin after topical application of hydrogen peroxide
is believed to be the result of ischaemia of the skin produced by oxygen bubbles acting
microembolically in the capillaries (Ludewig, 1964a). A single topical application of 15 or 30%
hydrogen peroxide to the dorsal skin of mice produced extensive epidermolysis, inflamma-
tion and vascular injury, similar to that produced by tumour promoters, followed by quick
regeneration and epidermal hyperplasia, with a temporary increase in the number of dark
basal keratinocytes. Extensive endothelial damage to the dermal blood vessels also occur-
red (Klein-Szanto & Slaga, 1982).

Concentrations of 0.25-2 mM (8.5-68 Ilg/ml) hydrogen peroxide in primary cultures of rat
hepatocytes killed 30-90%, respectively, of the cells within three hours. Morphologically, the
cells exhibited cytoplasmic vacuolization and prominant surface blebs. Lipid peroxidation
preceded cell death. Addition of antioxidants prevented both Iipid peroxidation and cell death
(Rubin & Farber, 1984).

Endothelial cells, fibroblasts and several tumour-celllines were up to 10 times more sensi-
tive to enzymatically-generated hydrogen peroxide than rat hepatocytes (Sacks et al., 1978;
Nathan et al., 1980; Simon et al., 1981; Weiss et al., 1981; Suttorp & Simon, 1982).
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Phenanthroline, a strong iron chelator, prevented the death of mou se fibroblast 3T3 cells
and the formation of DNA single-strand breaks produced by hydrogen peroxide. It was con-
cluded that hydroxyl radicals formed when hydrogen peroxide reacts with chromatin-bound
Fe+2 were responsible for the breaks that resulted in cell death (Mello Filho et al., 1984).
Hydroxy radicals are considered to be the species primarily responsible for radiation effects
on DNA (Sasaki & Matsubara, 1977). DNA-strand breaks have also been observed in intact
leucocytes following activation of endogenous hydrogen peroxide formation by phorbol
myristyl acetate (Birnboim, 1982).

Hydrogen peroxide induces liver microsomal lipid peroxidation in the presence of haema-
tin (Ursini et al., 1981) but not of iron ions (Morehouse et al., 1983). Microsomal Iipid perox-
idation results in the formation of high-molecular-weight protein (Koster et al., 1982), the
destruction of cytochrome-P450 (Levin et al., 1973) and inactivation of glucose-6-phospha-
tase (Wills, 1971). The induction of liver peroxisomes in rats in vivo with peroxisome proli-
ferators resulted in increased steady-state levels of hydrogen peroxide production and Iipo-
fuscin, indicating an increase in lipid peroxidation (Reddy & Lalwai, 1983).

Hydrogen peroxide formed intracellularly- or added exogenously-caused methaemoglobin-
aemia and haemolysis wh en incubated with erythrocytes (Cohen & Hochstein, 1964). Incu-
bation of 10 mM (34 ¡.gjmll hydrogen peroxide with erythrocytes resulted in the release of
volatile alkanes believed to be formed as a result of Iipid peroxidation (Clemens et al., 1983).
Cu+2 readily catalysed the peroxidation of rat-erythrocyte membrane lipid by hydrogen perox-
ide (Chan et al., 1982).

Effects on reproduction and prenatal toxicity

Doses of 1.4, 2.8, 5.5 and 11 ¡.moljegg hydrogen peroxide (pu rit y, 30%) dissolved in water
were injected into the airspace of groups of 20-30 White Leghorn chicken eggs on day 3
of incubation. Embryos were examined on day 14. The incidence of embryonic deaths and
malformations was dose-related and detected at doses of 2.8 ¡.moljegg and above; the com-
bined ED50 was 2.7 ¡.moljegg (Korhonen et al., 1984).

Female rats that received 0.45% hydrogen peroxide as the sole drinking-fluid for five
weeks produced normal Iitters when mated with untreated males (Hankin, 1958). Further-
more, 1 % hydrogen peroxide given as the sole drinking-fluid to three-month-old male mice
for 7-28 days did not cause infertility (Wales et al., 1959).

Absorption, distribution, excretion and metabolism

Meaningful information on the rate of absorption, distribution and excretion of hydrogen
peroxide is difficult to obtain. Firstly, hydrogen peroxide is decomposed in the bowel before
absorption; the large volumes of oxygen released as a result of catalase action (ten times the
volume of solution) can cause rupture of the colon, proctitis and ulcerative colitis. Further-
more at these concentrations of hydrogen peroxide (3%), oesophagitis and gastritis occur
as a result of ischaemia produced by oxygen bubbles acting as microemboli in the tissues
and capillaries, as weil as by its inflammatory irritating effect (Sheehan & Brynjolfsson, 1960).
Secondly, hydrogen peroxide is a normal product of aerobic metabolism and may result from
a number of oxidase-catalysed reactions (e.g., D-amino acid oxidase, urate oxidase, glyco-
late oxidase, fatty acyl-CoA dehydrogenase), or by the breakdown of superoxide by super-
oxide dismutase (Fridovich, 1978; Reddy & Lalwai, 1983).

Intracellular hydrogen peroxide levels are markedly increased in liver homogenates obtain-
ed from rats after in-vivo administration of peroxisome proliferators, e.g., certain hypolipid-
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aemic drugs (Reddy & Lalwai, 1983). Peroxisomal-catalysed ß-oxidation of fatty acids was
also markedly increased. The authors suggested that hepatocellular genetic damage cou Id
occur as a result of hydrogen peroxide released from peroxisomes during fatty acid oxida-
tion.

Studies conducted by Ludewig (1964a) show that hydrogen peroxide can penetrate the
epidermis and mucous membranes and decompose in the underlying tissues, producing
emphysemae and emboli. The presence of oxygen bl!bbles in the tongue and jugular veins
following sublingual application of 3-30% hydrogen peroxide to dogs, cats and rabbits sug-
gests that significant amounts of hydrogen peroxide were absorbed (Ludewig, 1959). Within
one hour, 33% of the 180 of a 19% solution of H21802 was present in the expired air follow-
ing sublingual application to cats (Ludewig, 1964b). Perfusion of the large intestine of dogs
with dilute hydrogen peroxide has been shown to elevate the oxygen content of the blood,
indicating that the compound was absorbed by the intestine (Urschel, 1967).

Hydrogen peroxide is formed intracellularly by mitochondria, endoplasmic reticulum, perox-
isomes and soluble enzymes as a by-product during metabolism (Chance et al., 1979) (see
Fig. 1).

Data on hydrogén peroxide formation in various subcelluiar fractions vary, reflecting dif-
ferent assay conditions (Chance et al., 1979). Boveris et al. (1972) studied intracellular pro-

Fig. 1. General scheme of roles of catalase, glutathione peroxidase and superoxide dis-
mutase in different subcellular locationsa
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lase; Band BH2. hydrogen donors of a specificity appropriate to catalase, such as ethanol.
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duction of hydrogen peroxide in various subcellular fractions under optimized physiological
conditions; by summing the levels of hydrogen peroxide production in each fraction, they
estimated a total production of 88 nmol/min per 9 wet-weight of rat Iiver. ln rat Iivers per-
fused in vitro, highly variable results have been obtained with regard to hydrogen peroxide
production, depending on the substrate used (Chance et al., 1979). During decanoate oxi-
dation, 80 nmol/min per 9 wet-weight of perfused rat liver were formed (Sies, 1981). When
urie acid was used as the substrate and rat livers were perfused in situ, somewhat higher
rates of hydrogen peroxide production were measured (100-300 nmol/min per 9 wet-weight)
(Chance et al., 1979).

Hydrogen peroxide levels are particularly high in rat kidney (25-50 J!g/17 mg dry-weight:
1.5-3 J!g/g) and may reflect the high peroxisomal content (Rondoni & Cudkowicz, 1953).
Polymorphonuclear leucocytes are particularly effective at forming hydrogen peroxide in res-
ponse to phagocytosable particles or soluble agonists and is associated with their bacteri-
cidal function. Rates of hydrogen peroxide formation of about 20 nmol/min/1 07cells have
been found with guinea-pig leucocytes during phagocytosis (Dri et al., 1979).

ln studies on the metabolism of hydrogen peroxide by erythrocytes, glutathione perox-
idase was found to be responsible for decomposition of low concentrations of hydrogen

peroxide, whereas catalase was the primary catalyst for decomposition of higher concentra-
tions (Cohen & Hochstein, 1963; Nicholls, 1972). With hepatocytes, glutathione peroxidase
was responsible for the decomposition of cytosolic hydrogen peroxide formed during drug
metabolism in the endoplasmic reticulum, whereas catalase in the peroxisomes was res-
ponsible for the decomposition of peroxisomal hydrogen peroxide formed on incubation of
hepatocytes with 10 mM (34 J!g/mll glycolate (Jones et al., 1981).

The hexose-monophosphate shunt of erythrocytes participates in the removal of hydro-
gen peroxide as a result of the oxidation of intracellular NADPH and glutathione (GSH) (Sul-
livan & Stern, 1980). Incubation of isolated hepatocytes with 0.5 nmol hydrogen peroxide
added per ml per min resulted in the oxidation of cellular GSH and the release of GSSG
(oxidized glutathione) into the medium, but had only a minor effect on the cellular NADPH:-
NADP+ ratio (Eklöw et al., 1981).

ln-vitro studies show that the interactions of haem proteins with hydrogen peroxide result
in protein cross-lin king (Rice et al., 1983) and modification of the haem-protein bonds and
of certain amino acids, depending on the pH of the hydrolysate (O'Brien, 1966).

Base destruction, single-strand breakage and cross-Iinking have been detected in iso-
lated DNA upon interaction with hydrogen peroxide in the presence of Cu+2 and Fe+2 (Mas-

sie et al., 1972). Pyrimidine deoxyribonucleotides were more susceptible to oxidation than
purine deoxyribonucleotides (Melzer & Tomlinson, 1966). Hydrogen peroxide also liberates
ail bases from DNA as a result of oxidation of the C-1 carbon of deoxyribose (Uchida et
al., 1965; Rhaese & Freese, 1968). At low concentrations of hydrogen peroxide (0.3 mM
(10 J!g/mll), thymine bases of DNA are converted to 5,6-glycols, with relatively few accom-
panying strand breaks or apurinic/apyrimidinic bases (Demple & Linn, 1982).

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 344)

Prophages are induced by treatment of Iysogenized bacteria with hydrogen peroxide (Nor-
throp, 1958). ln Escherichia coli, hydrogen peroxide induced single-strand breaks in DNA
(Ananthaswamy & Eisenstark, 1977) and was positive in DNA-repair assays (Rosenkranz,
1973; Ananthaswamy & Eisenstark, 1977; Hartman & Eisenstark, 1978).
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Hydrogen peroxide was mutagenic to Salmonel/a typhimurium TA92 (Ames et al., 1981)
and TA 102 (Levin et al., 1982) and was positive in a forward-mutation test in S. typhimurium
SV50 (Xu et al., 1984). Both positive (Norkus et al., 1983) and negative results have been
reported in strain TA100 and negative results in strain TA98 (Stich et al., 1978; Yamagu-
chi & Yamashita, 1980). Hydrogen peroxide was mutagenic to Micrococcus aureus (Clark,
1953), Haemophilus influenzae (Kimball & Hirsch, 1975), Bacilus subtils (Sacks & MacGre-
gor, 1982) and E. coli (Demerec et al., 1951).

Hydrogen peroxide was mutagenic to Saccharomyces cerevisiae (Thacker, 1976; Thacker
& Parker, 1976), Neurospora crassa (Dickey et al., 1949; Jensen et al., 1951) and Aspergil-
lus chevalieri (Nanda et al., 1975) but not to Streptomyces griseoflavus (Mashima & Ikeda,
1958).

Hydrogen peroxide did not induce sex-linked recessive lethal mutations in Drosophila
melanogaster (Di Paolo, 1952).

Hydrogen peroxide induced single-strand breaks in DNA of V79-4 Chinese hamster cells
(Bradley et al., 1979) and human cells (Hoffmann & Meneghini, 1979; Taylor et al., 1979;
Wang et al., 1980). No DNA-DNA or DNA-protein cross-link was found after treatment of
V79-4 Chinese hamster cells with hydrogen peroxide (Bradley et al., 1979).

Unscheduled DNA synthesis was induced by treating cultured human fibroblasts with
hydrogen peroxide (Stich et al., 1978; Coppinger et al., 1983).

Hydrogen peroxide did not induce resistance to 6-thioguanine (Bradley et al., 1979;
Bradley & Erickson, 1981), 8-azaguanine or ouabain in V79 Chinese hamster cells
(Tsuda, 1981).

Hydrogen peroxide induced sister chromatid exchanges in Chinese hamster ovary cells
(MacRae & Stich, 1979; Wilmer & Natarajan, 1981), V79 Chinese hamster cells (Bradley et al.,
1979; Speit et al., 1982) and cultured human cells (Estervig & Wang, 1979 (abstract, details
not given)). Chromosomal aberrations were induced by exposure to hydrogen peroxide of
Chinese hamster ovary cells (Stich et al., 1978; Tsuda, 1981; Wilmer & Natarajan, 1981;
Hanham et al., 1983), Chinese hamster DON-6 cells (Sasaki et al., 1980), primary cultures
of Syrian hamster embryo cells and newborn Balb/c mouse back-skin cells (Tsuda, 1981),
and human fibroblasts (Parshad et al., 1980).

Exposure of mice carrying ascite-tumour cells to hydrogen peroxide in vivo resulted in an
increased number of chromosomal aberrations in the tumour cells (Schöneich, 1967; Schö-
neich et al., 1970). Hydrogen peroxide did not induce chromosomal aberrations in bone-mar-
row cells of rats treated in vivo (Kawachi et al., 1980). (No detail was given.)

(b) Humans

Toxic effects

A characteristic whitening of the skin occurs after topical application of hydrogen perox-
ide (1-30%), which is believed to be the result of avascularity of the skin produced by oxy-
gen bubbles acting microembolically in the capilaries (Hauschild et al., 1958).

ln five persons who accidentally drank about 50 ml of 33% hydrogen peroxide solution,
stomach and chest pain, retention of breath, foaming at the mouth and loss of conscious-
ness ensued. Later, motor and sensory disorders, fever, microhaemorrhages and moderate
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leucocytosis were noted. One patient developed pneumonia. Ali recovered completely within
two to three weeks (Budagovskiya et al., 1971).

Cases of rupture of the colon, inflammation of the anus or rectum and ulcerative colitis
have been reported following hydrogen peroxide enemas (Pumphrey, 1951; Ludington et al.,
1958; Schechan & Brynjolfsson, 1960).

Human erythrocytes exhibit increased osmotic fragility when incubated with hydro-
gen peroxide (Cohen & Hochstein, 1963). Erythrocytes from vitamin E-deficient individuals
(Younkin et al., 1971) or glucose-6-phosphate dehydrogenase-deficient individuals (Cohen &
Hochstein, 1964) are more susceptible to haemolysis by hydrogen peroxide than those of
normal individuals; the mechanism was associated with membrane lipid peroxidation. Vita-
min E deficiency has been reported in patients not only with general malnutrition, but also
with steatorrhea, acanthocytosis, sickle-cell anaemia and in premature infants; lipid peroxi-
dation of their erythrocytes readily occurs on incubation with hydrogen peroxide (Chiu et al.,
1982). Hereditary acatalasia is a rare enzyme defect characterized by catalase deficiency;
erythrocytes from individuals with this anomaly are also particularly susceptible to the above
peroxidative changes with hydrogen peroxide (Jacob et al., 1965). Increased sensitivity to
hydrogen peroxide has also been found in erythrocytes isolated from persons deficient in
enzymes of glutathione metabolism, persons with nocturnal haemoglobinuria, erythropoietic
protoporphyria or thalassaemia syndromes (Chiu et al., 1982).

Incubation of erythrocytes in vitro with oxidative drugs, such as primaquine, quinine,

phenylhydrazine and dapsone, resulted in the intracellular formation of hydrogen peroxide
through interactions of the drug with haemoglobin. This led to the formation of methaemo-
globin and to haemoglobin denaturation, followed by precipitation inside the red cells as
Heinz bodies (Cohen & Hochstein, 1964; Chiu et al., 1982).

Leucocytes from children and young adults with the genetic disorder, chronic granuloma-
tous disease, fail to generate adequate amounts of oxygen and hydrogen peroxide that are
required for the effective destruction of ingested microbes, resulting in recurrent infections
(Baehner et al., 1982).

Cultured human D98/AH2 cells lose their viability in the presence of 1 iig/ml hydrogen
peroxide (Wang & Nixon, 1978; Wang et al., 1980).

Effects on reproduction and prenatal toxicity

No data were available to the Working Group.

Absorption, distribution, excretion and metabolism

Glutathione peroxidase, responsible for decomposing hydrogen peroxide, is present in
normal human tissues (Flohé, 1982). Hydrogen peroxide has been detected in serum and in
intact liver (Nakane & Kosaka, 1980; Sies, 1981).

Mutagenicity and chromosomal effects

No data were available to the Working Group.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

No data were available to the Working Group.
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4. Summary of Data Reported and Evaluation

4.1 Exposure data

Hydrogen peroxide has been produced commercially since 1925 and is employed princi-
pally as a chemical intermediate and for textile, paper and pulp bleaching. Large quantities
are also used in industrial and municipal waste treatment and as a component of non-pre-
scription drugs and topical anti-infectants. It has been found in many samples of air, water
and food. It is also formed endogenously ìn intact human cells and tissues.

4.2 Experimental data

Hydrogen peroxìde has been tested for carcinogenicity only in mìce, by oral administra-
tion in drinking-water, by skin application and by subcutaneous administration. Adenomas
and carcinomas of the duodenum were reported following its oral administration. The other
studies were inadequate for an evaluation of carcinogenicity. One study by skin application.
indicated that hydrogen peroxide has no promoting activity.

The available data are inadequate to evaluate the teratogenic potential of hydrogen perox-
ide in mammals.

Hydrogen peroxide induced DNA damage in bacteria and was mutagenic to bacteria and
fungi. It was not mutagenic to insects or to mammalian cells in vitro. Hydrogen peroxide
induced DNA damage, sister chromatid exchanges and chromosomal aberrations in mam-
malian cells in vitro.

Ove rail assessment of data from short-term tests: hydrogen peroxidea

Genetic activity Cell transformation

DNA damage Mutation Chromosomal
effects

Prokaryotes + +

Fungi/green +
plants

Insects -
Mammalian cells + - +
(in vitro)

Mammals
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Sufficient Cell transformation: No
data

8The groups into which the table is divided and the symbols + and - are defined on pp. 17-18 of the Preamble; the
degrees of evidence are defined on p. 18.
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4.3 Human data

No case report or epidemiological study of the carcinogenicity of hydrogen peroxide to
hum ans was available to the Working Group.

4.4 Evaluation 1

There is limited evidence of the carcinogenicity of hydrogen peroxide to experimen-
tal animais.

ln the absence of epidemiological data, no evaluation could be made of the carcinogeni-
city of hydrogen peroxide to humans.
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LAUROYL PEROXIDE

1. Chemical and Physical Data

1.1 Synonyms and trade names

Chem. Abstr. Services Reg. No.: 105-74-8

Chem. Abstr. Name: Peroxide, bis(1-oxododecyl)

IUPAC Systematic Name: Lauroyl peroxide

Synonyms: Dilauroyl peroxide; dodecanoyl peroxide

Trade Names: Alperox C, CjS,F and S-35; DYP-97F; Laurox Q and W40; Laurydol;
L YP 97 and 97F

1.2 Structural and molecular formulae and molecular weight

o 0Il Ii
CH3-(CH2)1o -C -O-O-C -(CH2)1O-CH3

C24H4604 MoL. wt: 398.6

1.3 Chemical and physical properties of the pure substance

From Hawley (1981), unless otherwise specified

(a) Description: White, coarse powder

(b) Melting-point: 54.7-55°C (Sheppard & Mageli, 1982); 49°C

(c) Solubilty: Insoluble in water; slightly soluble in alcohols; soluble in oils and most
organic solvents

(d) Spectroscopy data: A review on spectroscopy data has been published (Sil-
bert, 1971)

(e) Stability: Relatively stable compared to other commercially used peroxides:
decomposition half-Iie is about 1 h at 80°C (Mair & Hall, 1971); inflammable

and explosive

-315-
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(f) Reactivity: Strong oxidizing agent

(g) Conversion factor: 1 ppm = 16.3 mg/m3 at 760 mm Hg and 25°C (calculated by
the Working Groupl

1.4 Technical products and impurities

Lauroyl peroxide is available in the USA and in western Europe as a flaked product con-
taining 98% min lauroyl peroxide (Luperox GmbH, 1979; Pennwalt Corporation, 1983); it is
also available in Europe as a 35% active suspension in water (Luperox GmbH, 1979).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Lauroyl peroxide can be prepared by the reaction of lauroyl chloride with sodium hydrox-
ide and hydrogen peroxide (Le., sodium peroxide) (Sheppard & Mageli, 1982), and this is
the method used for its commercial production.

Commercial production of lauroyl peroxide in the USA was first reported in 1941-1943
(US Tariff Commission, 1945). Production reached a peak in 1969 when five US companies
reported combined production of 1.1 million kg (US Tariff Commission, 1971). Separate pro-
duction data have not been reported since 1970, but US consumption of lauroyl peroxide
in 1982 was about 630 thousand kg (Anon., 1982). Three companies currently produce lau-
royl peroxide in the USA. Separate data on US imports and exports are not published.

One company in Canada produces lauroyl peroxide, and usage in 1980 was estimated at
75 thousand kg (Anon., 1981). It is produced commercially by three companies in Germany,
two companies in the UK and one in the Netherlands.

Commercial production in Japan of lauroyl peroxide started in 1953. Two Japanese com-
panies currently manufacture it by the reaction of lauroyl chloride with sodium peroxide; their
combined production in 1983 is estimated to have been 50-60 thousand kg.

(b) Use

Lauroyl peroxide is believed to be used almost exclusively as an initiator in the produc-
tion of polymers. It has found extensive use in the suspension polymerization of vinyl chlor-
ide and was used in ethylene, styrene and acrylate polymerization, and also to some extent
in the moulding of polyester resins (Mageli & Kolczynski, 1968). Lauroyl peroxide is now
used (usually as part of a mixture with other initiators) in the suspension polymerization of
vinyl chloride and in the elevated temperature curing of unsaturated polyester resins (Pas-
torino et al., 1983). It has also been recommended for use in the polymerization/curing of
acrylates and styrenated alkyd resins and for drying and bleaching oils (Pennwalt Corpora-
tion, 1983).



LAUROYL PEROXIDE 317

ln Japan, lauroyl peroxide is used almost exclusively as an initiator in the polymerization
of vinyl chloride. It also finds Iimited use as a bleaching agent and as a drying agent for
tung oil.

Lauroyl peroxide is approved by the US Food and Drug Administration (1980) for the fol-
lowing uses as an indirect food additive: as a component of adhesives used in articles in
contact with foods; as a polymerization catalyst in components of paper and paper-
board in contact with aqueous and fatty foods; and as a catalyst, at a level of 1.5% max, in
crosslinked polyester resins used in articles for repeated contact with foods.

As part of the Hazardous Materials Regulations of the US Department of Transportation
(1980), shipments of lauroyl peroxide are subject ta a variety of labelling, packaging, quan-
tity and shipping restrictions consistent with its designation as a hazardous material.

2.2 Occurrence

(a) Natural occurrence

Lauroyl peroxide is not known to occur as a natural product.

(b) Occupational exposure

On the basis of a 1974 National Occupational Hazard Survey, the National Institute for
Occupational Safety and Health (1980, 1981) estimated that about 500 US workers in the
industrial organic chemicals industry were exposed to lauroyl peroxide.

2.3 Analysis

General methods for the analysis of acyl peroxides (which include lauroyl peroxide) in
various matrices have been reviewed (Mair & Hall, 1971). A spectrophotometric method for
the analysis of lauroyl peroxide in workplace air has been described (Bianchi & Muccioli,
1978).

3. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(a) Subcutaneous and/or intramuscular administration

Mouse: Groups of 50 and 30 female ICR mice/Ha Swiss mice, eight weeks of age, were
given weekly subcutaneous injections of 0.1 and 10 mg lauroyl peroxide (pu rit y unspecified)

in tricaprylin, respectively. A total of 110 female mice (from three groups) received weekly
injections of 0.05 ml tricaprylin only and served as vehicle controls. Ali mice were treated
and observed throughout life span. Median survival times were 368-535 days in the control
groups, 324 days in the low-dose group and 331 days in the high-dose group. No tumour
was observed in the controls; in the low-dose group, 3/50 mice developed a fibrosarcoma
at the injection site (p = 0.03); no tumour was observed in the high-dose group (Van Duur-
en et al., 1966).
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A group of 15 female BALB/c mice, aged two months, received twice-weekly subcuta-
neous injections of 0.05 mg lauroyl peroxide (pu rit y, :;99%) in 0.1 ml tricaprylin for 52 weeks.
Ten mice that received tricaprylin alone served as controls. The experiment was terminated
after 18 months, at which time 14/15 mice were still alive. Grossly, no tumour was obser-
ved either at the injection site or in internai organs of treated animaIs; one fibrosarcoma was
found at the injection site in the control group (Swern et al., 1970).

Rat A group of 20 female Sprague-Dawley rats, six weeks of age, received weekly sub-
cutaneous injections of 11 mg lauroyl peroxide (pu rit y unspecified) in 0.2 ml tricaprylin; fur-
ther groups of 20 females received injections of 0.1 ml tricaprylin only or no injection and
served as vehicle or untreated controls. The experiment was terminated on day 542. Median
survival times were 537 days in the vehicle- and untreated control groups and 488 days in
the lauroyl peroxide-treated group. No tumour was found at the injection site in any group,
although local palpable masses associated with tissue necrosis, inflammatory reaction and
vascular thrombosis were noted in the treated group (Van Duuren et al., 1967).

(b) Skin application

Mouse: A group of 30 male ICR/Ha Swiss mice, eight weeks of age, received thrice-week-
Iy skin applications of approximately 100 mg of a solution of lauroyl peroxide (pu rit y un-

specified) in 5% benzene solution. Three groups of 30 and one group of 60 mice received
applications of approximately 100 mg benzene alone. Median survival times were 262-412
days in the benzene-treated groups and 437 days in the lauroyl peroxide-treated group. One
animal treated with lauroyl peroxide developed a skin papiloma at the site of application; 11
of the 150 animais treated with benzene only developed tumours at the treatment site, one
of which was a carcinoma and the others papilomas (Van Duuren et al., 1963).

Groups of 30 female SENCAR mice, aged seven to nine weeks, were used to test the
tumour-promoting (A), tumour-initiating (B) and complete carcinogenic (C) activities of lau-
royl peroxide on the skin. Mice in experiment (A) received a single topical application of 10
nmol 7,12-dimethylbenzra)anthracene (DMBA) in 0.2 ml acetone, followed one week later by
applications of 1, 10 or 20 mg lauroyl peroxide in 0.2 ml acetone twice weekly for 25 weeks
or acetone only (controls). The numbers of mice with papilomas at 25 weeks were 0/30
(controls), 7/28 (1 mg), 13/30 (10 mg) and 19/29 (20 mg). Mice in experiment (B) received a
single topical application of 20 mg lauroyl peroxide in 0.2 ml acetone or acetone only (con-
trois), followed one week later by twice-weekly applications of 2 l.g 12-0-tetradecanoylphor-
bol 13-acetate in acetone for 25 weeks. The numbers of mice with papilomas at 25 weeks
were: controls, 4/29; treated animais, 4/28. Mice in experiment (C) received twice-weekly
topical applications of 20 mg lauroyl peroxide in 0.2 ml acetone or acetone only (con-
trois) for 25 weeks; 1/28 treated animaIs and 0/29 controls had papilomas at that time. No
squamous-cell carcinoma was found when these animaIs were observed up to 50 weeks
(Klein-Szanto & Slaga, 1982). (The Working Group noted the absence of a DMBA-treated
control group for the promotion experiment and the short duration of the experiment for
complete carcinogenicity.)

3.2 Other relevant biological data

(a) Experimental systems

Toxic effects

A single application of either 20 or 40 mg lauroyl peroxide to the skin of mice induced
mild hyperplasia and a temporary increase in the number of dark basal keratinocytes. No
major inflammatory or vascular change was noted (Klein-Szanto & Slaga, 1982).
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Effects on reproduction and prenatal toxicity

Doses of 0.25 and 0.50 i.mol lauroyl peroxide (98%, purum) were dissolved in acetone
and injected into the inner-shell membrane in the air chamber of three-day-old White Leg-
horn chicken eggs. Dosage was limited by the solubility of lauroyl peroxide in the acetone
vehicle. ln the high-dose group there was elevated embryonic mortality (10%) compared to
that in controls (0%); malformations were seen in both treated groups, but the effect was
not dose-related (25% at 0.25 i.moljegg compared to 13% at 0.50 i.moljegg) (Korhonen et
al., 1984).

Absorption, distribution, excretion and metabolism

No data were available to the Working Group.

Mutagenicity and other short-term tests (see also 'Appendix: Activity Profiles for
Short-term Tests', p. 346)

Lauroyl peroxide was not mutagenic to Salmonel/a typhimurium T A98 or TA 100 in the

presence of an exogenous metabolic system from polychlorinated-biphenyl-induced rat liver
(Yamaguchi & Yamashita, 1980). (The Working Group noted that lauroyl peroxide was test-
ed at only one dose in each strain.)

(b) Humans

No data were available to the Working Group.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

No data were available to the Working Group.

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Lauroyl peroxide was first produced commercially in about 1941. It is used principally in
the production of polymers; small amounts are employed in food packaging.

4.2 Experimental data

Lauroyl peroxide was tested by subcutaneous administration in mice and rats and by skin
application in mice. ln one study in mice by subcutaneous administration, the evidence con-
cerning a carcinogenic effect was inconclusive; in two other studies, no increase in tumour
incidence was observed. Two studies in mice by skin application were inadequate for an
evaluation of complete carcinogenicity; one study indicated that lauroyl peroxide has pro-
moting activity in mouse skin.

The available data are inadequate to evaluate the teratogenic potential of lauroyl perox-
ide in mammals.
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The available data are inadequate to evaluate the activity in short-term tests of lauroyl
peroxide.

4.3 Human data

No case report or epidemiological study of the carcinogenicity of lauroyl peroxide to
humans was available to the Working Group.

4.4 Evaluation 1

There is inadequate evidence for the carcinogenicity of lauroyl peroxide to experimen-
tal animais.

ln the absence of epidemiological data, no evaluation could be made of the carcinogeni-
city of lauroyl peroxide to humans.
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APPENDIX:

ACTIVITY PROFILES FOR SHORT - TERM TESTS

Introduction

Data from short-term tests are summarized and evaluated in sections 3.2 and 4.2 of the
individual monographs in this volume. This Appendix serves to provide a graphical repre-
sentation of those data and information on the doses tested.

As with the data in the monographs, the tests have been classified here according to the
end-point detected (DNA damage, mutation, chromosomal effects, cell transformation) and
to the test organism (arranged phylogenetically within each group, see the Preamble and
Table 1). Either the minimal effective dose or the maximal dose tested that produced no
effect has been recorded for each test system, and this information is presented as an activ-
ity profile (Garrett et al., 1984) for each compound considered by the Working Group. Only
those data used in making the evaluation were incorporated in the profile. Results of studies
described only in abstracts are cited in sections 3.2 but are not used in making the evalua-
tion (sections 4.2) nor in the activity profiles. The profiles are therefore in accordance with
the assessments made by the Working Group.

Table 1. Classification scheme for short-term tests for genetic activity and cel! transfor-
mation

GENETIC ACTIVITY
DNA damage

Prokaryotes
Fungi/green plants
Mammalian ceUs (in vitro)
Mammals (in vivo)
Humans (in vivo)

Mutation
Prokaryotes/bacteriophages
Fungi/green plants
Insects
Mammalian ceUs (in vitro)
Mammals (in vivo)
Humans (in vivo)

Chromosomal effects
Fungi/green plants
Insects
Mammalian ceUs (in vitro)
Mammals (in vivo)
Humans (in vivo)

CELL TRANSFORMATION
Mammalian ceUs (in vitro)

- 325 -
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Representation of an activity profile for short-term tests

A data set, consisting of a discrete number of assays and of the doses required to pro-
duce responses in those assays, is represented in a bar graph. Test systems (representa-
tive of the assays on the compounds discussed in these monographs) are shown on the
x-axis, and values corresponding to qualitative responses and to the doses employed to
obtain them for each test system are given on the y-axis. The codes on the x-axis are given
in Table 2.
Table 2. Sequence of codes assigned to individual test systems

Code Definition

GENETIC ACTIVITY
DNA damage

Prokaryotes PIN

REP
RET
REW
REC
DBYFungi/green plants

Mammalian ceUs (in vitro)

Mammals (in vivo)

Mutation
Prokaryotes/bacteriophages

UDP
UDH
UDS

IDR

DBH
DBR
DBO

Fungi/green plants

SA5
SA7
SA8
SA9
SAO
SAM
THM

WP2
WPU
ECO
BSM
HlM
KPM
MAF
BFA
BFH
HMA
SGR

STF
STR

YEC
YEH

YEF
YER
VEY

ASF
ASR
NER
HOM
PGM

Prophage induction test
Escherichia coli Pol A (W311 O-P3478)

Spot test
Liquid suspension

Bacilus subtiis rec (H17-M45), spot test
DNA repair-deficient bacteria
DNA strand breaks, yeâ-s
Unscheduled DNA synthesis

Rat primary hepatocytes
Human diploid fibroblasts
Other mammalian ceUs

Inhibition of DNA synthesis
Rodent ceUs

DNA strand breaks
Human ceUs
Rodent ceUs

DNA strand breaks, redents

Salmonella typhimurium
TA1535
TA 1537
TA1538
TA98
TA100
Miscellaneous strains

'! bacteriophage, mutation of Escherichia coli B
t:scherichia coli

WP2
WP2 uvrA
MisceUaneous strains

Bacilus subtilis sporulation test
Haemophilus influenzae
Klebsiella pneumoniae
Micrococcus aureus
Body fluids, mammals
Body fluids, humans
Host-mediated as sa ys
Streptomyces griseoflavus, reverse mutation
Streptomyces coelicolor

Forward mutation
Reverse mutation

Saccharomyces cerevisiae
Gene conversion
Homozygosis (through recombination or gene
conversion)
Forward mutation
Reverse mutation

Schizosaccharomyces pombe, forward mutation
Aspergillus nidu/ans

Forward mutation
Reverse mutation

Neurospora crassa, reverse mutation
Hordeum vu/gare
Plant gene mutation
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Code Definition

Insects
SRL

Mammalian ceUs (in vitro)

Mammals (in vivo)

CHO
V7H
V70

L5M
L5T

MST
SLT
HVLHumans (in vivo)

Chromosomal effects
Fungi/green plants ALC

HOC
ViC
PYC

DAG
DAP
DAN
DHT
OMM

SCC
SCY
SCL
SC1

CYU
CYV
CYX
CYY
CYH
CYZ
CYM
CYC
MNC
SC3

CYB
CYL
CYO
CYS
CYT
DLM
DLR
MHT
MNH
MNM
MNR
SC4 '
CYD
MNS

Insects

Mammalian ceUs (in vitro)

Mammals (in vivo)

Humans (in vivo)

CELL TRANSFORMATION
Mammalian ceUs (in vitro) CTH

CT?
C3H10T1/2 ceUs
SA-7/Syrian hamster embryo ceUs

Drosophila melanogaster,
Sex-linked recessive lethal test

Chinase hamster ceUs
Ovary HGPRT or A TPase locus
Lung (V79) HGPRT locus
Lung (V79) A TPase locus

Mouse Iymphoma (L5178Y ceUs)
Methotrexate locus
TK locus

Mouse spot test
Mouse specifie locus test
Human variant lymphocytes

Allum cepa, cytogenetics
Hordeum vulgare, cytogenetics
Vicia faba, cytogenetics
Plant chromosome studies
Drosophila melanogaster

Sex chromosome gain
Aneuploidy-partial sex chromosome loss
Aneuploidy-aU tests
Heritallle (reciprocal) translocation
Mosaics

Sister chromatid exchanges
Chinese hamster ovary (CHO)
Chinese hamster lung fibroblasts (V79)
Human lymphocytes
Other human ceUs

Chromosomal aberrations
Chinese hamster
Syrian golden hamster
Rat
Mouse
Human lymphocytes
Other human cells
Tumour ceUs
Other ceU types
Micronuclei in vitro

Sister chromatid exchanges, animaIs except humans
Chromosomal aberrations, animais except humans
Bone marrow
Lymphocytes
Oocyte or early embryo studies
Spermatogonia treatad, spermatogonia observed
Spermatocytes treated, spermatocytes observed

Dominant lethal test, mouse
Dominant lethal test, rat
Heritable translocation, mouse
Micronucleus test, hamster
Micronucleus test, mou se
Micronucleus test, rat
Sister chromatid exchanges
Chromosomal aberrations, lymphocytes
Micronuclei

The term 'dose', as used here, does not take into consideration length of treatment or
exposure and may therefore be considered synonymous with concentration. Doses and con-
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centrations are reported in the literature in various units (e.g., parts per millon, percentage,
mass per volume, volume per volume); for comparative assessment of liquids and solids,
therefore, units are converted to mass per volume. Concentrations of gaseous compounds
reported as parts per million on a volume per volume basis are converted to parts per mil-
lion, mass per volume, according to the ideal gas 'Iaws. Dose units for in-vitro test systems
are expressed as micrograms per millilitre; for microbial plate-incorporation tests, a volume
of 2 ml is assumed for the top agar, and a 1-ml volume is taken for differential toxi-
city assays. Doses used in in-vivo bioassays are expressed as millgrams per kilogram body
weight of the treated animaL.

Only those results accompanied by a dose value were included in the profile. Line-
heights were derived as follows: for negative test results, the highest dose tested is defin-
ed as the highest ineffective dose (HID). If there was evidence of extreme toxicity, the next
highest dose was used. A single dose tested with a negative result was considered equi-
valent to the HID. Similarly, for positive results, the lowest effective dose (LED) was record-
ed. If the original data had been analysed statistically by the author, the dose that gave a
positive effect was taken as that for which the results were significant (p -: 0.05). If the
original data had not been analysed statistically, the dose required to produce an effect was
estimated as follows: when a dose-related positive response was observed with two or more
doses, the lower of the doses was taken as the LED; a single dose resulting in a positive
response was considered equivalent to the LED. When two or more studies using the same
assay were available, an. average of the logarithmic values of the data subset was cal cu-
lated. When conflicting results were encountered with a given assay, the subset of data
corresponding to the result judged valid by the WorkingGroup was used.

Because of the wide range of doses encountered in the 100 assays, a logarithmic scale
is used; the LED is plotted on an inverted scale (100 000-1 i.g/ml (or mg/kg)) on the posi-
tive y-axis and the HID (1-100 000 i.g/ml (or mg/kg)) on the negative y-axis. Negative results
obtained with less than 1 i.g/ml are arbitrarily assigned to a dose of 1 i.g/ml.

The LED or HID for any given assay wil depend on the characteristics of the performance
and response of each test system. Because activity is plotted on a logarithmic scale, dif-
ferences in molecular weights of compounds do not greatly influence comparisons of their
ove rail responses.

Itshould be noteejthat in the Salmonel/a/microsome assay, multiple tester strains can
be used, and these are represented independently in the profiles. However, a positive res-
ponse in any one strain dictates an ove rail positive response for the assay.
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ALL YL CHLORIOE

YEC

SAD

SA5
STR

STF

SAS
ASF

MUTA TI ON CHROMOSOMAl EFFECTS

ALL YL CHLDRIDE

TEST RESUL T DOSE FEFERENCE
-59/+S9 (HID 01' LED)

REP +/0 9400 MCCDY ET AL. . 1978
SA5 +/+ 940 MCCDY ET AL. . 1978
SA5 +/+ 2350 BIGNAMI ET AL. . 1980
SA8 -/- 9400 MCCDY ET AL. . 1978
SAO +/0 NORF'DTH ET AL. , 1980
SAO +/0 0.02 SIMt-1ON. 1981
SAO -/- 9400 MCCDY ET AL. . 1978
SAO (+)/- 9400 BIGNAMI ET AL. . 1980
SAO + /( + ) EDER ET AL. . 1982a
SAO +/(+) EDER ET AL. . 1982b
SAO +/(+) 1150 EDER ET AL. . 1980
STF +/0 4700 BIGNAMI ET AL. . 1980
STR +/0 4700 BIGNAMI ET AL. . 1980
YEC +/0 14 MCCOY ET AL. . 1978
ASF -/0 18800 BIGNAMI ET AL. . 1980
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ALL YL ISOTHIOCYANATE

SAO
SA9 ECO

SA5 SAS
SA7

. . . . . .. .. . . . . - .. . .1. - . . . .
OLM

105
ONA OAMAGE MUTATION CHROMOS OMAL EFFECTS TRANS.

ALL YL ISOTHIOCYANATE

TEST RE SUL T DOSE r,EFERENCE
-S9/tS9 ( HID 0'( LED)

REW --/0 ODA ET AL. , 1978
SA5 -/0 100 Y AMAGUCH I , 1980
SA7 -/0 100 YAMAGUCHI, 1980
SA8 -/0 100 YAMAGUCHI, 1980
SA9 t/O 25 Y AMAGUCH I , 1980
SA9 -/-- 250 KASAMAK L ET AL. , 1982
SAO t/O ")., y AMAGUCH l , 1980.:..
SAO -/- 250 KASAMAt\I ET AL. , 1982
SAO (t)/- EDER ET AL. , 1982a
SAO (t)/- EDER ET AL. , 1982b
SAO (t)/- 50 EDER ET AL. , 1980
ECO -/t 99 RIHOVA, 1982
HMA -/0 USFDA 1975
SRL t/O AUER BACH & ROBSON, 1944
SRL -/0 SCHALET & HERSKOWITZ, 1954
SRL (t) /0 AUER BACH & ROBSON, 1947
ALC t/O SHARMA & SHARMA, 1962
PYC t/O SWAM l NA THAN & NATARAJAN, 1959
PYC t/O SWAMINATHAN & NATARAJAN, 1956
DAP -/0 AUERBACH & r,OBSON, 1947
CYU t/t KASAMAKI ET AL. , 1982
CYZ -/0 USFDA 1975
CYB -/0 USFDA 1975
DLM -/0 19 EPSTEIN ET AL. , 1972
DLR -/0 USFDA 1975
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APPENDIX: ACTIVITY PROFILES

ALL YL ISOVALERATE

100

105
100

SA5
SA 7 SAO

SA9

105
DNA OAMAGE MUTATION CHROMOSOMAL EFFECTS

ALL YL L SOVALERA TE

TEST RE SUL T DOSE REFERENCE
-S9/+89 (HID or LED)

SA5 -/- 167 NTF' 1983
SA7 -/- 500 NTF' 1983
SA9 -/- 500 NTF' 1983
SAO -/- 500 NTF' 1983
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ACETALDEHYDE

SC3

100

0
w_-i

01.¥
'-
01
E
~0
Ë
'-
01
.=
W 105
CI 10000

CYX
seL CYH

sec MNR
1DR

"PU vic

REP

J..
YEF

..... J..

eyo

..... ..1....

0 CTH
:¡

SA5 SAM
SAS

105
ONA DAMACE MUT AT ION CHROMÖSOMAL EFFECTS TRANS.

ACETALDEHYDE

TEST RESUL T . DOSE REFERENCE
-S9/tS9 (HID or LED)

REP ( t ) /0 7800 ROSENKRANZ, 1977
IDR (t) /0 44 Il 1 RII & DRAPER, 1980
SA5 -/0 7800 ROSENKRANZ, 1977
SA8 -/0 7800 ROSENKRANZ, 1977
SA9 -/- SASAKI 1 ENIIO, 1978
SAO -/- SASAKI & ENIIO, 1'7'8
SAM -/0 2500 MARNETT ET AL., 1984
WPU t/O 39 VEGHELYI ET AL., 1978
WPU t/O 1000 IGALI 1 GAZSO, 1980
YEF (t) /0 23400 IlANIIAS, 1982
vie t/O 220 RIEGER 1 HieHAELIS, 1960
see t/+ 39 DE RAAT ET AL., 1983
see t/O 31 ODE & RISTOW, 1977
see t/O 3.9 OBE 1 BEEK, 1979
seL +/0 VEGHEL YI 1 OSZTOV 1 es, 1978
seL t/o 6 JANSSON , 1982
seL t/O 16 BOHLKE ET AL., 1983
seL t/O 1.8 VEGHELYI ET AL., 1978
seL +/0 7.8 RISTOW i 014E, 1978
eyu +/0 AU 1 BAIIR, 1979
eyx +/0 4.4 BIRD ET AL., 1982
eYH +/0 VEGHELYI 1 OSZTovies, 1978
eYH +/0 16 BOHLKE ET AL., 1983
eYH +/0 20 BA DR 1 HUSSAIN, 1977
eYH +/0 7.8 OBE ET AL., 1984
eYH +/0 OBE ET AL., 1979
CYH (+)/0 0.78 OBE ET AL., 1978
SC3 +/0 0.5 KORTE ET AL., 1981
SC3 +/0 0.016 OllE ET AL., 1979
eyo +/0 7800 BARILIAK 1 KOZACHUK, 1983
HNR +/0 22 BIRD ET AL., 1982
eTH -/0 100 AllERNETHY ET AL., 1982
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APPEN-DIX: ACTIVITY PROFILES

100

SAM

106
100

-- .-i....
Oey 1 ................. ._............... ........ .............

...-i....
OLM

SA5 SAD
SA 7 SAQ

SAS

106
ONA DAMA GE MUTATION

ACROLE lN

SCC

YER

CHROMOSOMAL EFFECTS

ACRûLEIN

TEST RESULT DOSE REFERENCE
-S9/+S9 (HID QI' LED)

REF' +/0
DBY -/0
SA5 -/-
SA5 -/-
SA5 -/-
SA5 - /-
SA5 - / ( + )
SA7 -/-
SA7 -/-
SA 7 - /-
SA8 -/-
SA9 +/-
SA9 - /-
SA9 -/-
SA9 -/-
SAO + /-
SAO -/-
SAO -/-
SAO -/-
SAil -/-
SAH +/0
WF'U (+)/0
STF t/o
YER - /0
ASF -/0
SCCt/-
DLH -/0
CTH -/0

5.6
17
28

500
8.4

O. 005
17

500
8.4
500
8.4

17
28

8.4
2.1

28
50

500
8.4

10

100

0.56
2.2

BILIHORIA, 1975
FLEER & BRENDEL, 1982
HAWORTH ET AL., 1983
LOQUET ETAL., 1981
LI J L NSKY & ANDREWS, 1980
FLORIN ET AL., 1980
HALES, 1982
HAWORTH ET AL., 1983
LI J L NSKY & ANDREWS, 1980
FLORIN ET AL., 1980
LIJINSKY & ANDREWS~ 1980
LIJINSKY & ANDREWS, 1980
HAWORTH ET AL., 1983
LOQUET ET AL., 1981
FLORIN ET AL., 1980
LUTZ ET AL., 1982
LOQUET ET AL., 1981
HAWORTH ET AL., 1983
LI J L NSKY & ANDREWS, 1980
FLORIN ET AL., 1980
HARNETT ET AL., 1984
HEHHINKI ET AL., 1980
ORTALI ET AL., 1977
IZARIt, 1973
BIGNAHI ET AL., 1977
AU ET AL., 1980
EPSTEIN ET AL., 1972
ABERNETHY ET AL., 1983

335
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100

0
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105

IARC MONOGRAPHS VOLUME 36

MALOND 1 ALDEHYDE

L 5M L 5 T

JOR CYX

ECO

SAI'

OMM

. . . . . . .. . . .1. . . . . .

REC

SA5 SAS
SA7

SRL

ONA OAMAGE MUTATION CHROMOSOMAL EFFECTS

MALOND l AL DEHYDE

TEST RESUL T DOSE REFERENCE
-S9/+S9 ( HID or' LED)

REC -/0 1441 YONE l & FURUI, 1981
IDR +/0 7.2 BI RD & DRAPER, 1980
SA5 -/0 MARNE TT & TUTTLE, 1980
SA5 -/0 720 MUKAI & GOLDSTEIN, 1976
SA7 -/0 "' 720 MUKAI & GOLDSTEIN, 1976
SA8 -/0 MARNETT & TUTTLE, 1980
SA8 -/0 720 MUKAI & GOLDSTEIN, 1976
SAM +/0 288 MUKA L & GOLDSTEIN, 1976
SAM +/0 500 SHAMBERGER ET AL., 1979
SAM +/0 2500 MARNETT ET AL., 1984
SAM (+) /0 BASU & MARNETT, 1983
SAM (+) /0 90 MARNETT & TUTTLE, 1980
SAM (+) /0 1000 LEVIN ET AL. , 1982
ECO +/0 144 YONE L & FURUI, 1981
SRL -/0 6125 SZABAD ET AL. , 1983
L5M +/0 0.72 YAU, 1979
L5T +/0 2.9 VAU, 1979
DMM +/0 6125 SZABAD ET AL., 1983
CYX +/0 7.2 BIRD ET AL., 1982b
MNR +/0 7.2 BIRri ET AL. , 1982b

MNR

TRANS
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APPENDIX: ACTIVITY PROFILES

DI Gl YC IOYl RESORC 1 NOL ETHER

SA5 SAD

SA7 SAQ

ONA OAMAGE MUTATION CHROMOSOMAL EFFECTS

DIGL.YCIDYL RESORC L NOL ETHER

TEST RESUL T DOSE REFERENCE
-S9/+S9 ( HID 01' L.ED)

SA5 +/+ 16.5 NTF' , 1985
SA? -/- 1000 NTF' , 1985
SA9 -/- 1000 NTF' , 1985
SAO +/+ 16.5 NT F' , 1985

337
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ETHYLENE OX 1 DE

1

CYD MNS- SC4
CVL MNR

CYB MNM-
MHT

SC3 DLR
100 - DlM

.0 HOM SCL
w - NER PGM_.. UDS VEY SRLel~

"' -
CHO CVZel REC SA5 BSME

SAO HOC..
0 -

OHT

E i DAN
"' -

i

...1
el3

.1W 105 - ... ..... . .. .
CI 100

100

1

-
-

0
:i '-

SA7
SA9-

THM

105 1 1 1

DNA OAMAGE MUTAT ION CHROMOSOMAl EFFECTS TRANS.



ETHYLENE OXIDE

lEST RESULT DOSE REFERENCE
-89/+89 (HID or LED)

REC +/0
UDS +/0
SAS +/+
SA5 +/0
SAS +/0
SA7 -1-
SA7 -/0
SAB -j-
SA9 -1-
SA9 -/0
SAO +/+
SAO +/0
THM -/0
BSM +/0
YEY +/+
NER +/0
NER +/0
NER +/0
NER t/O
HOM +/0
HOM +/0
HOM +/0
PGM +/0
SRL +/0
SRL +/0
SRL +/0
CHO +/+
V7H +/0
V70 +/0
HOC + /0
DAN t/O
DHT +/0
DHT +/0
SCL +/0
SCL t/o

480
44

210
1100

2200

2200

1100
14500
- 480

1100
2200
6170

().18
1200
1\400
3970
4000
5000

88

1000
5010
3970
4000

22

TANOOt\:A, 1979
PERO ET AL., 1981
DE FLOF~A. 1981
RANNUG ET AL., 1976
PFE l FFER & DUNKELBERG, 1980
DE FLOF~A, 1981
prEIFFER & DUNKELBERG, 1980
DE FLORA, 1981
DE Fl.OF~A, 1981
PFEIFFER & DUNKELBERG, 1980
DE Fl.()r~A, 1981
PFEIFFER & DUNKELBERG, 1980
COOKSON ET AL., 1971
TANOOKt" 1979
M IGL 1 ORE ET AL., 1982
DE SEf\:RES, 1983
KOl.MARK & WESTERGAARD, 1953
KOLMARK & KILBEY, 1968
KI LBEY & KOLMARK, 1968
KUCERA ET AL., 1975
SULOVSKA ET AL., 1969
EHRENBERG & GUSTAFSSON, 1957
JANA & ROY, 1975
NAKAO & AUERBACH, 1961
WI;TSON, 1966
BI RD, 1952
TAN ET AL., 1981
HATeH ET AL., 1982
HAT CH ET AL., 1982
MOUTSCHEN-DAHMEN ET AL., 1968
FAHMY 1 FAHMY, 1970
NAKAO & AUERBACH, 1961
WATSON. 1966
GARRY ET AL., 1984
GARRY ET AL., 198210

TEST RESULT DOSE REFERENCE
-S9/+S9 (HID or LED)

CYZ +/0
SC3 +/0
SC3 + /0
SC3 +/0
SC3 +/0
CYB t/O
CYB +/0
CYB +/0
CYB t/O
en. +/0
CYL -/0
DLM t /0
DLM +/0
DLF~ +/0
MHT +/0
MNt1 + /0
MNM +/0
MNR +/0
SC4 +/0
SC4 t/o
SC4 +/0
SC4 +/0
se4 +/0
SC4 + /0
SC4 t/o
se4. ..../0
SC4 - /0
SC4 -/0
SC4 -,/0
CYD t/o
CYD +/0
CYD +/0
CYD -/0
MNS (+) /0
eT7 +/0

220

0.8
0.09
0.09

9
0.03
0.45

0.004
0.09
0.8
1~0

0.45
1.8
750

1. 0

200
200

50
1.4

0.06
0.002
0.018

0.002
0.009
0.02

0.002
0.009

o . 0002
0.002

PO l R l ER & PAPADOPOULO, 1982
KLIGERMAN ET AL., 1984
KLIGERMAN ET AL., 1983
YAGER & BENZ, i 982
LYNCH ET AL., 1984b
S TREKALOVA, 1971
FOMENKO & STREKALOVA, 1973
EMBREE & HINE, 1975
STREKALOVA ET AL., 1975
LYNCH ET AL., 1984b
KLIGERMAN ET AL., 1983
GENEROSO ET AL., 1980
GENEROSO ET AL., 1983
EMBREE Er AL., 1977
GENEROSO ET AL., 1980
CONAN ET AL., 1979
APPELGREN ET AL., i 978
APPELGREN ET AL., 1978
LAURENT ET AL., 1983
GARRY ET AL., 1984
LAURENT ET AL., 1984
YAGER ET AL., 1983
GARRY ET AL., 1979
SARTO ET AL., 1984
STOLLEY ET AL., 1984
HUSGAFVEL-PURSIAINEN ET AL., 1980
HEDNER ET AL., 1982
HOGSTEDT ET AL., 1983
HANSEN ET AL., 1984
PERO ET AL., 1981
HOGSTEDT ET AL., 1983
THIESS ET AL., 1981a
VAN SITTERT ET AL., 1984
HOGSTEDT ET AL., 1983
HATCH ET AL., 1982
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PROPYL.ENE OX 1 DE

TEST RESUL T DOSE f;'EFERENCE
-S9/+S9 (HID or LED)

REC +/0 1000 BOOTMAN ET AL., 1979
DBR +/0 1.7 SINA ET AL., 1983
SA5 +1+ 50 BOOTMAN ET AL., 1979
SA5 +/0 1000 PFEIFFER & DUNKELBERG, 1980
SA5 (t) 10 500 WADE ET AL., 1978
SA7 -1- 350 BOOTMAN ET AL., 1979
SA? -/0 WAIiE ET AL., 1978
SA7 -/0 2900 PFEIFFER & IiUNKELBERG, 1980
SA9 -/- 350 BOOTMAN ET AL., 1979
SA9 -/0 WAIiE ET AL., 1978
SA9 -/0 2900 PFE l FFER & DUNKELBERG, 1..80
SAO t/t 50 BOOTMAN ET AL., 1979
SAO +/0 200 Y AHAGUCH L , 1982
SAO t/O 1000 PFEIFFER & DUNKELBERG, 1980
SAO (t) /0 750 WAIiE ET AL., 19"18
THH -/0 39000 COOKSON ET AL., 1971
WP2 t/t BOOTMAN ET AL., 1979
KPH +/0 29 VOOGII ET AL., 1981
YEY t/t 174 H IGLI ORE ET AL., 1982
NER t/O 29000 KOLHARK & GILES, 1955
SRL t/O 1.5 HARDIN ET AL., 1983
CYH t/O 1.85 BOOTMAN ET AL., 1979
CYC t/O 25 DEAN & HODSON-WALKER, 1979
DLH -/0 3500 BOOTHAN ET AL., 1979
DLR -/0 0.7 HARilIN ET AL., 1983
HNH t/O 600 BOOTHAN ET AL., 1979
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UDS

DaR
OBO SAD
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KPM
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SAQ
SAS

SA7
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MUTATION

STYRENE OXIOE
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STYRENE OXHIE ú)~N
TEST RESUL T DOSE REFERENCE TEST RESUL T DOSE REFERENCE

-S9/t89 (HID or LED) -S9/tS9 (HID or LED)

UDS +/0 528 LOF'R 1 ENO ET AL., 1978 SAO t/t 768 DE MEESTER ET AL., 1981
UDS 'UO 0.01 AUDETTE ET AL., 1979 SAO tlO 48 PAGANO ET AL., 1982
DBR t/O 36 SINA ET AL., 1983 SAO t/O 60 GLATT ET AL., 1983
DBO +/0 .600 WALLES & ORSEN, 1983 SAO tlO 120 TURCHI ET AL., 1981
SA5 t/t DE FLORA, 1981 SAO tlO 144 SUG 1 URA ~ GOTO, 1981
SA5 tlt 24 DE MEESTER ET AL., 1978 SAO t/O 146 SUGIURA ET AL., 1978a
SA5 t/t 60 BUSK, 1979a SAO tlO 200 MILVY & GARRO, 1976
SA5 t/t 60 LOPRIENO ET AL., 1978 SAO t/o 250 WATABE ET AL., 1978
SA5 t/t 0.6 ',JAINIO ET AL., 1976 SAO t/O 250 WADE ET AL., 1978 ~
SA5 t/t 125 STOL TZ & WITHEY, 1977 SAO t/O 600 WATABE ET AL., 1978 :0
SAS t/t 768 DE MEESTER ET AL., 1981 SAM +/t 768 DE MEESTER ET AL., 1981

()
SA5 +/0 50 WATABE ET AL., 1978 WPU +/0 480 SUGIURA & GOTO, 1981 š:
SAS +/0 5000 MILVY & GARRO, 1976 WPU +/0 720 SUGIURA ET AL., 1978b 0
SA5 (t) 10 250 WADE ET AL., 1978 KPM +/0 120 VOOGD ET Al., 1981 Z
SA? -/- DE FLORA, 1981 HMA (+) /0 100 LOPRIENO ET AL., 1976 0
SA7 -/- 600 VAINIO ET AL., 1976 YEC Olt 1200 LOPRIENO ET AL., 1976 G'

SA7 -1- 1150 DE MEESTER ET AL., 1981 YEY Olt 600 LOPRIENO ET AL., 1976
:0~

SA7 --1- 6000 DE MEESTER ET AL., 1978 SRL +/0 1.0 DONNER ET AL., 1979 iJ
SA7 --/0 WADE ET AL., 1978 V7H t/-- 240 BE 1 JE & JENSSEN, 1982 :i
SA7 -/0 5000 MILVY & GARRO, 1976 V7H +/0 504 LOPRIENO ET AL., 1978 Cf

'SA? (+)/0 25 WATABE ET AL., 1978 V7H t/O 1020 BONATTI ET AL., 1978 c:
SA8 _olt oS VAINIO ET AL., 1976 V7H +/0 1020 LOPRIENO ET AL., 1976 0
SA8 -1.... DE FLORA, 1981 L5T +/(t) 13.8 AMACHER & TURNER, 1 Y82 r

C
SA8 --/- 1150 DE MEES TER ET AL., 1981 ALC tlO 500 LINNAINMAA ET AL., 1978a~b š:
SA8 -1- 6000 DE MEESTER ET AL., 1978 SCC +/t 50 DE RAAT, 1978 m
SA8 -/0 250 WATABE ET AL., 1978 SCL t/O 8.4 NORPPA ET AL., 1981 ú)
SAS --/0 5000 MILVY & GARRO, 1976 CYU t/O 90 TURCHI ET AL. ,1981 0'
SA9 -/- DE FLO.RA, 1981 CYH +/0 24 NORPPA ET AL., 1981
SA9 -/- 250 UENO ET AL., 1978 CYH +/0 60 FABRY ET AI.., 1978
SA9 -/- 600 VAINIO ET AL., 1976 CYH t/O 80 LINNAINMAA ET AL., 1978a,b
SA9 -1-, 1150 DE MEESTER ET AL., 1981 MNC +/0 80 LINNAINMAA ET AL., 1978a, b
SA9 -1- 6000 DE MEESTER ET AL., 1978 MNC t/o 90 TURCHI ET AL., 1981

SA9 . .,/0 WADE ET AL., 1978 SC3 -/0 0.48 NORPPA ET AL., 1979

SA9 -/0 250 WATABE ET AL., 1978 SC3 (+) /0 0.24 CaNNER ET AL., 1982

SA9 . -/0 5000 MILVY & GARRO, 1976 CYB +/0 50 LOPRIENO ET AL., 1978

SAO +/t DE FLORA, 1981 CYB -/0 250 FABRY ET AL., 1978
SAO t/+ 60 DE MEESTER ET AL., 1978 CYB -/0 0.48 NORPPA ET AL., 1979

SAO t/+ 0.6 VAINIO ET AL., 1976 DLM -/0 250 FABRY ET AL., 1978

SAO t/t 120 BUSK, 1979a MNH -/0 250 PENTTILA ET AL., 1980

SAO +/t 240' YOSHIKAWA ET AL., 1980 MNM -/0 250 FABRY ET AL., 1978
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BENZOYL PEROX 1 DE
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SAC

105
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BENZOYL F'EROX IDE

TEST RE5UL T DOSE REFERENCE
-59/+S9 ( HID or LED)

SA5 -/-- 2500 ISHIDATE ET AL. , 1980
SA? -/- 2500 ISHIDATE ET AL. , 1980
SA9 -/- 2500 ISHIDATE ET AL. , 1980
SAO -/-- 2500 ISHIDATE ET AL. , 1980
SAM -/- 2500 ISHIDATE ET AL. , 1980
SCC -/+ JARVENT AUS ET AL . , 1984
CYU -/0 200 ISHIDATE ET AL. , 1980
DLM -/0 62 EPSTEIN ET AL. , 1972

TRANS.
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HYDROGEN PEROX 1 DE

TEST RESULT DOSE REFERENCE
-S9/+89 (HID or LED)

PIN
REP
RET
RET
REC
REC
UDH
UDH
DBH
DBH
DBH
DBR
SA9
SA9
SA9
SAO
SAO
SAO
SAO
SAM
SAM
SAM
ECO
BSM
HlM
MAF
SGR
YEF
YEF
ASR
NER
NER
SRL
V7H
V7H
V7H
V70
SCC
SCC
SCV
SCV
SCl
CYU
CYU
CYU
CYU
CYU
CYV
CYY
CYZ
CYM
CYM
CYB

+/0
+/0
+/0

(+) /0
+/0
+/0
+/0
+/0
+/0
+/0
+/0
+/0-¡-
-/0
0/-
+/0
-/-
-/0
0/-
+/0
+/0
+/0
+/0
+/0

(+) /0
+/0
-/0
+/0
+/0
+/0
+/0
+/0
-/0
-/0
-/0
-/0
-/0
+/0

(+) /0
+/0
+/0
+/0
+/0
+/0
+/0

(+) /0
(+) /0
+/0
+/0
+/0
+/0
+/0
-/0

1..0
600
340
2.0

20
340

20
9.0

2.0
3.4

12
0.9
340

136
0.9
340

30
50

0.22
1500
7.2

6
1440

100
100

6800
7140
0.3

12
17

3.4
3.4

0.13
17
12

3.4

34
1.0
3.4

10
340
3.4

0.34
0.07

170
340

'"a:~,_I

NORTHROP, 1958
ROSENKRANZ, 1973
ANANTHASWAMY & EISENSTARK, 1977
HARTMAN & E ISENSTARK. 1978
HARTMAN 1 EISENSTARK, 1978
ANANTHASWAMY & EISENSTARK. 1977
STICH ET AL., 1978
COPPINGER ET AL., 1983
TAYLOR ET AL., 1979
WANG ET AL., 1980
HOFFMANN & MENEGHINI, 1979
BRADLEY ET AL., 1979
XU ET AL., 1984
STICH ET AL., 1978
YAMAGUCHI & YAMASHITA, 1980
NORKUS ET AL., 1983
XU ET AL.. 1984
STICH ET AL., 1978
YAMAGUCHI & YAMASHITA, 1980
AMES ET AL., 1981
LEV L N ET AL., 1982
XU ET AL., 1984
DE MEREC ET AL., 1951
SACKS & MACGREGOR, 1982
KIMBALL & HIRSCH, 1975
CLAF:K, 1953
MASHIMA & IKEDA, 1958
THACKER & PARKER, 1976
THACKER, 1976
NANDA ET AL., 1975
JENSEN ET AL., 1951
DICKEY ET AL., 1949
DI PAOLO, 1952
BRADLEY ET AL., 1979
BRADLEY & ERICKSON, 1981
TSUDA, 1981
TSUDA, 1981
MACRAE & STICH, 1979
WILMER & NATARAJAN, 1981
BRADLEY ET AL., 1979
SPEIT ET AL., 1982
ESTERVIG & WANG, 1979
SASAKI ET AL., 1980
HANHAM ET AL., 1983
TSUDA, 1981
ST l CH ET AL., 1978
WILMER & NATARAJAN, 1981
TSUDA, 1981
TSUDA,1981
PARSHAD ET AL., 1980
SCHONEICH ET AL., 1970
SCHONEICH, 1967
KAWACHI ET AL., 1980

'"a:...J
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lAUROYL PEROX IDE

SA9 SAO

105
ONA OAMAGE MUTA TI ON CHROMOSOMAL EFFECTS

LAUROYL PEROXIDE

TEST RESULT DOSE REFERENCE
-89/+S9 (HID or LED)

SA9 0/--
SAO 0/--

150
150

YAMAGUCHI & YAMASHITA. 1980
YAMAGUCHI & YAMASHITA. 1980

TRANS.



SUPPLEMENTARY CORRIGENDA TO VOLUMES 1-35

Corrigenda covering volumes 1-6 appeared in volume 7; others appeared in volumes 8,
10-13 and 15-35.

Volume 8

p.336 After Ponceau 3R delete see Ponceau MX 189
and see Ponceau 3R and Ponceau 4R see
Ponceau MX 189

Supplement 2

p.364 Table 11, line 2
Table 11, last line

replace 1.245 by 1.061

replace 4.80 by 4.62

p.365 line 2 replace 1.48 by 1.49 and replace
4.80 by 4.62
replace 1.48 by 1.49, replace
4.80 by 4.62 and replace
0.68 by 0.69

line 3

- 347 -



CUMULATIVE INDEX TO IARC MONOGRAPHS
ON THE EVALUATION OF THE CARCINOGENIC RISK

OF CHEMICALS TO HUMANS

Numbers in italics indicate volume, and other numbers indicate page. References to
corrigenda are given in parentheses. Compounds marked with an asterisk( *) were conside-
red by the working groups in the year indicated, but monographs were not prepared becaused
adequate data on carcinogenicity were not available.

A
Acetaldehyde
Acetaldehyde formylmethylhydrazone
Acetamide
Acetylsalicyclic acid (1976) *

Acridine orange
Acriflavinium chloride

Acrolein

36, 101

31, 163
7,197

16, 145
13,31
19, 479
36, 133

19,47
19,86
19,73
Suppl. 4, 25
19,91
10, 29 (corr. 29, 399; 34, 197)
Suppl. 4, 27

10,43
Suppl. 4, 29
31,47
1, 145 (corr. 7, 319)

(corr. 8, 349)
10,51
Suppl. 4, 31

31,63
5,25
Suppl. 4, 35
36,39
36,55
36,69
34,37
8,41
16, 243
27, 191

8,53
8,61 (corr. 11,295)
16, 249
1, 74 (corr. 10, 343)
Suppl. 4, 37

31, 247
27, 199

Acrylic acid
Acrylic fibres

Acrylonitrile

Acrylonitrile-butadiene-styrene copolymers
Actinomycins

Adipic acid (1978) *

Adriamycin

AF-2
Aflatoxins

Agaritine
Aldrin

Allyl chio ride
Allyl isothiocyanate
Allyl isovalerate
Aluminium production
Amaranth
5-Aminoacenaphthene
2-Aminoanthraquinone
para-Aminoazobenzene
ortho-Aminoazotoluene
para-Aminobenzoic acid
4-Aminobiphenyl

3-Amino-1,4-dimethyl-5H-pyrido-(4,3-b)-
indole and its acetate

1-Amino-2-methylanthraquinone

- 349 -
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3-Amino-1-methyl-5H-pyrido-(4,3-b) -

indole and its acetate
2-Amino-5-(5-nitro-2-furyl)-1,3,4-thiadiazole
4-Amino-2-nitrophenol
2-Amino-4-nitrophenol (1977) *
2-Amino-5-nitrophenol (1977) *
2-Amino-5-nitrothiazole
6-Aminopenicillanic acid (1975) *
Amitrole

31, 255
7,143
16,43

Amobarbital sodium (1976)*
Anaesthetics, volatile

31,71

7,31
Suppl. 4, 38

11, 285
Suppl. 4, 41

4, 27 (corr. 7, 320)
27,39
Suppl. 4, 49
27,40
27,63
27,65
32,95
32, 105
16, 265
9,31
5,39
1,41
2,48
23,39
Suppl. 4, 50

Aniline

Anilne hydrochloride

ortho-Anisidine and its hydrochloride
para-Anisidine and its hydrochloride
Anthanthrene
Anthracene
Anthranilc acid

Apholate
AramiteC!
Arsenic and arsenic compounds

Arsanilc acid

Arsenic pentoxide
Arsenic sulphide

Arsenic trio xi de
Arsine
Calcium arsenate

Dimethylarsinic acid
Lead arsenate
Methanearsonic acid, disodium salt
Methanearsonic acid, monosodium salt
Potassium arsenate
Potassium arsenite
Sodium arsenate
Sodium arsenite
Sodium cacodylate

Asbestos

Actinolite
Amosite
Anthophyllte
Chrysotile
Crocidolite
Tremolite

2, 17 (corr. 7, 319)
14 (corr. 15, 341)

(corr. 17,351)
Suppl. 4, 52



Asiaticoside (1975)*

Auramine

Aurothioglucose
5-Azacytidine
Azaserine
Azathioprine

Aziridine
2-( 1-Aziridinyl)ethanol
Aziridyl benzoquinone
Azobenzene

B
Benzl a) acridine

Benzl c )acridine

Benzal chloride

Benzl a )anthracene

Benzene

Benzidine and its salts

Benzol b )fluoranthene

BenzofJlfluoranthene

Benzo lk)fluoranthene
Benzo(ghilfluoranthene
Benzol a )fluorene
Benzol b )fluorene

Benzol c)fluorene

Benzo(ghilperylene
Benzol c)phenanthrene
Benzol a )pyrene

Benzol e)pyrene

para-Benzoquinone dioxime
Benzotrichloride

Benzoyl peroxide
Benzoylchloride

Benzyl chloride

CUMULATIVE INDEX 351

1, 69 (corr. 7,319)
Suppl. 4, 53 (corr. 33, 223)
13,39
26,37
10,73 (corr. 12,271)
26,47
Suppl. 4, 55
9,37
9,47
9,51
8,75

32, 123
3,241
32, 129
29,65
Suppl. 4, 84
3,45
32, 135
7, 203 (corr. 11, 295)
29,93,391
Suppl. 4, 56 (corr. 35, 249 )
1,80
29, 149, 391

Suppl. 4, 57
3,69
32, 147
3,82
32, 155
32, 163
32, 171

32, 177
32, 183
32, 189
32,195
32, 205
3,91
Suppl. 4, 227
32, 211
3,137
32, 225
29, 185
29,73
Suppl. 4, 84
36, 267
29,83
Suppl. 4, 84
11,217 (corr.13, 243)
29, 49 (corr. 30, 407)
Suppl. 4, 84
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Benzyl violet 4B
Beryllum and beryllium compounds

Bertrandite
Beryllum acetate

Beryllum acetate, basic
Beryllium-aluminium alloy
Beryllium carbonate
Beryllium chloride
Beryllium-copper alloy
Beryllium-copper -cobalt alloy
Beryllum fluoride
Beryllium hydroxide
Beryllum-nickel alloy
Beryllum oxide
Beryllum phosphate
Beryllum silicate
Beryllum sulphate and its tetrahydrate
Beryl ore
Zinc beryllum silicate

Bis(1-aziridinyl)morpholinophosphine sulphide
Bis(2-chloroethyl)ether
N, N-Bis(2-chloroethyl)-2-naphthylamine (chlornaphazine)

Bischloroethyl nitrosourea (BCNU)

Bis-(2-chloroisopropyl)ether (1976)*
1 ,2-Bis( chloromethoxy)ethane
1 ,4-Bis( chloromethoxymethyl)benzene
Bis( chloromethyl)ether

Bitumens
Bleomycins

Blue VRS
Boot and shoe manufacture and repair

Brillant blue FCF diammonium and disodium salts
1 ,4-Butanediol dimethanesulphonate (Myleran)

But yI benzyl phthalate
Butyl-cis-9,10-epoxystearate (1976) *
ß-Butyrolactone
y-Butyrolactone

C
Cadmium and cadmium compounds

Cadmium acetate
Cadmium chloride
Cadmium oxide
Cadmium sulphate
Cadmium sulphide

16, 153
1, 17
23, 143 (corr. 25, 392)
Suppl. 4, 60

9,55
9,117
4, 119 (corr. 30, 407)
Suppl. 4, 62.
26,79
Suppl. 4, 63

15,31
15,37
4, 231 (corr. 13, 243)
Suppl. 4, 64
35,39
26,97
Suppl. 4, 66
16, 163
25, 249
Suppl. 4, 138
16, 171 (corr.30, 407)
4,247
Suppl. 4, 68
29, 194 (corr. 32, 455)

11, 225
11, 231

2,74
11, 39 (corr. 27, 320)
Suppl. 4, 71
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Calcium cyclamate

Calcium saccharin

Cantharidin
Caprolactam
Captan
Carbaryl
Carbazole
Carbon blacks

Carbon tetrachloride

Carmoisine
Carpentry and joinery

Carrageenans (native)

Catechol
Chloramben (1982) *
Chlorambucil

Chloramphenicol

Chlordane

Chlordecone (Kepone)

Chlordimeform
Chlorinated dibenzodioxins

Chlormadinone acetate

Chlorobenzilate

1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU)

Chloroform

Chloromethyl methyl ether

4-Chloro-ortho-phenylenediamine
4-Chloro-meta-phenylenediamine
Chloroprene

Chloropropham
Chloroquine
Chlorothalonil
para-Chloro-ortho-toluidine and its hydrochloride

22, 58 (corr. 25, 391)
Suppl. 4, 97
22,120 (corr. 25,391)
Suppl. 4, 225
10,79
19,115 (corr. 31,293)
30, 295
12,37
32, 239
3,22
33,35
1,53
20, 371
Suppl. 4, 74
8,83
25, 139
Suppl. 4, 139
10,181 (corr. 11,295)
31,79
15, 155

9,125
26, 115
Suppl. 4, 77
10,85
Suppl. 4, 79
20, 45 (corr. 25, 391)
Suppl. 4, 80
20,67
30,61
15,41
Suppl. 4, 211, 238
6,149
21, 365
Suppl. 4, 192
5,75
30,73
26, 137 (corr. 35, 249)
Suppl. 4, 83
1,61
20,401
Suppl. 4, 87
4,239
Suppl. 4, 64
27,81
27,82
19, 131
Suppl. 4, 89
12,55
13,47
30, 319
16, 277
30,61

353



354 IARC MONOGRAPHS VOLUME 36

5-Chloro-ortho-toluidine (1977) *

Chlorotrianisene
Chlorpromazine (1976) *
Cholesterol

Chromium and chromium compounds

21, 139

10,99
31,95
2,100
23, 205
Suppl. 4, 91

Barium chromate
Basic chromic sulphate
Calcium chromate
Chromic acetate
Chromic chloride
Chromic oxide
Chromic phosphate
Chromite ore
Chromium carbon yi
Chromium potassium sulphate
Chromium sulphate
Chromium trioxide
Cobalt-chromium alloy
Ferrochromium
Lead chromate
Lead chromate oxide
Potassium chromate
Potassium dichromate

Sodium chromate
Sodium dichromate
Strontium chromate
Zinc chromate
Zinc chromate hydroxide
Zinc potassium chromate
Zinc yellow

Chrysene 3,159
32,247
8,91
8,97
16, 287
31, 133
26, 151

Suppl. 4, 93
8, 101 (corr. 19,495)
24,39'
Suppl. 4, 95
21, 551
Suppl. 4, 96
34,65
35,83
34, 101

21, 147
Suppl. 4, 179
15, 1 03
32, 263

Chrysoidine
C.1. Disperse Yellow 3
Cinnamyl anthranilate

Cisplatin

Citrus Red No. 2
Clofibrate

Clomiphene and its citrate

Coal gasification
Coal-tars and derived products
Coke production
Conjugated æstrogens

Copper 8-hydroxyquinoline
Coronene
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Coumarin
meta-Cresidine
para-Cresidine
Cycasin

Cyclamic acid
Cyclochlorotine
Cyclohexylamine

Cyclopenta( cd)pyrene
Cyclophosphamide

D
2,4-D and esters

Dacarbazine

D and C Red No. 9
Dapsone

Daunomycin
DDT and associated substances

ODD (TDE)
ODE

Diacetylaminoazotoluene
N,N/-Diacetylbenzidine
Oiallate

2,4-Díaminoanisole and its sulphate

2,5-Diaminoanisole (1977) *
4,4/ -Diaminodiphenyl ether

1 ,2-Diamino-4-nitrobenzene
1 ,4-Diamino-2-nitrobenzene
2,4-Diaminotoluene
2,5-Diaminotoluane and its sulphate
Diazepam
Diazomethane
Dibenz( a,h)acridine

Dibenz( a,¡lacridine

Oibenz( a,c)anthracene
Dibenz( a,h )anthracene

Dibenz( a, ¡lanthracene
7 H-Dibenzo( c,g )carbazole

Dibenzo( a,e )fluoranthene

10, 113
27,91
27,92
1, 157 (corr. 7, 319)
10, 121
22, 55 (corr. 25, 391)
10, 139
22, 59 (corr. 25, 391)
Suppl. 4, 97
32, 269
9,135
26, 165
Suppl. 4, 99

15, 111
Suppl. 4, 101, 211

26, 203
Suppl. 4, 103
8,107
24,59
Suppl. 4, 104
10, 145
5, 83 (corr. 7, 320)
Suppl. 4, 105

8,113
16, 293
12,69
30, 235
16,51
27, 103

16, 301
29, 203
16,63
16,73
16,83
16,97
13,57
7,223
3,247
32, 277
3,254
32, 283
32, 289 (corr. 34, 197)
3,178
32, 299
32, 309
3,260
32, 315
32, 321

355
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Diglycidyl resorcinol ether

3,197
3,201
32, 327
3,207
32, 331
3,215
32, 337
3,224
32, 343
15, 139
20,83
7,231
29, 213
Suppl. 4, 108
7,231
29, 215
Suppl. 4, 108
4,49
29, 239
Suppl. 4, 110
15, 149
16, 309
20, 429
20, 449
Suppl. 4, 111

20,97
30,87
22, 60 (corr. 25, 391)
5,125
Suppl. 4, 112
21,161
Suppl. 4, 183
11,115 (corr. 12,271)
29, 257
29, 269 (corr. 32,455)
4,153
6,55
21,173 (corr. 23,417)
Suppl. 4, 184
21, 175
4,277
Suppl. 4, 115
11, 125
36, 181
1,170
10, 233
15, 155
24,77
6,167
21, 377
Suppl. 4, 193

Dibenzo( h, rst)pentaphene
Dibenzo( a,e )pyrene

Dibenzo( a,h )pyrene

Dibenzo( a,/lpyrene

Dibenzo( a,~pyrene

1 ,2-Dibromo-3-chloropropane

ortho-Dichlorobenzene

para-Dichlorobenzene

3,3'-Dichlorobenzidine and its dihydrochloride

trans-1 ,4-Dichlorobutene
3,3'-Dichloro-4,4'-diaminodiphenyl ether
1 ,2-Dichloroethane
Dichloromethane

Dichlorvos
Dicofol
Dicyclohexylamine
Dieldrin

Dienoestrol

Diepoxybutane
Di-(2-ethylhexyl) adipate
Di-(2-ethylhexyl) phthalate
1 ,2-Diethylhydrazine
Diethylstilboestrol

Diethylstilboestrol dipropionate
Diethyl sulphate

Dihydrosafrole

Dihydroxybenzenes
Dihydroxymethylfuratrizine
Dimethisterone

Dimethoate (1977)*
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Dimethoxane
3,3' -Dimethoxybenzidine (ortho-Dianisidine)

para-Dimethylaminoazobenzene
para-Dimethylaminobenzenediazo sodium sulphonate
trans-2( (Dimethylamino )methylimino )-5-(2-( 5-nitro-2-

furyl)vinyl)-1,3,4-oxadiazole
3,3' -Dimethylbenzidine (ortho- T olidine)
Dimethylcarbamoyl chloride

1 ,1-Dimethylhydrazine
1 ,2-Dimethylhydrazine
1 ,4-Dimethylphenanthrene
Dimethyl sulphate

Dimethylterephthalate (1978) *
1 ,8-Dinitropyrene
Dinitrosopentamethylenetetramine
1 ,4-Dioxane

2,4'-Diphenyldiamine
Diphenylthiohydantoin (1976)*

Direct Black 38

Direct Blue 6

Direct Brown 95

Disulfiram
Dithranol
Dulcin

E
Endrin
Enflurane (1976)*
Eosin and its disodium salt
Epichlorohydrin

1-Epoxyethyl-3,4-epoxycyclohexane
3,4-Epoxy-6-methylcyclohexylmethyl-3,4-epoxy-6-

methyl-cyclohexane carboxylate

GÍs-9,10-Epoxystearic acid
Ethinyloestradiol

Ethionamide
Ethyl acrylate
Ethylene
Ethylene dibromide
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15, 177
4,41
Suppl. 4, 116
8, 125 (corr. 31, 293)
8,147
7, 147 (corr. 30, 407)

1,87
12,77
Suppl. 4, 118
4,137
4, 145 (corr. 7, 320)
32, 349
4,271
Suppl. 4, 119

33, 171

11, 241
11, 247
Suppl. 4, 121

16,313

29, 295 (corr. 32, 455)
Suppl. 4, 59
29, 311

Suppl. 4, 59
29,321
Suppl. 4, 59
12,85
13,75
12,97

5,157

15, 183
11, 131 (corr. 18, 125)

(corr. 26, 387)
Suppl. 4, 122
(corr. 33, 223,)

11,141
11,147

11, 153
6,77
21, 233
Suppl. 4, 186
13,83
19,57
19, 157
15, 195
Suppl. 4, 124
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Eugenol
Evans blue

11,157
Suppl. 4, 126
36, 189
11, 257
7,45
Suppl. 4, 128
7,245
12, 1 07
12, 115
6,173
21, 387
Suppl. 4, 194
36,75
8,151

Ethylene oxide

Ethylene sulphide

Ethylenethiourea

Ethyl methanesulphonate
Ethyl selenac
Ethyl tellurac
Ethynodiol diacetate

F
Fast green FCF
Ferbam
Fluometuron
Fluoranthene
Fluorene
Fluorescein and its disodium salt (1977)*
Fluorides (ihorganic, used in drinking-water and dental

preparations)
Fluorspar
Fluosilicic acid
Sodium fluoride
Sodium monofluorophosphate
Sodium silicofluoride
Stannous fluoride

5-Fluorouracil

16, 187
12, 121 (corr. 13, 243)
30, 245
32, 355
32, 365

27, 237

2-(2-Furyl)-3-( 5-nitro-2-furyl)acrylamide
Fusarenon-X

26, 217
Suppl. 4, 130
29, 345
Suppl. 4, 131

7,151 (corr. 11,295)
31,141
25,99
Suppl. 4, 140
31,47
11, 169
31, 153

Formaldehyde

2-(2-Formylhydrazino )-4-( 5-nitro-2-furyl)thiazole
Furazolidone
The furniture and cabinet-making industry

G
L-Glutamic acid-5-(2-( 4-Hydroxymethyl)

phenylhydrazide)
Glycidaldehyde
Glycidyl oleate
Glycidyl stearate
Griseofulvin
Guinea green B
Gyromitrin

31,63

11, 175
11, 183
11, 187
10, 153
16, 199
31, 163
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H
Haematite

Haematoxylin (1977) *
Haïr dyes, epidemiology of

Halothane (1976)*
Heptachlor and its epoxide

Hexachlorobenzene
Hexachlorobutadiene
Hexachlorocyclohexane (ci-,ß-,ò-,c-,technical HCH and

lindane)

Hexachloroethane
Hexachlorophene
Hexamethylenediamine (1978) *
Hexamethylphosphoramide
Hycanthone and its mesylate
Hydralazine and its hydrochloride

Hydrazine

Hydrogen peroxide
Hydroquinone
4-Hydroxyazobenzene
17 ci-Hydroxyprogesterone caproate

8-Hydroxyquinoline
Hydroxysenkirkine
1

Indeno(1,2,3-cdjpyrene

Iron and steel founding
Iron-dextran complex

lron-dextrin complex
Iron oxide
Iron sorbitol-ci trie acid complex
Isatidine
Isoflurane (1976) *

Isonicotinic acid hydrazide

Isophosphamide
Isoprene (1978) *
Isopropyl alcohol

Isopropyl oils

Isosafrole
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1,29
Suppl. 4, 254

16,29
27, 307

5,173
20, 129

Suppl. 4, 80
20, 155
20, 179

5,47
20, 195 (corr. 32, 455)
Suppl. 4, 133
20, 467
20, 241

15, 211
13,91
24,85
Suppl. 4, 135
4,127
Suppl. 4, 136
36, 285
15, 155
8,157
21, 399 (corr. 31, 293)
Suppl. 4, 195
13, 101

10, 265

3,229
32, 373
34, 133
2,161
Suppl. 4, 145
2, 161 (corr. 7, 319)
1,29
2,161
10, 269

4,159
Suppl. 4, 146
26, 237

15, 223
Suppl. 4, 151

15, 223
Suppl. 4, 15~

1,169
10, 232
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J
Jacobine 10, 275

K
Kaempferol 31,171

L
Lasiocarpine
Lauroyl peroxide
Lead and lead compounds

10, 281
36, 315
1, 40 (corr. 7, 319)
2, 52 (corr. 8, 349)
2,150
23,39,205,325
Suppl. 4, 149

Lead acetate and its trihydrate
Lead carbonate

Lead chloride
Lead naphthenate
Lead nitrate
Lead oxide
Lead phosphate
Lead subacetate
Lead tetroxide
T etraethyllead

T etramethyllead
The leather goods manufacturing industry (other th an

boot and shoe manufacture and tanning)

Ledate
Light green SF
Lindane

25, 279

Suppl. 4, 142
25,201
Suppl. 4, 142
12, 131
16, 209
5,47
20, 196
25,49
Suppl. 4, 143
10, 163
21,407
Suppl. 4, 195

The leather tanning and processing industries

The lumber and sawmill industries (including logging)

Luteoskyrin
L ynoestrenol

Lysergide (1976)*

M
Magenta

Medphalan

4, 57 (corr. 7, 320)
Suppl. 4, 152
30, 103
4, 173 (corr. 18, 125)
36, 163
12, 137
9,157
Suppl. 4, 211

30, 255
9,168

Malathion
Maleic hydrazide
Malonaldehyde
Maneb
Mannomustine and its dihydrochloride
MCPA
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Medroxyprogesterone acetate

Megestrol acetate

Melphalan

6-Mercaptopurine

Merphalan
Mestranol

Methacrylic acid (1978)*
Methallenoestril (1978) *

Methotrexate

Methoxsalen

Methoxychlor

Methoxyflurane (1976)*
Methylacrylate
2-Methylaziridine
Methylazoxymethanol
Methylazoxymethanol acetate

Methyl bromide (1978) *
Methyl carbamate
1-,2-,3-,4-,5-and 6-Methylchrysenes
N-Methyl-N,4-dinitrosoaniline
4,4'-Methylene bis(2-chloroaniline)
4,4'-Methylene bis(N,N-dimethyl)benzenamine
4,4'-Methylene bis(2-methylaniline)
4,4'-Methylenedianilne
4,4'-Methylenediphenyl diisocyanate
2-and 3-Methylfluoranthenes

Methyl iodide
Methyl methacrylate

Methyl methanesulphonate
2-Methyl-1-nitroanthraquinone
N-Methyl-N'-nitro-N-nitrosoguanidine
Methyl parathion

1-Methylphenanthrene
Methyl protoanemonin (1975) *
Methyl red
Methyl selenac

Methylthiouracil
Metronidazole

Mineral oils
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6,157
21, 417 (corr. 25, 391)
Suppl. 4, 196
21, 431

Suppl. 4, 198
9,167
Suppl. 4, 154
26, 249
Suppl. 4, 155
9,169
6,87
21, 257 (corr. 25, 391)
Suppl. 4, 188

26, 267
Suppl. 4,157
24, 101

Suppl. 4, 158
5,193
20, 259

19,52
9,61
10, 121

1,164
10, 131

12, 151

32, 379
1, 141
4, 65 (corr. 7, 320)
27, 119

4,73
4, 79 (corr. 7, 320)
19, 314
32, 399
15, 245
19, 187
7,253
27, 205
4,183
30, 131

32, 405

8,161
12, 161

7,53
13, 113
Suppl. 4, 160
3,30
Suppl. 4, 227
33,87
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Mirex 5,203
20, 283 (corr. 30, 407)

10, 171
19,86
10, 291
12, 167
7,161

9, 181 (corr. 13, 243)
Suppl. 4, 163

Miristicin (1982)*
Mitomycin C
Modacrylic fibres
Monocrotaline
Monuron
5-(Morpholinomethyl)-3-((5-nitrofurfurylidene )amino )-2-

oxazolidinone
Mustard gas

N
Nafenopin
1 ,5-Naphthalenediamine
1 ,5-Naphthalene diisocyanate
1-Naphthylamine

24, 125
27, 127
19, 311
4, 87 (corr. 8, 349)

(corr. 22, 187)
Suppl. 4, 164
4,97
Suppl. 4, 166
30, 347
2, 126 (corr. 7, 319)
11,75
Suppl. 4, 167

2-Naphthylamine

1-Naphthylthiourea (ANTU)
Nickel and nickel compounds

Nickel acetate and its tetrahydrate
Nickel ammonium sulphate
Nickel carbonate
Nickel carbon yi
Nickel chloride
Nickel-gallum alloy
Nickel hydroxide
Nickelocene
Nickel oxide
Nickel subsulphide
Nickel sulphate

Nihydrazone (1982) *
Niridazole
Nithiazide
5-Nitroacenaphthene
5-Nitro-ortho-anisidine
9-Nitroanthracene
6-Nitrobenzo( a )pyrene
4-Nitrobiphenyl
6-Nitrochrysene
Nitrofen
3-Nitrofluoranthene
5-Nitro-2-furaldehyde semicarbazone
1 ((5-Nitrofurfurylidene )amino )-2-imidazolidinone
N-( 4-( 5-Nitro-2-furyl)-2-thiazolyl)acetamide

13, 123
31, 179
16, 31 9
27, 133
33, 179
33, 187
4,113
33, 195
30,271
33, 201
7,171
7,181
1, 181
7,185
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Nitrogen mustard and its hydrochloride

Nitrogen mustard N-oxide and its hydrochloride
2-Nitropropane
1-Nitropyrene
N-Nitrosatable drugs
N-Nitrosatable pesticides

N-Nitrosodi-n-butylamine

N-Nitrosodiethanolamine
N-Nitrosodiethylamine

N-Nitrosodimethylamine

N-Nitrosodiphenylamine
para-Nitrosodiphenylamine
N-Nitrosodi-n-propylamine
N-N itroso-N-ethylurea

N-Nitrosofolic acid
N-Nitrosohydroxyproline
N-Nitrosomethylethylamine
N-Nitroso-N-methylurea

N-Nitroso-N-methylurethane
N-Nitrosomethylvinylamine
N-Nitrosomorpholine
N'-Nitrosonornicotine
N-Nitrosopiperidine
N-Nitrosoproline
N-Nitrosopyrrolidine
N-Nitrososarcosine
N-Nitrososarcosine ethyl ester (1977)*
Nitrovin
Nitroxolne (1976)*
Nivalenol (1976)*
Norethisterone and its acetate

Norethynodrel

Norgestrel

Nylon 6
Nylon 6/6 (1978)*

o
Ochratoxin A
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9,193
Suppl. 4, 170
9,209
29, 331
33, 209
24, 297 (corr. 30, 407)
30, 359
4,197
17,51
17,77
1, 107 (corr. 11, 295)
17, 83 (corr. 23, 417)
1,95
17, 125 (corr. 25, 391)
27, 213
27, 227 (corr. 31, 293)
17, 177
1,135
17, 191
17,217
17, 304
17,221
1,125
17, 227
4,211
17, 257
17, 263
17,281
17, 287
17, 303
17, 313
17, 327

31, 185

6,179
21, 441

Suppl. 4, 199
6,191
21, 461 (corr.25, 391)

Suppl. 4, 201

6, 201
21, 479
Suppl. 4, 202
19,120

10, 191
31, 191 (corr. 34, 197)
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Oestradiol-17ß

Oestrone

6,99
21, 279
Suppl. 4, 190
21, 281

21, 283
9,217
21, 284
6,117
21,327
6,123
21,343 (corr. 25,391)
Suppl. 4, 191

21, 345
Suppl. 4, 191

8,165
8,173
8,181
13,58
13, 131
Suppl. 4, 203
13, 185

Oestradiol 3-benzoate
Oestradiol dipropionate
Oestradiol mustard
Oestradiol-17ß-valerate
Oestriol

Oestrone benzoate

Oil Orange SS
Orange 1

Orange G
Oxazepam
Oxymetholone

Oxyphenbutazone

P
Panfuran S (Dihydroxymethylfuratrizine)
Parasorbic acid
Parathion
Patulin
Penicillic acid
Pentachlorophenol

Phenelzine and its sulphate

24,77
10, 199 (corr. 12, 271)
30, 153
10, 205
10, 211
20, 303
Suppl. 4, 88, 205

32, 411
31, 207
13, 141
24, 135
Suppl. 4, 47
32, 419
8,117

24, 163 (corr. 29, 399)
Suppl. 4, 207
24, 175
Suppl. 4, 207
12, 177
13, 157
Suppl. 4, 208
9,223
24, 185
13, 183
Suppl. 4, 212

Pentobarbital sodium (1976)*
Perylene
Petasitenine
Phenacetin

Phenanthrene
Phenazopyridine (2, 6-Diamino-3-(phenylazo )pyridine)

and its hydrochloride

Phenicarbazide
Phenobarbital and its sodium salt

Phenoxybenzamine and its hydrochloride

Phenylbutazone

ortho-Phenylenediamine (1977) *
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meta-Phenylenediamine and its hydrochloride
para-Phenylenediamine and its hydrochloride
N-Phenyl-2-naphthylamine

ortho-Phenylphenol and its sodium salt
N-Phenyl-para-phenylenediamine (1977)*
Phenytoin and its sodium salt

Piperazine oestrone sulphate
Piperonyl butoxide
Polyacrylic acid
Polybrominated biphenyls
Polychlorinated biphenyls

Polychloroprene
Polyethylene (Iow-density and high-density)
Polyethylene terephthalate (1978) *
Polyisoprene (1978)*

Polymethylene polyphenyl isocyanate
Polymethyl methacrylate
Polyoestradiol phosphate
Polypropylene
Polystyrene
Polytetrafluoroethylene
Polyurethane foams (flexible and rigid)
Polyvinyl acetate
Polyvinyl alcohol
Polyvinyl chloride

Polyvinylidene fluoride (1978) *
Polyvinyl pyrrolidone
Ponceau MX
Ponceau 3R
Ponceau SX
Potassium bis (2-hydroxyethyl)dithiocarbamate
Prednisone

Procarbazine hydrochloride

Proflavine and its salts
Progesterone

Pronetalol hydrochloride
1 ,3-Propane sultone

Propham
ß-Propiolactone
n-Propyl carbamate
Propylene
Propylene oxide

365

16, 111

16, 125
16, 325 (corr. 25,391)
Suppl. 4, 213
30, 329

13, 201
Suppl. 4, 215
21, 148

30, 183

19,62
18, 1 07
7,261
18,43
Suppl. 4, 217
19, 141

19, 164

19,314
19, 195
21, 286
19, 218
19, 245
19, 288
19, 320
19, 346
19, 351
7,306
19, 402

19, 463
8,189
8,199
8,207
12, 183
26, 293
Suppl. 4, 219
26, 311
Suppl. 4, 220
24, 195
6,135
21, 491 (corr. 25, 391)
Suppl. 4, 202
13, 227 (corr. 16, 387)
4, 253 (corr. 13, 243)

(corr. 20, 591)
12, 189
4, 259 (corr. 15,341)
12, 201
19, 213
11, 191

36, 227



366 IARC MONOGRAPHS VOLUME 36

Propylthiouracil

The pulp and paper industry

Pyrazinamide (1976) *
Pyrene
Pyrimethamine
Pyrrolizidine alkaloids

7,67
Suppl. 4,222
25, 157
Suppl. 4, 144

32, 431
13, 233
10, 333

Q
Quercitin
Quinoestradol (1978) *
Quinoestrol (1978) *
para-Quinone
Quintozene (Pentachloronitrobenzene)

31,213

15, 255
5,211

R
Reserpine

Resorcinol
Retrorsine
Rhodamine B
Rhodamine 6G
Riddelline
Rifampicin
Rotenone (1982)*
The rubber industry

Rugulosin (1975)*

10,217
24, 211 (corr.26, 387)

(corr. 30, 407)
Suppl. 4, 222
15, 155
10, 303
16, 221
16, 233
10, 313
24, 243

28 (corr. 30, 407)
Suppl. 4, 144

S
Saccharated iron oxide
Saccharin

Shale-oils
Simazine (1982)*
Sodium cyclamate

2,161
22, 111 (corr. 25, 391)
Suppl. 4, 224
1,169
10, 231
8,217
9, 245 (corr. 12, 271)

(corr. 30, 407)
12, 209 (corr. 16, 387)
10,319
10, 327
31, 231
35, 161

22, 56 (corr. 25, 391)
Suppl. 4, 97
12,217
21, 148

Safrole

Scarlet red
Selenium and selenium compounds

Semicarbazide hydrochloride
Seneciphyllne
Senkirkine

Sodium diethyldithiocarbamate
Sodium equilin sulphate
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Sodium oestrone sulphate
Sodium saccharin

Soot and tars

Soots
Spironolactone

Sterigmatocystin

Streptozotocin

Styrene

Styrene-acrylonitrile copolymers
Styrene-butadiene copolymers
Styrene oxide

Succinic anhydride
Sudan 1

Sudan Il
Sudan III
Sudan brown RR
Sudan red 7B
Sulfafurazole (Sulphisoxazole)

Sulfallate
Sulfamethoxazole

Sulphamethazine (1982) *
Sunset yellow FCF
Symphytine

T
2,4,5- T and esters

T annic acid
Tannins
Terephthalic acid (1978)*
Terpene polychlorinates (StrobaneR)
Testosterone

Testosterone oenanthate
Testosterone propionate

2,2' ,5,5'-1' etrachlorobenzidine
T etrachlorodibenzo-para-dioxin (TCDD)

1 ,1 ,2,2- T etrachloroethane
T etrachloroethylene

T etrachlorvinphos

367

21, 147

22, 113 (corr. 25, 391)
Suppl. 4, 224
3,22
Suppl. 4, 227
35, 219
24, 259
Suppl. 4, 229
1,175
10, 245
4,221
17, 337
19, 231
Suppl. 4, 229
19,97
19, 252
11, 201
19, 275
Suppl. 4, 229
36, 245
15, 265
8,225
8,233
8,241
8,249
8,253
24, 275
Suppl. 4, 233
30, 283
24, 285
Suppl. 4, 234

8, 257
31, 239

15, 273
Suppl. 4, 211,235
10, 253 (corr. 16, 387)
1 D, 254

5,219
6,209
21, 519
21, 521

21, 522
27, 141

15,41
Suppl. 4, 211,238
20, 477
20, 491

Suppl. 4, 243
30, 197
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Tris(1-aziridinyl)phosphine oxide
Tris(1-aziridinyl)phosphine sulphide (Thiotepa)

2,4,6- Tris(1-aziridinyl)-s-triazine
1,2,3-Tris(chloromethoxy)propane
T ris(2,3-dibromopropyl)phosphate
Tris(2-methyl-1-aziridinyl)phosphine oxide
Trp-P-1
Trp-P-2
Trypan blue

19, 285
7,77
16, 343
27, 147
7,85
7,95
12, 225
19, 303
19, 303
22, 121

Suppl. 4, 224
16, 349
27, 155
Suppl. 4, 245
20, 327
26, 341

Suppl. 4, 246
30, 207
20, 515
20, 533
11, 263
20, 545
Suppl. 4, 247
20, 349
Suppl. 4, 88, 249
9,229
30, 207
31, 265
11, 209

27, 177
27, 178
32, 447
9,67
Suppl. 4, 251
9,75
9,85
Suppl. 4, 252
9,95
15,301
20, 575
9,107
31, 247
31, 255
8,267

T etrafluoroethylene
Thioacetamide
4,4' - Thiodianilne

Thiouracil
Thiourea
Thiram
2,4- T oluene diisocyanate
2,6-Toluene diisocyanate

ortho- T oluenesulphonamide

ortho- T oluidine and its hydrochloride

Toxaphene (Polychlorinated camphenes)
Treosulphan

Trichlorphon
1 ,1 ,1- Trichloroethane
1,1,2-Trichloroethane
Trichloroethylene

2,4,5-and 2,4,6- Trichlorophenols

Trichlorotriethylamine hydrochloride
Trichlorphon
T 2- Trichothecene
Triethylene glycol diglycidyl ether
Trifluralin (1982)*
2,4,5-Trimethylaniline and its hydrochloride
2,4,6-Trimethylaniline and its hydrochloride
Triphenylene
Tris( aziridinyl)-para-benzoquinone (Triaziquonè)

U
Uracil mustard

Urethane

9,235
Suppl. 4, 256
7, 111
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V
Vinblastine sulphate

Vincristine sulphate

Vinyl acetate
Vinyl bromide
Vinyl chloride

Vinyl chloride-vinyl acetate copolymers

4- Vinylcyclohexene
Vinylidene chloride

Vinylidene chloride-vinylchloride copolymers
Vinylidene fluoride (1978)*
N- Vinyl-2-pyrrolidone

X
2,4-Xylidine and its hydrochloride
2,5-Xylidine and its hydrochloride
2,6-Xylidine (1977)*

y
Yellow AB
Yellow OB

Z
Zearalenone
Zectran
Zineb
Ziram
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26, 349 (corr. 34, 197)
Suppl. 4, 257
26, 365
Suppl. 4, 259
19, 341
19, 367
7,291
19, 377
Suppl. 4, 260
7,311
19, 412
11, 277
19, 439
Suppl. 4, 262 (corr. 31, 293)
19, 448

19, 461

16, 367
16, 377

8,279
8,287

31, 279
12, 237
12, 245
12, 259
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