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NOTE TO THE READER

The term “carcinogenic risk’ in the IARC Monographs series is taken to mean the
probability that exposure to an agent will lead to cancer in humans.

Inclusion of an agent in the Monographs does not imply that it is a carcinogen, only
that the published data have been examined. Equally, the fact that an agent has not yet
been evaluated in a monograph does not mean that it is not carcinogenic.

The evaluations of carcinogenic risk are made by international working groups of
independent scientists and are qualitative in nature. No recommendation is given for
regulation or legislation.

Anyone who is aware of published data that may alter the evaluation of the carcino-
genic risk of an agent to humans is encouraged to make this information available to the
Unit of Carcinogen Identification and Evaluation, International Agency for Research on
Cancer, 150 cours Albert Thomas, 69372 Lyon Cedex 08, France, in order that the agent
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 ldentification and Evaluation, so that corrections can be reported in future
volumes.






IARC WORKING GROUP ON THE EVALUATION
OF CARCINOGENIC RISKS TO HUMANS:
SOME CHEMICALS THAT CAUSE TUMOURS OF THE
KIDNEY OR URINARY BLADDER IN RODENTS
AND SOME OTHER SUBSTANCES

Lyon, 13-20 October 1998

LIST OF PARTICIPANTS

Members?

S.J. Borghoff, Chemical Industry Institute of Toxicology, PO Box 12137, Research
Triangle Park, NC 27709, United States

G. Brambilla, Department of Internal Medicine, University of Genoa, viale Benedetto
XV, 2, 16132 Genoa, Italy

T.E. Bunton, Division of Comparative Medicine, School of Medicine, Johns Hopkins
University, 456 Ross Research Building, 720 Rutland Avenue, Baltimore, MD 21205,
United States

C.C. Capen, The Ohio State University, Department of Veterinary Biosciences, 1925
Coffey Road Columbus, OH 43210, United States (Chairman)

S.M. Cohen, University of Nebraska Medical Center, Department of Pathology and Micro-
biology, 98135 Nebraska Medical Center, Omaha, NE 68198-3135, United States

L. Fishbein, 4320 Ashford Lane, Fairfax, VA 22032, United States

S. Fukushima, Department of Pathology, Osaka City University Medical School, 1-4-3
Asahi-machi, Abeno-ku, Osaka 545 8585, Japan

M. Gérin, University of Montréal, Department of Occupational and Environmental
Health, Faculty of Medicine, CP 6128—Station A, Montreal, Québec H3C 3J7,
Canada

G.C. Hard, American Health Foundation, 1 Dana Road, Valhalla, NY 10595, United States

M. Hayashi, Division of Genetics and Mutagenesis, National Institute of Hygienic
Sciences, 1-18-1 Kami Yoga Setagaya-ku, Tokyo 158-8501, Japan

! Unable to attend: J.K. Haseman, Biostatistics Branch, National Institute of Environmental
Health Sciences, PO Box 12233 — Mail op A3-03, Research Triangle Park, NC 27709, United
States; S. Vamvakas, Institut fir Toxikologie, Universitat Wirzburg, Versbacher Strasse 9, 97078
Wiirzburg, Germany

—3-



4 IARC MONOGRAPHS VOLUME 73

R.J. Kavlock, Reproductive Toxicology Division, National Health and Environmental
Health Effects Research Laboratory, US Environmental Protection Agency, MD-71,
Research Triangle Park, NC 27711, United States

B.G. Lake, BIBRA International, Woodmansterne Road, Carshalton, Surrey SM5 4DS,
United Kingdom

L.D. Lehman-McKeeman, Procter & Gamble Co., Miami Valley Laboratories, PO Box
538707, Cincinnati, OH 45239-8707, United States

S. Olin, International Life Sciences Institute, Risk Science Institute, 1126 Sixteenth
Street NW, Washington DC 20036, United States

J.H. Olsen, Danish Cancer Society, Institute of Cancer Epidemiology, Box 839, 2100
Copenhagen @, Denmark

T. Partanen, Finnish Institute of Occupational Health, Topeliuksenkatu 41 a A, 00250
Helsinki, Finland

T. Sanner, Department for Environmental and Occupational Cancer, The Norwegian
Radium Hospital, Montebello, 0310 Oslo, Norway

R. Schulte-Hermann, Institut fur Tumorbiologie-Krebsforschung der Universitat Wien,
Borschkegasse 8a, 1090 Vienna, Austria

B. Terracini, Centro per la Prevenzione Oncologica, Universita di Torino, via Santena 7,
10126 Turin, Italy (Vice-Chairman)

J.M. Ward, National Cancer Institute, NCI-FCC, FVC-201, PO Box B, Frederick,
MD 21702-1201, United States

M.D. Waters, National Health and Environmental Effects Research Laboratory, US
Environmental Protection Agency, MD-51A, Research Triangle Park, NC 27711,
United States

J. Whysner, Toxicology & Risk Assessment Program, American Health Foundation,
1 Dana Road, Valhalla, NY 10595-1599, United States

Representatives/Observers

American Industrial Health Council

R.H. Adamson, National Soft Drink Association, 1101—16th Street, NW, Washington
DC 20036-4877, United States

R.M. David, Health and Environment Laboratories, Eastman Kodak Company,
Rochester, NY 14652-6272, United States

European Centre for Ecotoxicology and Toxicology of Chemicals
J. Foster, Zeneca, Pathology and Toxicology Support Section, Zeneca Central Toxicology
Laboratory, Alderley Park, Macclesfield, Cheshire SK10 4TJ, United Kingdom

Food Directorate, Health Protection Branch

E. Vavasour, Chemical Health Hazard Assessment Division, Bureau of Chemical Safety,
Food Directorate, Health Protection Branch, Postal Locator: 2204D1, Ottawa,
Ontario K1A OL2, Canada



PARTICIPANTS 5

Secretariat
E. Heseltine (Editor), Lajarthe, 24290 St Léon-sur-Vézére, France
E. Smith, International Programme on Chemical Safety, WHO, Geneva, Switzerland

IARC

R. Baan, Unit of Carcinogen Identification and Evaluation

M. Blettner’, Unit of Carcinogen Identification and Evaluation

M. Friesen, Unit of Gene—Environment Interactions

C. Genevois-Charmeau, Unit of Carcinogen Identification and Evaluation

Y. Grosse, Unit of Carcinogen Identification and Evaluation

V. Krutovskikh, Unit of Multistage Carcinogenesis

C. Malaveille, Unit of Endogenous Cancer Risk Factors

D. McGregor, Unit of Carcinogen Identification and Evaluation

C. Partensky, Unit of Carcinogen Identification and Evaluation

J. Rice, Unit of Carcinogen Identification and Evaluation (Head of Programme)
E. Ward?, Environmental Cancer Epidemiology

J. Wilbourn, Unit of Carcinogen Identification and Evaluation (Responsible Officer)

Technical assistance
M. Lézere

A. Meneghel

D. Mietton

J. Mitchell

S. Reynaud

S. Ruiz

Present addresses:

! Department of Epidemiology and Medical Statistics, School of Public Health, Postfach
100131, 33501 Bielefeld, Germany

2 National Institute for Occupational Safety and Health (NIOSH), 4676 Columbia Parkway,
Cincinnati, OH 45226, United States






PREAMBLE






IARC MONOGRAPHS PROGRAMME ON THE EVALUATION
OF CARCINOGENIC RISKS TO HUMANS

PREAMBLE

1. BACKGROUND

In 1969, the International Agency for Research on Cancer (IARC) initiated a pro-
gramme to evaluate the carcinogenic risk of chemicals to humans and to produce mono-
graphs on individual chemicals. The Monographs programme has since been expanded
to include consideration of exposures to complex mixtures of chemicals (which occur,
for example, in some occupations and as a result of human habits) and of exposures to
other agents, such as radiation and viruses. With Supplement 6 (IARC, 1987a), the title
of the series was modified from IARC Monographs on the Evaluation of the Carcino-
genic Risk of Chemicals to Humans to IARC Monographs on the Evaluation of Carcino-
genic Risks to Humans, in order to reflect the widened scope of the programme.

The criteria established in 1971 to evaluate carcinogenic risk to humans were
adopted by the working groups whose deliberations resulted in the first 16 volumes of
the IARC Monographs series. Those criteria were subsequently updated by further ad-
hoc working groups (IARC, 1977, 1978, 1979, 1982, 1983, 1987b, 1988, 1991a; Vainio
et al., 1992).

2. OBJECTIVE AND SCOPE

The objective of the programme is to prepare, with the help of international working
groups of experts, and to publish in the form of monographs, critical reviews and eva-
luations of evidence on the carcinogenicity of a wide range of human exposures. The
Monographs may also indicate where additional research efforts are needed.

The Monographs represent the first step in carcinogenic risk assessment, which
involves examination of all relevant information in order to assess the strength of the avai-
lable evidence that certain exposures could alter the incidence of cancer in humans. The
second step is quantitative risk estimation. Detailed, quantitative evaluations of epidemio-
logical data may be made in the Monographs, but without extrapolation beyond the range
of the data available. Quantitative extrapolation from experimental data to the human
situation is not undertaken.

The term ‘carcinogen’ is used in these monographs to denote an exposure that is
capable of increasing the incidence of malignant neoplasms; the induction of benign neo-
plasms may in some circumstances (see p. 19) contribute to the judgement that the expo-
sure is carcinogenic. The terms ‘neoplasm’ and “tumour’ are used interchangeably.

90—
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Some epidemiological and experimental studies indicate that different agents may act
at different stages in the carcinogenic process, and several mechanisms may be involved.
The aim of the Monographs has been, from their inception, to evaluate evidence of carci-
nogenicity at any stage in the carcinogenesis process, independently of the underlying
mechanisms. Information on mechanisms may, however, be used in making the overall
evaluation (IARC, 1991a; Vainio et al., 1992; see also pp. 25-27).

The Monographs may assist national and international authorities in making risk
assessments and in formulating decisions concerning any necessary preventive measures.
The evaluations of IARC working groups are scientific, qualitative judgements about the
evidence for or against carcinogenicity provided by the available data. These evaluations
represent only one part of the body of information on which regulatory measures may be
based. Other components of regulatory decisions vary from one situation to another and
from country to country, responding to different socioeconomic and national priorities.
Therefore, no recommendation is given with regard to regulation or legislation,
which are the responsibility of individual governments and/or other international
organizations.

The IARC Monographs are recognized as an authoritative source of information on
the carcinogenicity of a wide range of human exposures. A survey of users in 1988 indi-
cated that the Monographs are consulted by various agencies in 57 countries. About 3000
copies of each volume are printed, for distribution to governments, regulatory bodies and
interested scientists. The Monographs are also available from IARCPress in Lyon and via
the Distribution and Sales Service of the World Health Organization in Geneva.

3. SELECTION OF TOPICS FOR MONOGRAPHS

Topics are selected on the basis of two main criteria: (a) there is evidence of human
exposure, and (b) there is some evidence or suspicion of carcinogenicity. The term
‘agent’ is used to include individual chemical compounds, groups of related chemical
compounds, physical agents (such as radiation) and biological factors (such as viruses).
Exposures to mixtures of agents may occur in occupational exposures and as a result of
personal and cultural habits (like smoking and dietary practices). Chemical analogues
and compounds with biological or physical characteristics similar to those of suspected
carcinogens may also be considered, even in the absence of data on a possible carcino-
genic effect in humans or experimental animals.

The scientific literature is surveyed for published data relevant to an assessment of
carcinogenicity. The IARC information bulletins on agents being tested for carcino-
genicity (IARC, 1973-1996) and directories of on-going research in cancer epide-
miology (IARC, 1976-1996) often indicate exposures that may be scheduled for future
meetings. Ad-hoc working groups convened by IARC in 1984, 1989, 1991, 1993 and
1998 gave recommendations as to which agents should be evaluated in the IARC Mono-
graphs series (IARC, 1984, 1989, 1991b, 1993, 1998a,b).
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As significant new data on subjects on which monographs have already been prepared
become available, re-evaluations are made at subsequent meetings, and revised mono-
graphs are published.

4. DATA FOR MONOGRAPHS

The Monographs do not necessarily cite all the literature concerning the subject of
an evaluation. Only those data considered by the Working Group to be relevant to making
the evaluation are included.

With regard to biological and epidemiological data, only reports that have been
published or accepted for publication in the openly available scientific literature are
reviewed by the working groups. In certain instances, government agency reports that
have undergone peer review and are widely available are considered. Exceptions may
be made on an ad-hoc basis to include unpublished reports that are in their final form
and publicly available, if their inclusion is considered pertinent to making a final
evaluation (see pp. 25-27). In the sections on chemical and physical properties, on
analysis, on production and use and on occurrence, unpublished sources of information
may be used.

5. THE WORKING GROUP

Reviews and evaluations are formulated by a working group of experts. The tasks of
the group are: (i) to ascertain that all appropriate data have been collected,; (ii) to select
the data relevant for the evaluation on the basis of scientific merit; (iii) to prepare
accurate summaries of the data to enable the reader to follow the reasoning of the
Working Group; (iv) to evaluate the results of epidemiological and experimental studies
on cancer; (V) to evaluate data relevant to the understanding of mechanism of action; and
(vi) to make an overall evaluation of the carcinogenicity of the exposure to humans.

Working Group participants who contributed to the considerations and evaluations
within a particular volume are listed, with their addresses, at the beginning of each publi-
cation. Each participant who is a member of a working group serves as an individual
scientist and not as a representative of any organization, government or industry. In
addition, nominees of national and international agencies and industrial associations may
be invited as observers.

6. WORKING PROCEDURES

Approximately one year in advance of a meeting of a working group, the topics of
the monographs are announced and participants are selected by IARC staff in consul-
tation with other experts. Subsequently, relevant biological and epidemiological data are
collected by the Carcinogen Identification and Evaluation Unit of IARC from recognized
sources of information on carcinogenesis, including data storage and retrieval systems
such as MEDLINE and TOXLINE.

For chemicals and some complex mixtures, the major collection of data and the pre-
paration of first drafts of the sections on chemical and physical properties, on analysis,
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on production and use and on occurrence are carried out under a separate contract funded
by the United States National Cancer Institute. Representatives from industrial asso-
ciations may assist in the preparation of sections on production and use. Information on
production and trade is obtained from governmental and trade publications and, in some
cases, by direct contact with industries. Separate production data on some agents may not
be available because their publication could disclose confidential information. Infor-
mation on uses may be obtained from published sources but is often complemented by
direct contact with manufacturers. Efforts are made to supplement this information with
data from other national and international sources.

Six months before the meeting, the material obtained is sent to meeting participants,
or is used by IARC staff, to prepare sections for the first drafts of monographs. The first
drafts are compiled by IARC staff and sent before the meeting to all participants of the
Working Group for review.

The Working Group 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 master
copy of each monograph is verified by consulting the original literature, edited and pre-
pared for publication. The aim is to publish monographs within six months of the
Working Group meeting.

The available studies are summarized by the Working Group, with particular regard
to the qualitative aspects discussed below. In general, numerical findings are indicated as
they appear in the original report; units are converted when necessary for easier compa-
rison. The Working Group may conduct additional analyses of the published data and use
them in their assessment of the evidence; the results of such supplementary analyses are
given in square brackets. When an important aspect of a study, directly impinging on its
interpretation, should be brought to the attention of the reader, a comment is given in
square brackets.

7. EXPOSURE DATA

Sections that indicate the extent of past and present human exposure, the sources of
exposure, the people most likely to be exposed and the factors that contribute to the
exposure are included at the beginning of each monograph.

Most monographs on individual chemicals, groups of chemicals or complex mixtures
include sections on chemical and physical data, on analysis, on production and use and
on occurrence. In monographs on, for example, physical agents, occupational exposures
and cultural habits, other sections may be included, such as: historical perspectives, des-
cription of an industry or habit, chemistry of the complex mixture or taxonomy. Mono-
graphs on biological agents have sections on structure and biology, methods of detection,
epidemiology of infection and clinical disease other than cancer.

For chemical exposures, the Chemical Abstracts Services Registry Number, the latest
Chemical Abstracts Primary Name and the IUPAC Systematic Name are recorded; other
synonyms are given, but the list is not necessarily comprehensive. For biological agents,
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taxonomy and structure are described, and the degree of variability is given, when
applicable.

Information on chemical and physical properties and, in particular, data relevant to
identification, occurrence and biological activity are included. For biological agents,
mode of replication, life cycle, target cells, persistence and latency and host response are
given. A description of technical products of chemicals includes trade names, relevant
specifications and available information on composition and impurities. Some of the
trade names given may be those of mixtures in which the agent being evaluated is only
one of the ingredients.

The purpose of the section on analysis or detection is to give the reader an overview
of current methods, with emphasis on those widely used for regulatory purposes.
Methods for monitoring human exposure are also given, when available. No critical eva-
luation or recommendation of any of the methods is meant or implied. The IARC
published a series of volumes, Environmental Carcinogens: Methods of Analysis and
Exposure Measurement (IARC, 1978-93), that describe validated methods for analysing
a wide variety of chemicals and mixtures. For biological agents, methods of detection
and exposure assessment are described, including their sensitivity, specificity and
reproducibility.

The dates of first synthesis and of first commercial production of a chemical or
mixture are provided; for agents which do not occur naturally, this information may
allow a reasonable estimate to be made of the date before which no human exposure to
the agent could have occurred. The dates of first reported occurrence of an exposure are
also provided. In addition, methods of synthesis used in past and present commercial
production and different methods of production which may give rise to different impu-
rities are described.

Data on production, international trade and uses are obtained for representative
regions, which usually include Europe, Japan and the United States of America. It should
not, however, be inferred that those areas or nations are necessarily the sole or major
sources or users of the agent. Some identified uses may not be current or major appli-
cations, and the coverage is not necessarily comprehensive. In the case of drugs, mention
of their therapeutic uses does not necessarily represent current practice, nor does it imply
judgement as to their therapeutic efficacy.

Information on the occurrence of an agent or mixture in the environment is obtained
from data derived from the monitoring and surveillance of levels in occupational envi-
ronments, air, water, soil, foods and animal and human tissues. When available, data on
the generation, persistence and bioaccumulation of the agent are also included. In the
case of mixtures, industries, occupations or processes, information is given about all
agents present. For processes, industries and occupations, a historical description is also
given, noting variations in chemical composition, physical properties and levels of occu-
pational exposure with time and place. For biological agents, the epidemiology of
infection is described.
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Statements concerning regulations and guidelines (e.g., pesticide registrations,
maximal levels permitted in foods, occupational exposure limits) are included for some
countries as indications of potential exposures, but they may not reflect the most recent
situation, since such limits are continuously reviewed and modified. The absence of
information on regulatory status for a country should not be taken to imply that that
country does not have regulations with regard to the exposure. For biological agents,
legislation and control, including vaccines and therapy, are described.

8. STUDIES OF CANCER IN HUMANS
(@)  Types of studies considered

Three types of epidemiological studies of cancer contribute to the assessment of
carcinogenicity in humans—cohort studies, case—control studies and correlation (or
ecological) studies. Rarely, results from randomized trials may be available. Case series
and case reports of cancer in humans may also be reviewed.

Cohort and case—control studies relate the exposures under study to the occurrence
of cancer in individuals and provide an estimate of relative risk (ratio of incidence or
mortality in those exposed to incidence or mortality in those not exposed) as the main
measure of association.

In correlation studies, the units of investigation are usually whole populations (e.g.
in particular geographical areas or at particular times), and cancer frequency is related to
a summary measure of the exposure of the population to the agent, mixture or exposure
circumstance under study. Because individual exposure is not documented, however, a
causal relationship is less easy to infer from correlation studies than from cohort and
case—control studies. Case reports generally arise from a suspicion, based on clinical
experience, that the concurrence of two events—that is, a particular exposure and
occurrence of a cancer—has happened rather more frequently than would be expected by
chance. Case reports usually lack complete ascertainment of cases in any population,
definition or enumeration of the population at risk and estimation of the expected number
of cases in the absence of exposure. The uncertainties surrounding interpretation of case
reports and correlation studies make them inadequate, except in rare instances, to form
the sole basis for inferring a causal relationship. When taken together with case—control
and cohort studies, however, relevant case reports or correlation studies may add
materially to the judgement that a causal relationship is present.

Epidemiological studies of benign neoplasms, presumed preneoplastic lesions and
other end-points thought to be relevant to cancer are also reviewed by working groups.
They may, in some instances, strengthen inferences drawn from studies of cancer itself.

(b)  Quality of studies considered
The Monographs are not intended to summarize all published studies. Those that are
judged to be inadequate or irrelevant to the evaluation are generally omitted. They may
be mentioned briefly, particularly when the information is considered to be a useful
supplement to that in other reports or when they provide the only data available. Their



PREAMBLE 15

inclusion does not imply acceptance of the adequacy of the study design or of the
analysis and interpretation of the results, and limitations are clearly outlined in square
brackets at the end of the study description.

It is necessary to take into account the possible roles of bias, confounding and chance
in the interpretation of epidemiological studies. By ‘bias’ is meant the operation of
factors in study design or execution that lead erroneously to a stronger or weaker asso-
ciation than in fact exists between disease and an agent, mixture or exposure circum-
stance. By ‘confounding’ is meant a situation in which the relationship with disease is
made to appear stronger or weaker than it truly is as a result of an association between
the apparent causal factor and another factor that is associated with either an increase or
decrease in the incidence of the disease. In evaluating the extent to which these factors
have been minimized in an individual study, working groups consider a number of
aspects of design and analysis as described in the report of the study. Most of these consi-
derations apply equally to case—control, cohort and correlation studies. Lack of clarity of
any of these aspects in the reporting of a study can decrease its credibility and the weight
given to it in the final evaluation of the exposure.

Firstly, the study population, disease (or diseases) and exposure should have been
well defined by the authors. Cases of disease in the study population should have been
identified in a way that was independent of the exposure of interest, and exposure should
have been assessed in a way that was not related to disease status.

Secondly, the authors should have taken account in the study design and analysis of
other variables that can influence the risk of disease and may have been related to the
exposure of interest. Potential confounding by such variables should have been dealt with
either in the design of the study, such as by matching, or in the analysis, by statistical
adjustment. In cohort studies, comparisons with local rates of disease may be more
appropriate than those with national rates. Internal comparisons of disease frequency
among individuals at different levels of exposure should also have been made in the
study.

Thirdly, the authors should have reported the basic data on which the conclusions are
founded, even if sophisticated statistical analyses were employed. At the very least, they
should have given the numbers of exposed and unexposed cases and controls in a
case—control study and the numbers of cases observed and expected in a cohort study.
Further tabulations by time since exposure began and other temporal factors are also
important. In a cohort study, data on all cancer sites and all causes of death should have
been given, to reveal the possibility of reporting bias. In a case—control study, the effects
of investigated factors other than the exposure of interest should have been reported.

Finally, the statistical methods used to obtain estimates of relative risk, absolute rates
of cancer, confidence intervals and significance tests, and to adjust for confounding
should have been clearly stated by the authors. The methods used should preferably have
been the generally accepted techniques that have been refined since the mid-1970s.
These methods have been reviewed for case—control studies (Breslow & Day, 1980) and
for cohort studies (Breslow & Day, 1987).
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(c) Inferences about mechanism of action
Detailed analyses of both relative and absolute risks in relation to temporal variables,
such as age at first exposure, time since first exposure, duration of exposure, cumulative
exposure and time since exposure ceased, are reviewed and summarized when available.
The analysis of temporal relationships can be useful in formulating models of carcino-
genesis. In particular, such analyses may suggest whether a carcinogen acts early or late
in the process of carcinogenesis, although at best they allow only indirect inferences
about the mechanism of action. Special attention is given to measurements of biological
markers of carcinogen exposure or action, such as DNA or protein adducts, as well as
markers of early steps in the carcinogenic process, such as proto-oncogene mutation,
when these are incorporated into epidemiological studies focused on cancer incidence or
mortality. Such measurements may allow inferences to be made about putative mecha-

nisms of action (IARC, 1991a; Vainio et al., 1992).

(d)  Criteria for causality

After the individual epidemiological studies of cancer have been summarized and the
quality assessed, a judgement is made concerning the strength of evidence that the agent,
mixture or exposure circumstance in question is carcinogenic for humans. In making its
judgement, the Working Group considers several criteria for causality. A strong asso-
ciation (a large relative risk) is more likely to indicate causality than a weak association,
although it is recognized that relative risks of small magnitude do not imply lack of
causality and may be important if the disease is common. Associations that are replicated
in several studies of the same design or using different epidemiological approaches or
under different circumstances of exposure are more likely to represent a causal relation-
ship than isolated observations from single studies. If there are inconsistent results
among investigations, possible reasons are sought (such as differences in amount of
exposure), and results of studies judged to be of high quality are given more weight than
those of studies judged to be methodologically less sound. When suspicion of carcino-
genicity arises largely from a single study, these data are not combined with those from
later studies in any subsequent reassessment of the strength of the evidence.

If the risk of the disease in question increases with the amount of exposure, this is
considered to be a strong indication of causality, although absence of a graded response
is not necessarily evidence against a causal relationship. Demonstration of a decline in
risk after cessation of or reduction in exposure in individuals or in whole populations also
supports a causal interpretation of the findings.

Although a carcinogen may act upon more than one target, the specificity of an asso-
ciation (an increased occurrence of cancer at one anatomical site or of one morphological
type) adds plausibility to a causal relationship, particularly when excess cancer occur-
rence is limited to one morphological type within the same organ.

Although rarely available, results from randomized trials showing different rates
among exposed and unexposed individuals provide particularly strong evidence for
causality.
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When several epidemiological studies show little or no indication of an association
between an exposure and cancer, the judgement may be made that, in the aggregate, they
show evidence of lack of carcinogenicity. Such a judgement requires first of all that the
studies giving rise to it meet, to a sufficient degree, the standards of design and analysis
described above. Specifically, the possibility that bias, confounding or misclassification
of exposure or outcome could explain the observed results should be considered and
excluded with reasonable certainty. In addition, all studies that are judged to be methodo-
logically sound should be consistent with a relative risk of unity for any observed level
of exposure and, when considered together, should provide a pooled estimate of relative
risk which is at or near unity and has a narrow confidence interval, due to sufficient popu-
lation size. Moreover, no individual study nor the pooled results of all the studies should
show any consistent tendency for the relative risk of cancer to increase with increasing
level of exposure. It is important to note that evidence of lack of carcinogenicity obtained
in this way from several epidemiological studies can apply only to the type(s) of cancer
studied and to dose levels and intervals between first exposure and observation of disease
that are the same as or less than those observed in all the studies. Experience with human
cancer indicates that, in some cases, the period from first exposure to the development of
clinical cancer is seldom less than 20 years; latent periods substantially shorter than 30
years cannot provide evidence for lack of carcinogenicity.

0. STUDIES OF CANCER IN EXPERIMENTAL ANIMALS

All known human carcinogens that have been studied adequately in experimental
animals have produced positive results in one or more animal species (Wilbourn et al.,
1986; Tomatis et al., 1989). For several agents (aflatoxins, 4-aminobiphenyl, azathio-
prine, betel quid with tobacco, bischloromethyl ether and chloromethyl methyl ether
(technical grade), chlorambucil, chlornaphazine, ciclosporin, coal-tar pitches, coal-tars,
combined oral contraceptives, cyclophosphamide, diethylstilboestrol, melphalan, 8-
methoxypsoralen plus ultraviolet A radiation, mustard gas, myleran, 2-naphthylamine,
nonsteroidal oestrogens, oestrogen replacement therapy/steroidal oestrogens, solar
radiation, thiotepa and vinyl chloride), carcinogenicity in experimental animals was esta-
blished or highly suspected before epidemiological studies confirmed their carcino-
genicity in humans (Vainio et al., 1995). Although this association cannot establish that
all agents and mixtures that cause cancer in experimental animals also cause cancer in
humans, nevertheless, in the absence of adequate data on humans, it is biologically
plausible and prudent to regard agents and mixtures for which there is sufficient
evidence (see p. 24) of carcinogenicity in experimental animals as if they presented
a carcinogenic risk to humans. The possibility that a given agent may cause cancer
through a species-specific mechanism which does not operate in humans (see p. 27)
should also be taken into consideration.

The nature and extent of impurities or contaminants present in the chemical or
mixture being evaluated are given when available. Animal strain, sex, numbers per
group, age at start of treatment and survival are reported.



18 IARC MONOGRAPHS VOLUME 73

Other types of studies summarized include: experiments in which the agent or
mixture was administered in conjunction with known carcinogens or factors that modify
carcinogenic effects; studies in which the end-point was not cancer but a defined
precancerous lesion; and experiments on the carcinogenicity of known metabolites and
derivatives.

For experimental studies of mixtures, consideration is given to the possibility of
changes in the physicochemical properties of the test substance during collection,
storage, extraction, concentration and delivery. Chemical and toxicological interactions
of the components of mixtures may result in nonlinear dose—response relationships.

An assessment is made as to the relevance to human exposure of samples tested in
experimental animals, which may involve consideration of: (i) physical and chemical
characteristics, (ii) constituent substances that indicate the presence of a class of
substances, (iii) the results of tests for genetic and related effects, including studies on
DNA adduct formation, proto-oncogene mutation and expression and suppressor gene
inactivation. The relevance of results obtained, for example, with animal viruses
analogous to the virus being evaluated in the monograph must also be considered. They
may provide biological and mechanistic information relevant to the understanding of the
process of carcinogenesis in humans and may strengthen the plausibility of a conclusion
that the biological agent under evaluation is carcinogenic in humans.

(@) Qualitative aspects

An assessment of carcinogenicity involves several considerations of qualitative
importance, including (i) the experimental conditions under which the test was per-
formed, including route and schedule of exposure, species, strain, sex, age, duration of
follow-up; (ii) the consistency of the results, for example, across species and target
organ(s); (iii) the spectrum of neoplastic response, from preneoplastic lesions and benign
tumours to malignant neoplasms; and (iv) the possible role of modifying factors.

As mentioned earlier (p. 11), the Monographs are not intended to summarize all
published studies. Those studies in experimental animals that are inadequate (e.g., too
short a duration, too few animals, poor survival; see below) or are judged irrelevant to
the evaluation are generally omitted. Guidelines for conducting adequate long-term
carcinogenicity experiments have been outlined (e.g. Montesano et al., 1986).

Considerations of importance to the Working Group in the interpretation and eva-
luation of a particular study include: (i) how clearly the agent was defined and, in the
case of mixtures, how adequately the sample characterization was reported; (ii)
whether the dose was adequately monitored, particularly in inhalation experiments;
(iii) whether the doses and duration of treatment were appropriate and whether the
survival of treated animals was similar to that of controls; (iv) whether there were
adequate numbers of animals per group; (v) whether animals of each sex were used;
(vi) whether animals were allocated randomly to groups; (vii) whether the duration of
observation was adequate; and (viii) whether the data were adequately reported. If
available, recent data on the incidence of specific tumours in historical controls, as
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well as in concurrent controls, should be taken into account in the evaluation of tumour
response.

When benign tumours occur together with and originate from the same cell type in
an organ or tissue as malignant tumours in a particular study and appear to represent a
stage in the progression to malignancy, it may be valid to combine them in assessing
tumour incidence (Huff et al., 1989). The occurrence of lesions presumed to be pre-
neoplastic may in certain instances aid in assessing the biological plausibility of any neo-
plastic response observed. If an agent or mixture induces only benign neoplasms that
appear to be end-points that do not readily progress to malignancy;, it should nevertheless
be suspected of being a carcinogen and requires further investigation.

(b)  Quantitative aspects

The probability that tumours will occur may depend on the species, sex, strain and
age of the animal, the dose of the carcinogen and the route and length of exposure.
Evidence of an increased incidence of neoplasms with increased level of exposure
strengthens the inference of a causal association between the exposure and the develop-
ment of neoplasms.

The form of the dose-response relationship can vary widely, depending on the
particular agent under study and the target organ. Both DNA damage and increased cell
division are important aspects of carcinogenesis, and cell proliferation is a strong deter-
minant of dose-response relationships for some carcinogens (Cohen & Ellwein, 1990).
Since many chemicals require metabolic activation before being converted into their
reactive intermediates, both metabolic and pharmacokinetic aspects are important in
determining the dose—response pattern. Saturation of steps such as absorption, activation,
inactivation and elimination may produce nonlinearity in the dose—response relationship,
as could saturation of processes such as DNA repair (Hoel et al., 1983; Gart et al., 1986).

(c)  Statistical analysis of long-term experiments in animals

Factors considered by the Working Group include the adequacy of the information
given for each treatment group: (i) the number of animals studied and the number
examined histologically, (ii) the number of animals with a given tumour type and
(iii) length of survival. The statistical methods used should be clearly stated and should
be the generally accepted techniques refined for this purpose (Peto et al., 1980; Gart
et al., 1986). When there is no difference in survival between control and treatment
groups, the Working Group usually compares the proportions of animals developing each
tumour type in each of the groups. Otherwise, consideration is given as to whether or not
appropriate adjustments have been made for differences in survival. These adjustments
can include: comparisons of the proportions of tumour-bearing animals among the
effective number of animals (alive at the time the first tumour is discovered), in the case
where most differences in survival occur before tumours appear; life-table methods,
when tumours are visible or when they may be considered ‘fatal’ because mortality
rapidly follows tumour development; and the Mantel-Haenszel test or logistic regression,
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when occult tumours do not affect the animals’ risk of dying but are ‘incidental’ findings
at autopsy.

In practice, classifying tumours as fatal or incidental may be difficult. Several
survival-adjusted methods have been developed that do not require this distinction (Gart
et al., 1986), although they have not been fully evaluated.

10. OTHER DATA RELEVANT TO AN EVALUATION OF
CARCINOGENICITY AND ITS MECHANISMS

In coming to an overall evaluation of carcinogenicity in humans (see pp. 25-27), the
Working Group also considers related data. The nature of the information selected for the
summary depends on the agent being considered.

For chemicals and complex mixtures of chemicals such as those in some occupa-
tional situations or involving cultural habits (e.g. tobacco smoking), the other data consi-
dered to be relevant are divided into those on absorption, distribution, metabolism and
excretion; toxic effects; reproductive and developmental effects; and genetic and related
effects.

Concise information is given on absorption, distribution (including placental
transfer) and excretion in both humans and experimental animals. Kinetic factors that
may affect the dose—response relationship, such as saturation of uptake, protein binding,
metabolic activation, detoxification and DNA repair processes, are mentioned. Studies
that indicate the metabolic fate of the agent in humans and in experimental animals are
summarized briefly, and comparisons of data on humans and on animals are made when
possible. Comparative information on the relationship between exposure and the dose
that reaches the target site may be of particular importance for extrapolation between
species. Data are given on acute and chronic toxic effects (other than cancer), such as
organ toxicity, increased cell proliferation, immunotoxicity and endocrine effects. The
presence and toxicological significance of cellular receptors is described. Effects on
reproduction, teratogenicity, fetotoxicity and embryotoxicity are also summarized
briefly.

Tests of genetic and related effects are described in view of the relevance of gene
mutation and chromosomal damage to carcinogenesis (Vainio et al., 1992; McGregor
et al., 1999). The adequacy of the reporting of sample characterization is considered and,
where necessary, commented upon; with regard to complex mixtures, such comments are
similar to those described for animal carcinogenicity tests on p. 18. The available data
are interpreted critically by phylogenetic group according to the end-points detected,
which may include DNA damage, gene mutation, sister chromatid exchange, micro-
nucleus formation, chromosomal aberrations, aneuploidy and cell transformation. The
concentrations employed are given, and mention is made of whether use of an exogenous
metabolic system in vitro affected the test result. These data are given as listings of test
systems, data and references. The Genetic and Related Effects data presented in the
Monographs are also available in the form of Graphic Activity Profiles (GAP) prepared
in collaboration with the United States Environmental Protection Agency (EPA) (see also
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Waters et al., 1987) using software for personal computers that are Microsoft Windows®
compatible. The EPA/IARC GAP software and database may be downloaded free of
charge from www.epa.gov/gapdb.

Positive results in tests using prokaryotes, lower eukaryotes, plants, insects and
cultured mammalian cells suggest that genetic and related effects could occur in
mammals. Results from such tests may also give information about the types of genetic
effect produced and about the involvement of metabolic activation. Some end-points
described are clearly genetic in nature (e.g., gene mutations and chromosomal aberra-
tions), while others are to a greater or lesser degree associated with genetic effects (e.g.
unscheduled DNA synthesis). In-vitro tests for tumour-promoting activity and for cell
transformation may be sensitive to changes that are not necessarily the result of genetic
alterations but that may have specific relevance to the process of carcinogenesis. A
critical appraisal of these tests has been published (Montesano et al., 1986).

Genetic or other activity manifest in experimental mammals and humans is regarded
as being of greater relevance than that in other organisms. The demonstration that an
agent or mixture can induce gene and chromosomal mutations in whole mammals indi-
cates that it may have carcinogenic activity, although this activity may not be detectably
expressed in any or all species. Relative potency in tests for mutagenicity and related
effects is not a reliable indicator of carcinogenic potency. Negative results in tests for
mutagenicity in selected tissues from animals treated in vivo provide less weight, partly
because they do not exclude the possibility of an effect in tissues other than those
examined. Moreover, negative results in short-term tests with genetic end-points cannot
be considered to provide evidence to rule out carcinogenicity of agents or mixtures that
act through other mechanisms (e.g. receptor-mediated effects, cellular toxicity with rege-
nerative proliferation, peroxisome proliferation) (Vainio et al., 1992). Factors that may
lead to misleading results in short-term tests have been discussed in detail elsewhere
(Montesano et al., 1986).

When available, data relevant to mechanisms of carcinogenesis that do not involve
structural changes at the level of the gene are also described.

The adequacy of epidemiological studies of reproductive outcome and genetic and
related effects in humans is evaluated by the same criteria as are applied to epidemio-
logical studies of cancer.

Structure—activity relationships that may be relevant to an evaluation of the carcino-
genicity of an agent are also described.

For biological agents—viruses, bacteria and parasites—other data relevant to
carcinogenicity include descriptions of the pathology of infection, molecular biology
(integration and expression of viruses, and any genetic alterations seen in human
tumours) and other observations, which might include cellular and tissue responses to
infection, immune response and the presence of tumour markers.
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11. SUMMARY OF DATA REPORTED

In this section, the relevant epidemiological and experimental data are summarized.
Only reports, other than in abstract form, that meet the criteria outlined on p. 11 are
considered for evaluating carcinogenicity. Inadequate studies are generally not summarized:
such studies are usually identified by a square-bracketed comment in the preceding text.

(a)  Exposure
Human exposure to chemicals and complex mixtures is summarized on the basis of
elements such as production, use, occurrence in the environment and determinations in
human tissues and body fluids. Quantitative data are given when available. Exposure to
biological agents is described in terms of transmission and prevalence of infection.

(b)  Carcinogenicity in humans
Results of epidemiological studies that are considered to be pertinent to an
assessment of human carcinogenicity are summarized. When relevant, case reports and

correlation studies are also summarized.

(c)  Carcinogenicity in experimental animals
Data relevant to an evaluation of carcinogenicity in animals are summarized. For
each animal species and route of administration, it is stated whether an increased
incidence of neoplasms or preneoplastic lesions was observed, and the tumour sites are
indicated. If the agent or mixture produced tumours after prenatal exposure or in single-
dose experiments, this is also indicated. Negative findings are also summarized. Dose—
response and other quantitative data may be given when available.

(d)  Other data relevant to an evaluation of carcinogenicity and its mechanisms

Data on biological effects in humans that are of particular relevance are summarized.
These may include toxicological, kinetic and metabolic considerations and evidence of
DNA binding, persistence of DNA lesions or genetic damage in exposed humans. Toxi-
cological information, such as that on cytotoxicity and regeneration, receptor binding and
hormonal and immunological effects, and data on kinetics and metabolism in experi-
mental animals are given when considered relevant to the possible mechanism of the
carcinogenic action of the agent. The results of tests for genetic and related effects are
summarized for whole mammals, cultured mammalian cells and nonmammalian
systems.

When available, comparisons of such data for humans and for animals, and parti-
cularly animals that have developed cancer, are described.

Structure—activity relationships are mentioned when relevant.

For the agent, mixture or exposure circumstance being evaluated, the available data
on end-points or other phenomena relevant to mechanisms of carcinogenesis from
studies in humans, experimental animals and tissue and cell test systems are summarized
within one or more of the following descriptive dimensions:
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(i) Evidence of genotoxicity (structural changes at the level of the gene): for
example, structure—activity considerations, adduct formation, mutagenicity (effect on
specific genes), chromosomal mutation/aneuploidy

(if) Evidence of effects on the expression of relevant genes (functional changes at
the intracellular level): for example, alterations to the structure or quantity of the product
of a proto-oncogene or tumour-suppressor gene, alterations to metabolic activation/inac-
tivation/DNA repair

(iii) Evidence of relevant effects on cell behaviour (morphological or behavioural
changes at the cellular or tissue level): for example, induction of mitogenesis, compen-
satory cell proliferation, preneoplasia and hyperplasia, survival of premalignant or mali-
gnant cells (immortalization, immunosuppression), effects on metastatic potential

(iv) Evidence from dose and time relationships of carcinogenic effects and inter-
actions between agents: for example, early/late stage, as inferred from epidemiological
studies; initiation/promotion/progression/malignant conversion, as defined in animal
carcinogenicity experiments; toxicokinetics

These dimensions are not mutually exclusive, and an agent may fall within more than
one of them. Thus, for example, the action of an agent on the expression of relevant genes
could be summarized under both the first and second dimensions, even if it were known
with reasonable certainty that those effects resulted from genotoxicity.

12. EVALUATION

Evaluations of the strength of the evidence for carcinogenicity arising from human
and experimental animal data are made, using standard terms.

It is recognized that the criteria for these evaluations, described below, cannot
encompass all of the factors that may be relevant to an evaluation of carcinogenicity. In
considering all of the relevant scientific data, the Working Group may assign the agent,
mixture or exposure circumstance to a higher or lower category than a strict inter-
pretation of these criteria would indicate.

(@) Degrees of evidence for carcinogenicity in humans and in experimental
animals and supporting evidence

These categories refer only to the strength of the evidence that an exposure is carcino-
genic and not to the extent of its carcinogenic activity (potency) nor to the mechanisms
involved. A classification may change as new information becomes available.

An evaluation of degree of evidence, whether for a single agent or a mixture, is limited
to the materials tested, as defined physically, chemically or biologically. When the agents
evaluated are considered by the Working Group to be sufficiently closely related, they
may be grouped together for the purpose of a single evaluation of degree of evidence.

(i)  Carcinogenicity in humans
The applicability of an evaluation of the carcinogenicity of a mixture, process, occu-
pation or industry on the basis of evidence from epidemiological studies depends on the
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variability over time and place of the mixtures, processes, occupations and industries.
The Working Group seeks to identify the specific exposure, process or activity which is
considered most likely to be responsible for any excess risk. The evaluation is focused as
narrowly as the available data on exposure and other aspects permit.

The evidence relevant to carcinogenicity from studies in humans is classified into
one of the following categories:

Sufficient evidence of carcinogenicity: The Working Group considers that a causal
relationship has been established between exposure to the agent, mixture or exposure
circumstance and human cancer. That is, a positive relationship has been observed
between the exposure and cancer in studies in which chance, bias and confounding could
be ruled out with reasonable confidence.

Limited evidence of carcinogenicity: A positive association has been observed
between exposure to the agent, mixture or exposure circumstance and cancer for which
a causal interpretation is considered by the Working Group to be credible, but chance,
bias or confounding could not be ruled out with reasonable confidence.

Inadequate evidence of carcinogenicity: The available studies are of insufficient
quality, consistency or statistical power to permit a conclusion regarding the presence or
absence of a causal association between exposure and cancer, or no data on cancer in
humans are available.

Evidence suggesting lack of carcinogenicity: There are several adequate studies
covering the full range of levels of exposure that human beings are known to encounter,
which are mutually consistent in not showing a positive association between exposure to
the agent, mixture or exposure circumstance and any studied cancer at any observed level
of exposure. A conclusion of ‘evidence suggesting lack of carcinogenicity’ is inevitably
limited to the cancer sites, conditions and levels of exposure and length of observation
covered by the available studies. In addition, the possibility of a very small risk at the
levels of exposure studied can never be excluded.

In some instances, the above categories may be used to classify the degree of evi-
dence related to carcinogenicity in specific organs or tissues.

(i)  Carcinogenicity in experimental animals

The evidence relevant to carcinogenicity in experimental animals is classified into
one of the following categories:

Sufficient evidence of carcinogenicity: The Working Group considers that a causal
relationship has been established between the agent or mixture and an increased inci-
dence of malignant neoplasms or of an appropriate combination of benign and malignant
neoplasms in (a) two or more species of animals or (b) in two or more independent
studies in one species carried out at different times or in different laboratories or under
different protocols.

Exceptionally, a single study in one species might be considered to provide sufficient
evidence of carcinogenicity when malignant neoplasms occur to an unusual degree with
regard to incidence, site, type of tumour or age at onset.
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Limited evidence of carcinogenicity: The data suggest a carcinogenic effect but are
limited for making a definitive evaluation because, e.g. (a) the evidence of carcino-
genicity is restricted to a single experiment; or (b) there are unresolved questions
regarding the adequacy of the design, conduct or interpretation of the study; or (c) the
agent or mixture increases the incidence only of benign neoplasms or lesions of uncertain
neoplastic potential, or of certain neoplasms which may occur spontaneously in high
incidences in certain strains.

Inadequate evidence of carcinogenicity: The studies cannot be interpreted as showing
either the presence or absence of a carcinogenic effect because of major qualitative or
guantitative limitations, or no data on cancer in experimental animals are available.

Evidence suggesting lack of carcinogenicity: Adequate studies involving at least two
species are available which show that, within the limits of the tests used, the agent or
mixture is not carcinogenic. A conclusion of evidence suggesting lack of carcinogenicity
is inevitably limited to the species, tumour sites and levels of exposure studied.

(b)  Other data relevant to the evaluation of carcinogenicity and its mechanisms

Other evidence judged to be relevant to an evaluation of carcinogenicity and of
sufficient importance to affect the overall evaluation is then described. This may include
data on preneoplastic lesions, tumour pathology, genetic and related effects, structure—
activity relationships, metabolism and pharmacokinetics, physicochemical parameters
and analogous biological agents.

Data relevant to mechanisms of the carcinogenic action are also evaluated. The
strength of the evidence that any carcinogenic effect observed is due to a particular
mechanism is assessed, using terms such as weak, moderate or strong. Then, the Working
Group assesses if that particular mechanism is likely to be operative in humans. The
strongest indications that a particular mechanism operates in humans come from data on
humans or biological specimens obtained from exposed humans. The data may be consi-
dered to be especially relevant if they show that the agent in question has caused changes
in exposed humans that are on the causal pathway to carcinogenesis. Such data may,
however, never become available, because it is at least conceivable that certain com-
pounds may be kept from human use solely on the basis of evidence of their toxicity
and/or carcinogenicity in experimental systems.

For complex exposures, including occupational and industrial exposures, the
chemical composition and the potential contribution of carcinogens known to be present
are considered by the Working Group in its overall evaluation of human carcinogenicity.
The Working Group also determines the extent to which the materials tested in experi-
mental systems are related to those to which humans are exposed.

(c)  Overall evaluation
Finally, the body of evidence is considered as a whole, in order to reach an overall
evaluation of the carcinogenicity to humans of an agent, mixture or circumstance of
exposure.
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An evaluation may be made for a group of chemical compounds that have been eva-
luated by the Working Group. In addition, when supporting data indicate that other,
related compounds for which there is no direct evidence of capacity to induce cancer in
humans or in animals may also be carcinogenic, a statement describing the rationale for
this conclusion is added to the evaluation narrative; an additional evaluation may be
made for this broader group of compounds if the strength of the evidence warrants it.

The agent, mixture or exposure circumstance is described according to the wording
of one of the following categories, and the designated group is given. The categorization
of an agent, mixture or exposure circumstance is a matter of scientific judgement, reflec-
ting the strength of the evidence derived from studies in humans and in experimental
animals and from other relevant data.

Group 1 —The agent (mixture) is carcinogenic to humans.
The exposure circumstance entails exposures that are carcinogenic to humans.

This category is used when there is sufficient evidence of carcinogenicity in humans.
Exceptionally, an agent (mixture) may be placed in this category when evidence of carci-
nogenicity in humans is less than sufficient but there is sufficient evidence of carcino-
genicity in experimental animals and strong evidence in exposed humans that the agent
(mixture) acts through a relevant mechanism of carcinogenicity.

Group 2

This category includes agents, mixtures and exposure circumstances for which, at
one extreme, the degree of evidence of carcinogenicity in humans is almost sufficient, as
well as those for which, at the other extreme, there are no human data but for which there
is evidence of carcinogenicity in experimental animals. Agents, mixtures and exposure
circumstances are assigned to either group 2A (probably carcinogenic to humans) or
group 2B (possibly carcinogenic to humans) on the basis of epidemiological and experi-
mental evidence of carcinogenicity and other relevant data.

Group 2A—The agent (mixture) is probably carcinogenic to humans.
The exposure circumstance entails exposures that are probably carcinogenic to
humans.

This category is used when there is limited evidence of carcinogenicity in humans
and sufficient evidence of carcinogenicity in experimental animals. In some cases, an
agent (mixture) may be classified in this category when there is inadequate evidence of
carcinogenicity in humans, sufficient evidence of carcinogenicity in experimental
animals and strong evidence that the carcinogenesis is mediated by a mechanism that
also operates in humans. Exceptionally, an agent, mixture or exposure circumstance may
be classified in this category solely on the basis of limited evidence of carcinogenicity in
humans.
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Group 2B—The agent (mixture) is possibly carcinogenic to humans.
The exposure circumstance entails exposures that are possibly carcinogenic to
humans.

This category is used for agents, mixtures and exposure circumstances for which
there is limited evidence of carcinogenicity in humans and less than sufficient evidence
of carcinogenicity in experimental animals. It may also be used when there is inadequate
evidence of carcinogenicity in humans but there is sufficient evidence of carcinogenicity
in experimental animals. In some instances, an agent, mixture or exposure circumstance
for which there is inadequate evidence of carcinogenicity in humans but limited evidence
of carcinogenicity in experimental animals together with supporting evidence from other
relevant data may be placed in this group.

Group 3—The agent (mixture or exposure circumstance) is not classifiable as to its
carcinogenicity to humans.

This category is used most commonly for agents, mixtures and exposure circums-
tances for which the evidence of carcinogenicity is inadequate in humans and inadequate
or limited in experimental animals.

Exceptionally, agents (mixtures) for which the evidence of carcinogenicity is ina-
dequate in humans but sufficient in experimental animals may be placed in this category
when there is strong evidence that the mechanism of carcinogenicity in experimental
animals does not operate in humans.

Agents, mixtures and exposure circumstances that do not fall into any other group are
also placed in this category.

Group 4—The agent (mixture) is probably not carcinogenic to humans.

This category is used for agents or mixtures for which there is evidence suggesting
lack of carcinogenicity in humans and in experimental animals. In some instances, agents
or mixtures for which there is inadequate evidence of carcinogenicity in humans but
evidence suggesting lack of carcinogenicity in experimental animals, consistently and
strongly supported by a broad range of other relevant data, may be classified in this

group.
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GENERAL REMARKS ON THE SUBSTANCES CONSIDERED

This seventy-third volume of IARC Monographs covers 20 individual compounds
and three groups of compounds (cyclamates, saccharin and its salts, and nitrilotriacetic
acid and its salts). All but two of these, meta-dichlorobenzene and methyl tert-butyl ether,
were evaluated by previous IARC working groups (Table 1).

Since the previous evaluations, new data have become available, and the Preamble
to the IARC Monographs has been modified to permit more explicit inclusion of mecha-
nistic considerations and of data on aspects other than cancer in the evaluation process
(Vainio et al., 1992). In particular, evidence has accumulated concerning certain patho-
logical processes that lead to tumour development in the kidney and urinary bladder of
rats exposed to some chemicals. These include specifically the role of alpha-2 urinary
(o) globulin-associated nephropathy in the development of epithelial neoplasms of the
renal cortex in male rats, and the roles of bladder stones and certain amorphous urinary
precipitates in carcinogenesis in the urinary bladder of rats. Specific guidelines have been
developed on the use of information on the mechanisms of induction of tumours of the
kidney, urinary bladder and thyroid gland in rodents in evaluating the carcinogenicity of
certain chemicals (Capen et al., 1999), and these guidelines were used where appropriate
in making the current evaluations.

References
Capen, C.C., Dybing, E., Rice, J.M. & Wilbourn, J.D., eds (1999) Species Differences in
Thyroid, Kidney and Urinary Bladder Carcinogenesis (IARC Scientific Publications
No. 147), Lyon, IARC
Vainio, H., Magee, P., McGregor, D. & McMichael, A.J., eds (1992) Mechanisms of Carcino-
genesis in Risk ldentification (IARC Scientific Publications No. 116), Lyon, IARC
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Table 1. Previous evaluations of agents considered in this volume

Agent IARC Monographs Degree of Overall evaluation
volume carcinogenicity of carcinogenicity
to humans
Number Year Human  Animal
Allyl isothiocyanate 36, Suppl. 7 1987 I (ND) L 3
ortho-Anisidine 27, Suppl. 7 1987 I (ND) S 2B
Atrazine 53 1991 I L 2B?
Butyl benzyl phthalate 29, Suppl. 7 1987 I (ND) | 3
Chloroform 20, Suppl. 7 1987 | S 2B
Chlorothalonil 30, Suppl. 7 1987 I (ND) L 3
Cyclamates 22, Suppl. 7 1987 | L 3
ortho-Dichlorobenzene 29, Suppl. 7 1987 1 (ND) | 3
para-Dichlorobenzene 29, Suppl. 7 1987 I (ND) S 2B
Hexachlorobutadiene 20, Suppl. 7 1987 I (ND) L 3
Hexachloroethane 20, Suppl. 7 1987 I (ND) L 3
d-Limonene 56 1993 I (ND) L 3
Melamine 39, Suppl. 7 1987 I (ND) | 3
Nitrilotriacetic acid 48 1990 I (ND) S 2B
and its salts
Paracetamol 50 1990 | L 3
(Acetaminophen)
ortho-Phenylphenol 30, Suppl. 7 1987 I (ND) | 3
Potassium bromate 40, Suppl. 7 1987 I (ND) S 2B
Quercetin 31, Suppl. 7 1987 I (ND) L 3
Saccharin 22, Suppl. 7 1987 | S 2B
Simazine 53 1991 | | 3
Sodium ortho-phenyl- 30, Suppl. 7 1987 I (ND) S 2B
phenate

I, inadequate evidence; ND, no data; L, limited evidence; S, sufficient evidence; 2B, possibly
carcinogenic to humans; 3, not classifiable as to its carcinogenicity to humans (see also
Preamble, pp. 23-27)

 Mechanistic data were taken into account in making the overall evaluation.
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ALLYL ISOTHIOCYANATE

This substance was considered by previous working groups, in 1984 (IARC, 1985)
and 1987 (IARC, 1987). Since that time, new data have become available, and these have
been incorporated into the monograph and taken into consideration in the present
evaluation.

1. Exposure Data

1.1 Chemical and physical data
1.1.1  Nomenclature
Chem. Abstr. Serv. Reg. No.: 57-06-7
Deleted CAS Reg. No.: 50888-64-7; 50978-48-8; 58391-87-0; 107231-30-1
Chem. Abstr. Name: 3-Isothiocyanato-1-propene
IUPAC Systematic Name: Allyl isothiocyanate
Synonyms: AITC; allyl mustard oil; allyl senevolum; allyl thioisocyanate; 3-isothio-
cyanato-1-propene; isothiocyanic acid, allyl ester; mustard oil; oleum sinapis; 2-pro-
penyl isothiocyanate; volatile mustard oil; volatile oil of mustard

1.1.2  Structural and molecular formulae and relative molecular mass
H,C—=CH—CH,N=C=S
C,H;NS Relative molecular mass: 99.16

1.1.3  Chemical and physical properties of the pure substance

(a) Description: Colourless or pale-yellow, very refractive liquid with a very
pungent, irritating odour and acrid taste (Budavari, 1996)

(b) Boiling-point: 152°C (Lide, 1997)

(c) Melting-point: —80°C (Lide, 1997)

(d) Density: 1.0126 g/cm3 at 20°C (Lide, 1997)

(e) Solubility: Sparingly soluble in water; very soluble in benzene, ethyl ether and
ethanol; miscible with most organic solvents (Budavari, 1996; Lide, 1997)

(f) Vapour pressure: 1.33 kPa at 38.3°C (Verschueren, 1996)

(g) Octanol/water partition coefficient (P): log P, 2.11 (Verschueren, 1996)

(h) Conversion factor: mg/m3 = 4.06 X ppm
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1.2 Production and use
Information available in 1995 indicated that allyl isothiocyanate was produced in
Germany, Japan, Mexico and the United States (Chemical Information Services, 1995).
Allyl isothiocyanate is used as a flavouring agent, in medicine as a rubefacient
(counterirritant), as a fumigant, in ointments, in mustard plasters, as an adjuvant, as a
fungicide, as a repellent for cats and dogs and as a preservative in animal feed (National
Toxicology Program, 1991).

1.3 Occurrence
1.3.1 Natural occurrence

Allyl isothiocyanate is the chief constituent of natural mustard oil. It is also found in
cooked cabbage, horseradish and black mustard seed (National Toxicology Program,
1991).

1.3.2  Occupational exposure
No information on occupational exposure to allyl isothiocyanate was available to the
Working Group.

1.3.3 Dietary intake

The average daily intake of individuals in the United States was estimated to be less
than 6 mg/day on the basis of annual usage in 1970 and estimated exposure to allyl iso-
thiocyanate in foods (Food & Drug Administration, 1975).

1.4 Regulations and guidelines

In the former Czechoslovakia, the 8-h time-weighted average exposure limit for allyl
isothiocyanate in workplace air was 0.3 mg/m3 (International Labor Office, 1991).

No international guidelines for allyl isothiocyanate in drinking-water have been
established (WHO, 1993).

2. Studies of Cancer in Humans

No data were available to the Working Group.

3. Studies of Cancer in Experimental Animals

Previous evaluation

Allyl isothiocyanate was tested for carcinogenicity by gastric intubation in mice of
one strain and in rats of one strain. In mice, no increase in the incidence of tumours was
observed. An increased incidence of epithelial hyperplasia and transitional-cell papillo-
mas of the urinary bladder was observed in male rats only, and some subcutaneous
fibrosarcomas occurred in female rats given the high dose (IARC, 1985).
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New studies

Groups of 20 female A/J mice were given 1 or 5 wmol of allyl isothiocyanate per
mouse by gavage in saline or corn oil and then 10 wmol of 4-(methylnitrosamino)-1-(3-
pyridyl)butanone (NNK) in 0.1 ml saline or saline alone. Sixteen weeks after these
treatments, the animals were killed and pulmonary adenomas were counted. The tumour
incidence was 100% in all groups receiving NNK. No statistically significant difference
in tumour multiplicity was seen, with 11.1, 11.6 and 9.5 tumour per animal in the
controls and in the groups receiving 1 and 5 wmol allyl isothiocyanate, respectively. The
incidences of lung adenomas in mice receiving saline were 20 and 10% for those given
corn oil and allyl isothiocyanate with multiplicities of 0.3 and 0.2, respectively (Jiao
etal., 1994a).

4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms

4.1 Absorption, distribution, metabolism and excretion
4.1.1 Humans

Four adult volunteers (two men, two women, aged 20-45) ingested 10 g brown
mustard with bread, and a control group of four participants ate bread without mustard. In
a second experiment, 20 g of brown mustard were eaten in turkey or chicken sandwiches.
In both experiments, urine samples were collected at various intervals up to 48 h
following the meal. The major urinary metabolite was N-acetyl-S-(N-allylthiocarbamoyl)-
L-cysteine, the N-acetylcysteine conjugate of allyl isothiocyanate, but none was found
after 12 h. Excretion of this metabolite was dose-dependent (Jiao et al., 1994b).

4.1.2  Experimental systems

Male and female Fischer 344 rats (8—10 weeks old) and male and female B6C3F,
mice (6-8 weeks old) were given [!4C]allyl isothiocyanate in a solution of ethanol:
Emulphor EL-620:water (1:1:8) at doses of 25.2 or 252 umol/kg [2.5 or 25 mg/kg bw] by
gavage, 25 mg/kg bw by injection into a tail vein for studies of distribution or injection
into an exposed femoral vein for studies of biliary excretion. The radiolabel was cleared
primarily in urine (70-80%) and exhaled air (13-15%), with lesser amounts in faeces
(3-5%) in both species. The major metabolite detected in rat and mouse urine was the
mercapturic acid, N-acetyl-S-(N-allylthiocarbamoyl)-L-cysteine, while mouse urine also
contained three other major and two minor metabolites. The metabolism of allyl isothio-
cyanate by male and female rats was similar, but the females excreted more than twice
as much urine as the males. Major sex- and species-related differences in the tissue distri-
bution of allyl isothiocyanate were restricted to the urinary bladder. Thus, the urinary
bladder of male rats contained five times higher concentrations of allyl isothiocyanate-
derived radiolabel that that of male mice at early time points, but all of the allyl
isothiocyanate-derived radiolabel was cleared from male rat bladder by 24 h (Ioannou
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et al., 1984). Similar results were obtained by Bollard et al. (1997) after oral adminis-
tration of allyl isothiocyanate (2.5 or 25 mg/kg bw) to male and female Fischer 344 rats
and B6C3F, mice.

The urinary excretion of allyl isothiocyanate in male Fischer 344 rats did not change
with age, but 27-month-old rats showed increased excretion of volatile metabolites and
decreased “CO, production and faecal excretion (Borghoff & Birnbaum, 1986).

Allyl isothiocyanate is a highly reactive compound, which has been shown in vitro
to form adducts with proteins (Kawakishi & Kaneko, 1987) and glutathione (Kawakishi
& Kaneko, 1985).

Oral administration of allyl isothiocyanate, benzyl isothiocyanate or phenethyl iso-
thiocyanate to male Fischer 344 rats inhibited the formation of the o-hydroxylation
products of N-nitrosopyrrolidine and NNK in liver microsomes (Chung et al., 1984).

All of a series of isothiocyanates (including allyl isothiocyanate, benzyl isothio-
cyanate, phenethyl isothiocyanate, and 1-hexylisothiocyanate) inhibited dealkylation of
pentoxyresorufin more readily than that of ethoxyresorufin in liver microsomes prepared
from male Fischer 344 rats treated with phenobarbital or 3-methylcholanthrene. Allyl
isothiocyanate and its glutathione conjugate were the weakest inhibitors in the series
(Conaway et al., 1996). The chemopreventive activity of isothiocyanates has been corre-
lated to inhibition of this microsomal enzyme (Yang et al., 1994).

Allyl isothiocyanate altered the expression of xenobiotic-metabolizing enzymes such
as monooxygenases, amino transferases and glutathione transferases in the liver, small
intestine and serum of rats (Lewerenz et al., 1988a; Bogaards et al., 1990). N-Nitroso-
dimethylamine demethylase activity in rat and human liver microsomes was significantly
inhibited by arylalkyl isothiocyanates such as benzyl isothiocyanate and phenethyl
isothiocyanate at micromolar concentrations, but very weakly inhibited by allyl isothio-
cyanate and other alkyl isothiocyanates (Jiao et al., 1996).

4.2 Toxic effects
4.2.1 Humans

Allyl isothiocyanate irritates the mucous membranes and induces eczematous or
vesicular skin reactions (Gaul, 1964). Contact dermatitis was reported in a waitress who
handled salad plants, and patch tests with radishes and with allyl isothiocyanate produced
positive reactions (Mitchell & Jordan, 1974).

Allyl isothiocyanate was cytostatic and cytotoxic towards a human colon carcinoma
cell line, HT29; this activity was reduced when the cells were treated with sodium
butyrate or dimethylformamide (Musk & Johnson, 1993a). The authors speculated that
allyl isothiocyanate protects against the development of colorectal cancer by selectively
inhibiting the growth of transformed cell clones within the gastrointestinal mucosa.

4.2.2  Experimental systems
The oral LDs, 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 LDs, of a 10%



ALLYL ISOTHIOCYANATE 41

solution of allyl isothiocyanate in corn oil was 80 mg/kg bw (Klesse & Lukoschek, 1955).
The compound strongly irritates skin and mucous membranes (Gosselin et al., 1982).

A single administration of the compound in corn oil by gavage caused growth retar-
dation and dose-related, non-specific signs of toxicity at doses of 200 and 400 mg/kg bw
in rats and 100-800 mg/kg bw in mice. In a 14-day experiment in which mice and rats
received doses of 3—50 and 25-400 mg/kg bw, respectively, dose-dependent thickening
of the stomach mucosa was seen. Rats also showed adhesion of the stomach wall to the
peritoneum, and mice given the highest dose developed thickening of the urinary bladder
wall. Doses of > 200 mg/kg bw in rats and of = 50 mg/kg bw in mice were lethal. In a
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 survival time, and an increased incidence of
cytoplasmic vacuolization was noted in the livers of male mice (National Toxicology
Program, 1982).

Administration to rats of 0.5 mg allyl isothiocyanate by intraperitoneal injection of
0.1% in the diet for 30 days resulted in reduced blood clotting and prothrombin times,
an increase in total plasma phospholipids, increased concentrations of total lipids and
cholesterol in the liver and decreased activity of D-amino acid oxidase (Muztar et al.,
1979a,b) and xanthine oxidase (Huque & Ahmad, 1975). Feeding allyl isothiocyanate
increased the urine volume and increased the uric acid, creatinine and glucose concen-
trations in the urine of Sprague-Dawley rats (Muztar et al., 1979b).

Allyl isothiocyanate exerts slight goitrogenic activity. Rats weighing 150-320 g
given 2—4 mg as a single dose by gavage in water showed inhibited uptake of iodine into
the thyroid gland (Langer & Stolc, 1963). Studies in vitro indicated that this effect may
be due to inhibition of inorganic iodide storage and of organic binding of iodine (Langer
& Greer, 1968).

Male outbred rats (Shoe; WIST) (70-90 g) were given allyl isothiocyanate in paraffin
oil by gavage at doses of 0, 10, 20 or 40 mg/kg bw on five days per week for up to six
weeks (Lewerenz et al., 1988b). The highest dose decreased body weight and thymus
weight, reduced the blood glucose and serum globulin concentrations, increased the
percentage of neutrophils and decreased the percentage of lymphocytes after two weeks;
changes in urinary specific gravity, a slight but significant increase in aspartate amino-
transferase activity and histological changes in the kidneys, indicative of renal
dysfunction, were also seen at this dose. This investigation did not show that allyl iso-
thiocyanate had a goitrogenic effect, as reported by Langer and Stolc (1963). There were
no significant changes in thyroid weight in rats treated for up to four weeks.

Both glutathione and L-cysteine conjugates of allyl isothiocyanate were cytotoxic to
RL-4 rat hepatocytes. Since glutathione conjugates cannot enter the cell, their toxicity
was suggested to be due to release of free isothiocyanates (Bruggeman et al., 1986).

4.3 Reproductive and developmental effects
43.1 Humans
No data were available to the Working Group.
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4.3.2 Experimental systems

Allyl isothiocyanate has been tested for developmental toxicity by exposing CD-1
mice to doses of up to 28 mg/kg bw per day, Wistar rats to 18.5 mg/kg bw per day, Syrian
hamsters to 23.8 mg/kg bw per day and Dutch-belted rabbits to 12.3 mg/kg bw per day
throughout their respective major organogenesis periods. No evidence of maternal
toxicity and no treatment-related malformations were observed in any species. There was
some increase in the incidence of resorbed fetuses in mice, the average number of live
pups per litter being 9.9 at the highest dose and 11 in the controls, while the percentage
of dead implants was 14 at this dose and 5.7 in the controls. No adverse developmental
effects were seen when limited numbers of Wistar rats received up to 120 mg/kg bw by
oral intubation on day 12 or 13 gestation. When Holtzman rats received up to 100 mg/kg
bw by subcutaneous injection on days 8 and 9 of gestation, the incidence of resorptions
was increased at the high dose (IARC, 1985).

4.4 Genetic and related effects
44.1 Humans
No data were available to the Working Group.

4.4.2 Experimental systems (see Table 1 for references)

Inconsistent results for gene mutation in Salmonella typhimurium TA100 and TA98
were found with and without exogenous metabolic activation. Allyl isothiocyanate did
not induce gene mutation in Salmonella strains TA1535, TA1537 or TA1538 in the
absence of exogenous metabolic activation, but it induced mutation in Escherichia coli
with exogenous metabolic activation. Allyl isothiocyanate at a very high dose induced
chromosomal aberrations in Allium cepa. Sex-linked recessive lethal mutations were
induced in Drosophila melanogaster. The compound induced gene mutation in mouse
lymphoma L5178Y cells in the absence of exogenous metabolic activation. It did not
induce sister chromatid exchange in Chinese hamster ovary cells in the absence of exo-
genous metabolic activation, but inconsistent results were obtained in assays for chromo-
somal aberration in mammalian cells in vitro. In single studies, allyl isothiocyanate was
reported to induce aneuploidy and cell transformation in a Chinese hamster cell line at
the extremely low concentration of 5 pg/mL and chromosomal aberrations in human cells
in vitro, but it did not induce aneuploidy or cell transformation in human fibroblasts in
vitro. It did not induce dominant lethal mutations in mice and did not give rise to
unscheduled DNA synthesis in the liver of rats exposed in vivo.

Mustard oil, which is reported to contain more than 90% allyl isothiocyanate,
induced sex-linked recessive lethal mutations in Drosophila melanogaster but did not
induce aneuploidy. It did not induce chromosomal aberrations in human embryonic lung
cells in vitro and did not induce any ‘genetic effect’ in Saccharomyces cerevisiae in a
host-mediated assay. It did not induce chromosomal aberrations in bone marrow or
dominant lethal mutations in rats treated in vivo.



Table 1. Genetic and related effects of allyl isothiocyanate

Test system Results® Dose” Reference
(LED or HID)
Without With
€X0genous  exogenous
metabolic metabolic
system system
Salmonella typhimurium TA100, TA98, reverse mutation + NT 25 Yamaguchi (1980)
Salmonella typhimurium TA100, TA98, reverse mutation - - 500 ug/plate Kasamaki et al. (1982)
Salmonella typhimurium TA100, TA1535, TA98 reverse mutation — — - 0.1 uL/plate Eder et al. (1980)
Salmonella typhimurium TA1535, TA1537, TA15338, reverse - - 100 pg/plate Yamaguchi (1980)
mutation
Salmonella typhimurium TA100, reverse mutation - + 0.25 uL/plate ~ Neudecker & Henschler
(1985)
Escherichia coli WP67, reverse mutation - + 99 Rihova (1982)
Allium cepa, chromosomal aberrations + NT 20 000 Sharma & Sharma (1962)
Drosophila melanogaster, sex-linked recessive lethal mutations + NR Auerbach & Robson (1944)
Gene mutation, mouse lymphoma L5178Y cells, tk locus in vitro + NT 0.4 McGregor et al. (1988)
Sister chromatid exchange, Chinese hamster ovary cells in vitro - NT 3.0 Musk et al. (1995)
Chromosomal aberrations, Chinese hamster B241 cells in vitro + NT 0.0001 Kasamaki et al. (1982)
Chromosomal aberrations, Chinese hamster ovary cells in vitro NT 3.0 Musk et al. (1995)
Chromosomal aberrations, Chinese hamster B241 cells in vitro + NT 0.0005 Kasamaki et al. (1987)
Chromosomal aberrations, transformed Indian muntjac cells - NT 0.8 Musk & Johnson (1993b)
in vitro
Aneuploidy, Chinese hamster B241 cells in vitro + NT 0.0005 Kasamaki et al. (1987)
Cell transformation, Chinese hamster B241 cells with confirmation  + NT 0.0005 Kasamaki et al. (1987)
in vivo
Chromosomal aberrations, human HAIN-55 fibroblasts in vitro + NT 0.002 Kasamaki et al. (1987)
Aneuploidy, human HAIN-55 cells in vitro - NT 0.002 Kasamaki et al. (1987)
Cell transformation, human HAIN-55 cells in vitro - NT 0.002 Kasamaki et al. (1987)
Dominant lethal mutation, mice in vivo - 19ip x 1 Epstein et al. (1972)
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Table 1 (contd)

Test system Results® Dose® Reference
(LED or HID)
Without With
€X0genous  exogenous
metabolic metabolic
system system
Unscheduled DNA synthesis, rat hepatocytes in vivo - 125 pox 1 Bechtel et al. (1998)
Mustard oil reported to contain > 90% allyl isothiocyanate
Drosophila melanogaster, sex-linked recessive lethal mutations + NR, spray Auerbach & Robson (1947)
Drosophila melanogaster, aneuploidy - NR, spray Auerbach & Robson (1947)
Chromosomal aberrations, human embryonic lung cells in vitro - NT 10 Food & Drug
Administration (1975)
Host-mediated assay, Saccharomyces cerevisiae in mouse - 130 pox 1 Food & Drug
peritoneal cavity Administration (1975)
Chromosomal aberrations, rat bone-marrow cells in vivo - 100 po x 1 Food & Drug
Administration (1975)
Dominant lethal mutation, rats in vivo - 100 po x 1 Food & Drug
Administration (1975)

-+, positive; —, negative; NT, not tested

b LED, lowest effective dose; HID, highest ineffective dose; unless otherwise stated, in-vitro test, pg/mL; in-vivo test, mg/kg bw per day; ip,

intraperitoneal; NR, not reported; po, oral

4%
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5. Summary of Data Reported and Evaluation

5.1 Exposure data
Exposure to allyl isothiocyanate occurs as a result of its presence in foods as the
chief constituent of mustard oil and as a flavouring agent.

5.2 Human carcinogenicity data
No data were available to the Working Group.

5.3 Animal carcinogenicity data

Allyl isothiocyanate was tested for carcinogenicity in one experiment in mice and
one experiment in rats by oral administration. No increase in tumour incidence was
observed in mice. An increased but low incidence of transitional-cell hyperplasia and
papillomas of the urinary bladder was observed in male rats, and there was a low
incidence of subcutaneous fibrosarcomas in female rats given the high dose.

54 Other relevant data

Major sex- and species-related differences in the tissue distribution of allyl iso-
thiocyanate were restricted to the urinary bladder, where higher concentrations of allyl
isothiocyanate-derived radiolabel were found in the bladders of male rats than in mice or
female rats. Rodents and humans both metabolize allyl isothiocyanate to N-acetyl-S-(N-
allyl thiocarbamoyl)-L-cysteine. Allyl isothiocyanate appears to be an irritant in both
rodents and humans.

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

No data were available on the genetic and related effects of allyl isothiocyanate in
humans. The available data do not allow a conclusion about the genotoxicity of allyl iso-
thiocyanate in expertimental systems in vivo. There is evidence for genotoxic effects in
mammalian cells in vitro. It was not mutagenic to bacteria.

55 Evaluation

There is inadequate evidence in humans for the carcinogenicity of allyl
isothiocyanate.

There is limited evidence in experimental animals for the carcinogenicity of allyl
isothiocyanate.

Overall evaluation
Allyl isothiocyanate is not classifiable as to its carcinogenicity to humans (Group 3).
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ortho-ANISIDINE

This substance was considered by previous working groups, in 1981 (IARC, 1982)
and 1987 (IARC, 1987). Since that time, new data have become available, and these have
been incorporated into the monograph and taken into consideration in the present
evaluation.

1. Exposure Data

1.1 Chemical and physical data

1.1.1  Nomenclature
Chem. Abstr. Serv. Reg. No.: 90-04-0
Chem. Abstr. Name: 2-Methoxybenzenamine
IUPAC Systematic Name: 0-Anisidine
Synonyms: ortho-Aminoanisole; 2-aminoanisole; ortho-aminomethoxybenzene; 2-
aminomethoxybenzene; 1-amino-2-methoxybenzene; 2-methoxy-1-aminobenzene;
ortho-methoxyaniline; 2-methoxyaniline; 2-methoxybenzenamine; ortho-methoxy-
phenylamine; 2-methoxyphenylamine

1.1.2  Structural and molecular formulae and relative molecular mass

NH,
OCHj

C,H,NO Relative molecular mass: 123.15

1.1.3  Chemical and physical properties of the pure substance

(a) Description: Yellowish liquid; becomes brownish on exposure to air (Budavari,
1996)

(b) Boiling-point: 224°C (Lide, 1997)

(¢) Melting-point: 6.2°C (Lide, 1997)

(d) Density: 1.096 g/cm3 at 20°C (Lide, 1997)

(e) Solubility: Slightly soluble in water; soluble in ethanol, diethyl ether and
acetone (Lide, 1997)

(f) Stability: Susceptible to oxidation in air (National Toxicology Program, 1991)
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(g) Octanol/water partition coefficient (P): log P, 0.95 (calculated), 1.18
(measured) (Verschueren, 1996).
(h) Conversion factor: mg/m3 = 5.04 X ppm

1.2 Production and use

Information available in 1995 indicated that ortho-anisidine was produced in Armenia,
China, France, Germany, India, Japan, the Ukraine and the United Kingdom (Chemical
Information Services, 1995).

ortho-Anisidine is used as a chemical intermediate (e.g. in the manufacture of azo or
triphenylmethane dyes and pharmaceuticals), as a corrosion inhibitor for steel storage
and as an antioxidant for some polymercaptan resins (National Toxicology Program,
1991).

1.3 Occurrence
1.3.1 Natural occurrence
ortho-Anisidine is not known to occur naturally.

1.3.2  Occupational exposure

According to the 198183 National Occupational Exposure Survey (National Institute
for Occupational Safety and Health, 1998), approximately 700 workers in the United
States were potentially exposed to ortho-anisidine. Occupational exposure to ortho-
anisidine may occur during its production and during its use as a chemical intermediate,
corrosion inhibitor or antioxidant.

1.3.3  Environmental occurrence

ortho-Anisidine has been identified in wastewater from chemical plants and from oil
refineries, and in cigarette smoke (National Library of Medicine, 1998a).

According to the United States Environmental Protection Agency Toxic Chemical
Release Inventory for 1987, 1600 kg of ortho-anisidine were released into the air, 280 kg
were discharged into water, and 110 kg were released onto the land from manufacturing
and processing facilities in the United States. By 1996, 690 kg were released into the air
and 13 kg discharged into water (National Library of Medicine, 1998b).

1.4 Regulations and guidelines

The American Conference of Governmental Industrial Hygienists (1997) has
recommended an 8-h time-weighted average threshold limit value of 0.5 mg/m3, with a
notation for potential dermal absorption, for occupational exposure to ortho-anisidine in
workplace air. Similar values have been used as standards or guidelines in many other
countries (International Labour Office, 1991).

No international guidelines for ortho-anisidine in drinking-water have been
established (WHO, 1993).
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2. Studies of Cancer in Humans

No data were available to the Working Group.

3. Studies of Cancer in Experimental Animals

Previous evaluation

ortho-Anisidine hydrochloride was tested for carcinogenicity in one study in mice
and one study in rats by oral administration in the diet. It produced transitional-cell
carcinomas of the urinary bladder in animals of each species and sex (IARC, 1982).

New studies

In a model of urinary bladder carcinogenesis, groups of 15 male Fischer 344 rats, six
weeks of age, were given 0.05% N-nitroso-N,4-hydroxybutylamine (NHBA) in the
drinking-water for four weeks. They were then fed diets with or without a supplement of
1700 mg/kg diet (ppm) ortho-anisidine for the first two weeks and 425 ppm thereafter
for an additional 30 weeks. Ten animals received ortho-anisidine without prior NHBA
administration. The incidence of papillary or nodular hyperplasia in the urinary bladder,
derived by assessing the number of lesions per unit length of mucosa, was significantly
higher (p < 0.01) in the group receiving ortho-anisidine plus NHBA (13/16) than in the
group given NHBA alone (2/13). No lesions were observed in animals receiving ortho-
anisidine alone (Ono et al., 1992).

4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms

4.1 Absorption, distribution, metabolism and excretion
4.1.1 Humans
No data were available to the Working Group.

4.1.2  Experimental systems

Horseradish peroxidase oxidized ortho-anisidine via a nitrogen-centred cation radical
to the diimine, quinone imine and an azo dimer in vitro. The metabolism led to covalent
binding to calf thymus DNA. Metabolites of ortho-anisidine were consistently more
reactive with protein and glutathione than metabolites of para-anisidine (Thompson &
Eling, 1991). [The Working Group noted that studies with mammalian enzymes have not
been carried out. ]
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4.2 Toxic effects
4.2.1 Humans
No data were available to the Working Group.

4.2.2 Experimental systems

The oral LDy, of ortho-anisidine has been reported to be 2000 mg/kg bw in rats, 870
mg/kg bw in rabbits and 1400 mg/kg bw in mice. Its subacute effects include haemato-
logical changes, anaemia and nephrotoxicity (Prosolenko, 1975).

ortho-Anisidine induced methaemoglobinaemia in CBA mice and Alpk:APfSD rats
after oral administration (Ashby et al., 1991). The authors suggested that their results
indicate that ortho-anisidine is distributed and N-oxidized in rodents.

Male and female B6C3F, mice were fed diets containing up to 30 000 mg/kg of diet
(ppm) ortho-anisidine hydrochloride for seven weeks. A dose-dependent depression in
mean body-weight gain of up to 40% was observed. The spleens of mice given doses
> 10 000 mg/kg of diet were black and enlarged. Female mice that received doses of 2500
or 5000 mg/kg of diet for up to 103 weeks developed more cystic hyperplasia of the
uterus and endometrium than did control animals. Mice of each sex at 30 000 mg/kg of
diet had an increased incidence of hyperplasia of the bladder (National Cancer Institute,
1978).

Feeding of diets containing up to 30 000 mg/kg (ppm) ortho-anisidine hydrochloride
to Fischer 344 rats for seven weeks led to reductions in weight gain of up to 52% in males
and 27% in females. Feeding of diets containing 1000 or 3000 mg/kg resulted in granular
spleens in males but not in females; the spleens of rats of each sex given diets containing
ortho-anisidine at > 10 000 mg/kg were dark and granular. A dose of 10 000 mg/kg of
diet for up to 103 weeks resulted in depressions of body-weight gain of 21% in males and
11% in females. Male and female rats fed diets containing 5000 or 10 000 mg/kg ortho-
anisidine hydrochloride developed non-neoplastic lesions of the thyroid gland and
kidney more frequently than did control animals (National Cancer Institute, 1978).

4.3 Reproductive and developmental effects
No data were available to the Working Group.

4.4 Genetic and related effects
44.1 Humans
No data were available to the Working Group.

4.4.2 Experimental systems (see Table 1 for references)

ortho-Anisidine did not induce reverse mutation in Escherichia coli or in Salmonella
typhimurium strains TA100, TA1535, TA1537, TA1538, TA98 or YG1012. In the
presence of exogenous metabolic activation, it induced mutations in strain YG1029, both
YG strains having elevated levels of N-acetyltransferase. ortho-Anisidine did not induce
sex-linked recessive lethal mutations in Drosophila. It gave rise to gene mutations in



Table 1. Genetic and related effects of ortho-anisidine

Test system Results® Dose® Reference
(LED or HID)
Without With
exogenous  exogenous
metabolic  metabolic
system system
Salmonella typhimurium TA100, TA98, TA1535, TA1537, reverse mutation — - 10 800 pg/plate  Haworth et al. (1983)
Salmonella typhimurium TA100, TA98, TA1535, TA1537, TA1538, - - 10 000 pg/plate  Dunkel et al. (1985)
reverse mutation
Salmonella typhimurium YG1012 (TA1538 with N-acetyltransferase gene), — - Not reported Thompson et al. (1992)
reverse mutation
Salmonella typhimurium YG1029 (TA100 with N-acetyltransferase gene), - + 62 ng/plate Thompson et al. (1992)
reverse mutation
Escherichia coli WP2uvrA, reverse mutation - - 10 000 pg/plate  Dunkel et al. (1985)
Drosophila melanogaster, sex-linked recessive lethal mutations - 2000 ppm inj Yoon et al. (1985)
DNA strand breaks/cross-links, mouse lymphoma L5178Y cells in vitro - + 150 Garberg et al. (1988)
Gene mutation, mouse lymphoma L5178Y cells, tk locus in vitro + + 123 Wangenheim &
Bolcsfoldi (1988)
Sister chromatid exchange, Chinese hamster ovary cells in vitro + + 38 Galloway et al. (1987)
Chromosomal aberrations, Chinese hamster ovary cells in vitro + + 1200 Galloway et al. (1987)
Cell transformation, Syrian hamster embryo cells, clonal assay + NT 500 Kerkaert et al. (1998)
Host-mediated assay, Escherichia coli in blood of mouse, DNA repair - 1300 po x 1 Hellmer & Bolcsfoldi
in vivo (1992)
Host-mediated assay, Escherichia coli in blood of mouse, DNA repair + 310ipx 1 Hellmer & Bolcsfoldi
in vivo (1992)
DNA single-strand break, liver, thymus and testis of Sprague-Dawley rats - 700 po x 1 Ashby et al. (1991)
In vivo
DNA single-strand break, liver, kidney, spleen and bladder of Wistar rats - 500 po x 1 Ashby et al. (1991)
in vivo
DNA single-strand break, liver and bladder of Wistar rats in vivo - 750ip x 1 Ashby et al. (1991)
DNA breaks, bladder and colon of CD-1 mice in vivo 690 po x 1 Sasaki et al. (1998)
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Table 1 (contd)

Test system Results* Dose” Reference
(LED or HID)

Without With
€xogenous  exogenous
metabolic  metabolic

system system
Unscheduled DNA synthesis, rat hepatocytes in vivo - 1104 po x 1 Ashby et al. (1991)
Unscheduled DNA synthesis, rat kidney cells in vivo - 5001ip x 1 Tyson & Mirsalis (1985)
Gene mutation, mouse bladder cells in vivo, lacl transgenic model +) 750 po x 3 Ashby et al. (1994)
Gene mutation, mouse liver cells in vivo, lacl transgenic model - 750 po x 10 Ashby et al. (1994)
Micronucleus formation, CBA mouse bone-marrow cells in vivo - 690 po x 1-3 Ashby et al. (1991)
Micronucleus formation, B6C3F; mouse bone-marrow cells in vivo - 500 ip x 3 Ashby et al. (1991)
Micronucleus formation, mouse bone-marrow cells in vivo ? 800 ip x 1 Morita et al. (1997)
Micronucleus formation, AP and Fischer 344 rat bone-marrow cells invivo - 1380 pox 1 Ashby et al. (1991)
Micronucleus formation, rats liver cells in vivo - 1104 pox 1 Ashby et al. (1991)
Binding (covalent) to DNA, B6C3F; mouse bladder and liver in vivo - 750 po x 1 Ashby et al. (1994)
Inhibition of gap-junctional intercellular communication, 3PC mouse + NT 1232 Jansen & Jongen (1996)

keratinocytes in vitro

-+, positive; (+), weakly positive; —, negative; NT, not tested; ?, inconclusive
YLED, lowest effective dose; HID, highest ineffective dose; unless otherwise stated, in-vitro test, pg/mL; in-vivo test, mg/kg bw per day; inj, injection;
po, oral; ip, intraperitoneal
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mouse lymphoma L5178Y cells in vitro both in the presence and absence of exogenous
metabolic activation, while DNA breaks and cross-links were observed only in the
presence of an exogenous metabolic system. Sister chromatid exchange and chromo-
somal aberrations were induced in Chinese hamster ovary cells in vitro, both in the
presence and absence of exogenous metabolic activation. In the absence of exogenous
metabolic activation, ortho-anisidine induced cell transformation in Syrian hamster
embryo cells in vitro. ortho-Anisidine did not bind covalently to DNA in mouse bladder
or liver cells in vivo; it did not induce single-strand breaks in liver, thymus, testis, kidney,
spleen or bladder DNA of rats treated in vivo, nor did it induce unscheduled DNA
synthesis in rat hepatocytes or kidney cells in vivo. In mice treated in vivo, ortho-
anisidine gave rise to breaks in bladder and colon DNA but not in DNA of stomach,
kidney, liver, lung, brain or bone marrow. ortho-Anisidine induced DNA repair in E. coli
in a host-mediated assay in male mice when the animals were treated intraperitoneally
but not when they were treated by oral gavage. ortho-Anisidine weakly induced gene
mutation in the lacl transgene in mouse bladder but not in liver. It did not induce
micronuclei in bone marrow of mice or in bone-marrow or liver cells of rats treated
in vivo.

ortho-Anisidine inhibited gap-junctional intercellular communication in mouse
hepatocytes in the absence of an exogenous metabolic system in vitro.

5. Summary of Data Reported and Evaluation

51 Exposure data
Exposure to ortho-anisidine may occur during its production and its use as a
chemical intermediate, a corrosion inhibitor and an industrial antioxidant.

5.2 Human carcinogenicity data
No data were available to the Working Group.

5.3 Animal carcinogenicity data

ortho-Anisidine hydrochloride was tested for carcinogenicity in one study in mice
and one study in rats by oral administration in the diet. It produced transitional-cell
carcinomas of the urinary bladder in animals of each species and sex.

54 Other relevant data

Limited information was available to the Working Group on the metabolism of
ortho-anisidine. It was shown to be O-dealkylated in rat liver microsomes.

ortho-Anisidine at a high dose increased the incidence of hyperplasia of the bladder
in male and female mice.

No data were available on the developmental and reproductive effects of ortho-
anisidine.
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No data were available on the genetic and related effects of ortho-anisidine in
humans. No conclusion can be drawn about its genotoxicity in experimental animals
in vivo; however, ortho-anisidine induced gene mutation in bladder cells in an assay in
transgenic mice. There is no evidence that it has genotoxic effects in mammalian cells
in vitro. ortho-Anisidine was not mutagenic to bacteria.

55 Evaluation
There is inadequate evidence in humans for the carcinogenicity of ortho-anisidine.
There is sufficient evidence in experimental animals for the carcinogenicity of
ortho-anisidine.

Overall evaluation
ortho-Anisidine is possibly carcinogenic to humans (Group 2B).
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This substance was considered by a previous working group, in 1990 (IARC, 1991).
Since that time, new data have become available, and these have been incorporated into
the monograph and taken into consideration in the present evaluation.

1. Exposure Data

1.1 Chemical and physical data

1.1.1  Nomenclature
Chem. Abstr. Serv. Reg. No.: 1912-24-9
Deleted CAS Reg. Nos: 11121-31-6; 12040-45-8; 12797-72-7; 39400-72-1; 69771-
31-9; 93616-39-8
Chem. Abstr. Name: 6-Chloro-N-ethyl-N’-(1-methylethyl)-1,3,5-triazine-2,4-diamine
IUPAC Systematic Name: 6-Chloro-N2-ethyl-N4-isopropyl-1,3,5-triazine-2,4-diamine
Synonyms: 2-Chloro-4-(ethylamino)-6-(isopropylamino)triazine; 2-chloro-4-(ethyl-
amino)-6-(isopropylamino)-s-triazine; 2-chloro-4-ethylamino-6-isopropylamino-
1,3,5-triazine

1.1.2  Structural and molecular formulae and relative molecular mass
T
Cl N NH—CH
| CH,
N\(N
NH— C,Hs
CgH,,CIN; Relative molecular mass: 215.69

1.1.3  Chemical and physical properties of the pure substance

(a) Description: Colourless powder (Tomlin, 1994)

(b) Melting-point: 173°C (Lide, 1997)

(c) Density: 1.187 g/cm3 at 20°C (Tomlin, 1994)

(d) Spectroscopy data: Infrared (prism [35712]; grating [13706]) and ultraviolet
[16141] spectral data have been reported (Sadtler Research Laboratories, 1980)

(e) Solubility: Slightly soluble in water (33 mg/L at 20°C); soluble in acetone (31 g/LL
at 25°C), chloroform (35 g/L at 20°C), dichloromethane (28 g/L at 25°C), diethyl
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ether (17 g/L at 20°C), ethyl acetate (24 g/L at 25°C), n-hexane (0.11 g/L at 25°C),
methanol (15 g/L at 25°C), n-octanol (10.6 g/L at 25°C) and toluene (6 g/L at
25°C) (Worthing & Walker, 1987; Tomlin, 1994; Budavari, 1996)

(f) Volatility: Vapour pressure, 0.04 mPa at 20°C (Tomlin, 1994)

(g) Stability: Forms salts with acids; stable in slightly acidic or basic media;
hydrolysed to inactive hydroxy derivative at 70°C under neutral conditions,
more rapidly in alkali or mineral acids (Worthing & Walker, 1987; Tomlin,
1994; Budavari, 1996)

(h) Octanol/water partition coefficient (P): log P, 2.61 (Hansch et al., 1995)

(i) Conversion factor: mg/m3 = 8.82 X ppm

1.1.4  Technical products and impurities

Atrazine is commercially available in various forms, including dry flowable, flowable
liquid, flowable suspension concentrate, liquid, water-dispersible granular and wettable
powder formulations. The purity of technical-grade atrazine ranges from 92 to 97%. The
The impurities include dichlorotriazines, tris(alkylamino)triazines and hydroxytriazines
(Tomlin, 1994; Oregon State University, 1996; National Registration Authority for Agri-
cultural and Veterinary Chemicals, 1997; Environmental Protection Agency, 1999). The
concentration of active ingredient in most atrazine products registered with the United
States Environmental Protection Agency is 43, 80 or 90%; the concentration in other atra-
zine products ranges from 0.58 to 53.5% (Environmental Protection Agency, 1999).

Trade names for atrazine include A 361; Aatrex; Akticon; Aktikon; Aktinit; Argezin;
Atranex; Atrataf; Atrazin; Atrazine; ATZ; Azoprim; Cekuzina-T; CET; Chromozin; Cyazin;
Fogard; G 30027; Gesaprim; Griffex; Hungazin, Maizina; Mebazine; Oleogesaprim;
Oleogesaprim 200; Primatol; Radazin; Triazine A 1294; Vectal, Wonuk; Zeapos; Zeazin;
Zeazine (National Toxicology Program, 1991; Tomlin, 1994; Oregon State University,
1996).

Atrazine may be formulated with many other herbicides, including alachlor, aceto-
chlor, ametryn, amitrole, benoxacor, bentazone, bromoxynil, cyanazine, 2,4-D, dicamba
potassium salt, dichlobenil, diuron, glyphosate, imazapyr, imazethapyr, metolachlor,
pendimethalin, pyridate and simazine. It is also used in mixtures with these and other
herbicides for spraying and is also impregnated into fertilizer (Ahrens, 1994; Tomlin,
1994; Novartis, 1999).

1.1.5 Analysis
Methods for the analysis of atrazine in various media are presented in Table 1.

1.2 Production and use
1.2.1  Production

Cyanuric chloride is reacted with isopropylamine under basic conditions to form 2,4-
dichloro-6-isopropylamino-S-triazine, which is then reacted with monoethylamine and
dilute caustic to form atrazine (Izmerov, 1982).



Table 1. Selected methods for the analysis of atrazine

Sample matrix Sample preparation Assay Limit of Reference
procedure detection
Formulations Dissolve in chloroform; centrifuge GC/FID NR Williams (1984)
Drinking-water Extract in liquid—solid extractor; elute with ethyl GC/ECD 0.003 ng/L Environmental Protection
acetate and dichloromethane; concentrate by Agency (1995a,b)
evaporation GC/MS 0.065 ug/l [Methods 508.1 & 525.2]
Extract in liquid—liquid extractor (methyl tert- GC/ECD 0.082 pg/L Environmental Protection
butyl ether or pentane) (MTBE); Agency (1995c¢)
0.099 pg/L [Method 551.1]
(pentane)
Extract with dichloromethane; isolate; extract; GC/NPD 0.13 pug/L Environmental Protection
dry; concentrate with methyl tert-butyl ether (estimated) Agency (1995d)
[Method 507]
Extract with hexane; inject extract GC/ECD 2.4 ug/L Environmental Protection
Agency (1995¢)
[Method 505]
Wastewater Extract with dichloromethane; dry; exchange to GC/TBD-N NR Spectrum Laboratories (1999)
hexane [EPA method 619]
Extract with dichloromethane (liquid sample); GC/NPD NR Environmental Protection
extract with dichloromethane:acetone (1:1) (solid Agency (1994)
sample); inject directly [Method 8141A]
Forage Extract with chloroform (green forage) or GC/MCD 0.05-0.1 Food & Drug Administration
(all crops) acetonitrile:water (9:1) (dry forage); partition ppm (1989)

with dichloromethane (dry forage); evaporate to
dryness; partition with hexane and acetonitrile;
clean-up on alumina column (for all forages)

ANIZVIIV
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Table 1 (contd)

Sample matrix Sample preparation Assay Limit of Reference
procedure detection
Urine Clean-up sample; wash with water; elute with GC/NPD 0.005 ppm Cheung (1990)

ethyl acetate; remove water and evaporate to
dryness; dissolve in acetone

Abbreviations: GC/ECD, gas chromatography/electron capture detection; GC/FID, gas chromatography/flame ionization detection;
GC/FPD, gas chromatography/flame photometric detection; GC/MCD, gas chromatography/microcoulometric detection; GC/MS, gas
chromatography/mass spectrometry; GC/NPD, gas chromatography/nitrogen-phosphorous detection; GC/TBD-N, gas chromatography/
thermionic bead detection-nitrogen mode; NR, not reported
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Information available in 1995 indicated that atrazine was produced in Brazil, China,
Israel, Italy, Romania, South Africa, Switzerland and the United States (Chemical Infor-
mation Services, 1995). The world production rate is about 70 000 tonnes per year.

122  Use

Atrazine is used in agriculture as a selective pre- and post-emergence herbicide for
annual control of grass and broad-leaved weeds. It has been used on asparagus, bananas,
citrus groves, coffee, conifer tree crop areas, forestry, fruit orchards, grasslands, grass
crops, guavas, macadamia orchards, maize (corn), oil palms, sorghum, sugar cane, pine-
apples, roses and vines. It has also been used as a soil sterilant for airfields, parking lots
and industrial sites and as an algicide in swimming pools. Recently, many of the uses that
contribute residues to water have been reduced or eliminated. In the European Union,
where a limit of 0.1 pg/L has been set for all pesticide residues in drinking- and ground-
water, the use of atrazine-containing herbicides has been limited mainly to agricultural
uses on corn and on sorghum (Council of the European Communities, 1980; Worthing &
Walker, 1987; Ahrens, 1994; Tomlin, 1994; Novartis, 1999).

In the United States, atrazine has been a staple for weed control in agriculture over
the past 35 years. It is used on approximately 67% of all corn acreage, 65% of sorghum
acreage and 90% of sugar-cane acreage and is also used on wheat, guavas, macadamia
nuts, conifers and turf and for non-selective use along roads (Ahrens, 1994; Ciba-Geigy
AG, 1996; Novartis, 1999). The Environmental Protection Agency estimated that 31—
35 million kg (active ingredient) of atrazine were used annually in agricultural crop
production in the United States in 1987, 1993 and 1995 (Aspelin, 1997).

1.3 Occurrence
1.3.1 Natural occurrence
Atrazine is not known to occur naturally.

1.3.2  Occupational exposure

According to the 1981-83 United States National Occupational Exposure Survey
(National Institute for Occupational Safety and Health, 1998), approximately 1000 chemi-
cal industry workers in the United States were potentially exposed to atrazine. No data
were available on the number of agricultural workers exposed. Occupational exposure may
occur through dermal contact or inhalation during the manufacture, formulation or
application of this herbicide (National Institute for Occupational Safety and Health, 1992).

Ikonen et al. (1988) determined the ambient air concentrations of atrazine and the
urinary excretion of atrazine metabolites (fully N-dealkylated atrazine, i.e. 2-chloro-4,6-
diamino-S-triazine and 2-chloro-4-ethylamino-6-amino-S-triazine) in six Finnish railway
workers who filled spraying tank wagons. The air concentration in the personal breathing
zone over 7-240 min ranged from 0.24 to 0.89 mg/m3. The sum of the concentration of
the two metabolites in urine samples collected after an 8-h work shift ranged from 30 to
110 umol/L and was correlated with that of atrazine in the ambient air.
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Catenacci et al. (1990) determined ambient air levels, skin deposition and urinary
excretion of free atrazine over several work shifts in four Italian workers exposed to
atrazine during its manufacture and packaging in a production plant. The air concen-
trations (in 8-h time-weighted average [TWA] personal samples) were 0.07-0.53 mg/m3,
and whole-body skin deposition was 4.1-11 mg/h. Urinary excretion of unmodified
atrazine correlated with ambient air concentrations. Maximal excretion rates were found
during the work shift and varied between 0.1 and 0.3 pg/h.

In another study, Catenacci et al. (1993) evaluated the exposure to atrazine of six
Italian herbicide manufacturing workers through personal ambient air measurements,
skin pad deposition sampling and determinations of urinary metabolites. Total exposure,
reported as a dose, varied from 10 to 700 wmol/work shift, being 10 times higher in
baggers than in box operators. Cutaneous exposure was twice as high as by the
respiratory route for baggers and 10 times as high for box operators. Urinary excretion
of metabolites—bis-dealkylated atrazine (80% of total), deisopropylated atrazine (10%),
deethylated atrazine (8%) and unmodified atrazine (1-2%)—accounted for only 1-2% of
the external dose and was not correlated to it.

The wide discrepancies between external dose and that accounted for by urinary
metabolite excretion may be due to low cutaneous absorption of atrazine (Catenacci
etal., 1995). Dermal absorption of atrazine over a 24-h exposure period in volunteers
ranged from 1.2 to 5.6%, depending on the dose (Hui et al., 1996). Using these figures
and data from the Pesticide Handlers Exposure Database, Breckenridge (1996) estimated
the combined occupational exposure to atrazine by inhalation and dermal absorption in
a variety of uses, as micrograms of atrazine absorbed per mass of active ingredient used.
The estimates range from 0.27 to 158 ug/lb (0.6-350 ug/kg) for 5.6% dermal absorption,
depending on the use. The heaviest exposure was that of granular spreaders and handgun
operations (27-158 pg/lb active ingredient or 60-350 ug/kg), whereas mixer—loaders
(non-handgun), boom applicators, pilots and flaggers had lighter exposure (0.27—
4.54 ng/lb active ingredient or 0.6—-10 pg/kg).

Information on the use of various atrazine formulations on various crops was combined
with the above estimates to yield lifetime average daily doses of atrazine in the treatment
of corn, sorghum, sugar-cane and macadamia nuts. These varied from 4 x 10-6 mg/kg bw
per day for enclosed-cab ground application on sorghum to 1.6 X 103 mg/kg bw per day
for some mixer—loader applicators in open cabs on Florida sugar-cane (Lunchick &
Selman, 1998).

1.3.3  Environmental occurrence

Atrazine and its degradation products occur widely in the global environment as a
result of extensive use of atrazine as a pre-and post-emergent herbicide, mainly on maize,
sorghum and millet and to a lesser degree on other crops, and as a non-selective herbicide
for general weed control. It is found, at generally low levels, in rivers, lakes, estuaries,
reservoirs, groundwater and drinking-water. It can also pollute fog and rain when
released into the atmosphere during spray application (Thurman et al., 1991, 1992;
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Goolsby & Battaglin, 1993; Goolsby et al., 1993; Huber, 1993; Bintein & Devillers,
1996; Schottler & Eisenreich, 1997; Richards & Baker, 1998; Thurman et al., 1998).

(a) Air

Atmospheric transport and fallout have been implicated in the dispersion of atrazine.
Atrazine was detected in ambient air in the region of Paris, France, in 1991 at approxi-
mately 0.03 ng/m3; the maximal concentration in the total atmospheric fallout in rainwater
in Paris was 350 ng/L (Chevreuil & Garmouma, 1993). Atrazine was measured at concen-
trations of < 0.03-2 ng/m3 in the vapour phase in the Paris area in 1992 and 1993 and at
< 5-380 ng/L in fallout in urban and rural sites in the same area. The yearly atmospheric
deposition of atrazine was estimated to be 77 pg/m? for this area (Chevreuil et al., 1996).
The concentration of atrazine in rainwater in Switzerland reached 600 ng/L (Buser, 1990).
In rainwater samples in Ohio, United States, in 1985, the concentration of atrazine ranged
from undetectable (detection limit, 0.05 pg/L) to 1.0 ug/L, according to season (Richards
etal., 1987).

Measurements from aircraft of the concentrations and flux of agrochemicals over
Ottawa, Canada, in June 1993 and July 1994 showed concentrations as high as 4.6 ng/m3
with fluxes ranging from 1.1 to 2.5 ng/m?2 per s (Zhu et al., 1998).

(b)  Water

The concentrations of atrazine in waters receiving runoff from agricultural lands are
seasonal, the highest concentrations generally being found during the six weeks to two
months after application and lower to undetectable concentrations during the rest of the
year. In rivers and streams, the concentrations are highest during runoff after storms in
the post-application period (Richards et al., 1987; Richards & Baker, 1998). Typically,
atrazine is found more frequently and usually at lower concentrations in groundwater
than in surface water. The peak concentrations in impounded water bodies, such as
reservoirs, are usually lower than those in rivers and streams; they occur at the same time
but may persist for longer because of the longer residence time (Tierney et al., 1998).

(1) Surface water

The heaviest use of atrazine in North America is in the midwestern watershed. The
United States Geological Survey involved monitoring of residues of atrazine in 76
midwestern reservoirs in 11 states in 1992-93. Atrazine residues were found in 92% of
reservoirs, and the 90th percentile of this distribution between early June and the end of
July was about 5 ug/L. The concentrations of atrazine in rivers and streams included in an
ecological risk assessment of atrazine in North American surface waters rarely exceeded
20 pg/L (Goolsby & Battaglin, 1993; Goolsby et al., 1993; Solomon et al., 1996).

Because atrazine is relatively water soluble, it can be transported in surface runoff
after application and may reach groundwater as well. Monitoring of surface waters
(Thurman et al., 1991; Squillace & Thurman, 1992; Thurman et al., 1992; Squillace et al.,
1993; Thurman et al., 1994, 1998), including the Mississippi River, United States (Pereira
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& Rostad, 1990), has shown the widespread presence of atrazine and its dealkylated
degradation products, deethylatrazine and deisopropylatrazine. The same compounds are
frequently detected in groundwater (Adams & Thurman, 1991; Squillace & Thurman,
1992). Deethylatrazine and deisopropylatrazine are also common degradation products of
three other triazine herbicides: simazine, propazine and cyanazine.

Field studies and a regional study of nine rivers in the midwest corn belt of the
United States showed that deethylatrazine and deisopropylatrazine occur frequently in
surface water that has received runoff from fields treated with atrazine and cyanazine.
The concentrations of deethylatrazine and deisopropylatrazine vary with the hydrological
conditions and the timing of runoff, with maximum concentrations reaching 5 pug/L.
Atrazine was the source of 98% of the deethylatrazine and 75% of the deisopropyl-
atrazine (Thurman et al., 1994).

The concentrations of atrazine in the Minnesota River, United States, exceeded
2000 ng/L, the maximum concentration occurring in mid-June 1990; in 1991, the maxi-
mum concentrations in mid-June were 800-900 ng/L. Deethylatrazine was present
throughout the year and was detected in 90% of the samples, with maximum concen-
trations of > 300 ng/L in 1990 and 130 ng/L in 1991. The highest concentration of deiso-
propylatrazine was 160 ng/L in 1990, and concentrations of 100-200 ng/L were common
in June and July 1991 (Schottler et al., 1994). The Minnesota River contributes 1-2 tonnes
of atrazine to the Mississippi River; larger drainage basins, such as the Ohio and Missouri
Rivers, contribute about 40 and 60 tonnes annually, respectively, to the Mississippi River
(Goolsby & Battaglin, 1993; Goolsby et al., 1991, 1993). The annual transport of atrazine
into the Gulf of Mexico via the lower Mississippi River and its tributaries was estimated
to be 105 tonnes in 1987 and 429 tonnes in 1989, representing less than 2% of the total
atrazine application in the entire Mississippi River Basin (Pereira & Rostad, 1990).

Atrazine has been used intensively in the Great Lakes Basin of North America. It has
a long half-life in cold aquatic systems of low productivity, such as oligotrophic lakes
and groundwater (Ulrich et al., 1994), with an estimated half-life in the Great Lakes
exceeding one year (Schottler et al., 1994). It has been suggested that the annual input of
atrazine ranges from about 1 tonne in Lake Superior to 10-25 tonnes in Lakes Erie and
Ontario. While inputs from tributaries and connecting channels accounted for > 75% of
the total load to Lakes Erie, Ontario, Huron and Michigan, atmospheric input accounted
for 95% of the atrazine in Lake Superior. The internal degradation rates of atrazine are
similar throughout the Great Lakes, approximately 5-10% of the total load being lost
annually by internal degradation. The ratios of deethylatrazine to atrazine indicate that
1.5, 0.9, 4 and 5% of the total atrazine is converted to deethylatrazine annually in Lakes
Michigan, Ontario, Erie and Huron, respectively (Schottler & Eisenreich, 1997).

Atrazine and deethylatrazine were found in 89—100 % (average, 94%) of samples of
water from Sydenham River, Ontario, Canada, collected 30—50 times per year between
1981 and 1987 and in 63—-100 % (average, 89%) of paired samples of drinking-water
from the town of Dresden, Ontario. The annual mean (£ SD) levels of atrazine plus
deethylatrazine ranged from 1.3 (£ 1.3) to 5.1 (£ 10) pg/L in the river water and from 1.1
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(£ 1.1) to 8.3 (£ 36) ug/L in the drinking-water samples. The highest level of atrazine
plus deethylatrazine, found in Dresden municipal drinking-water, was 210 pg/L in 1987
(Frank et al., 1990).

Atrazine was one of the most frequently detected pesticides in surface water and
sediment samples collected during 1991-95 in a monitoring network that included 27
stations in South Florida canals in the United States. The highest concentration of
atrazine found in surface water was 18 pg/L (number of detections, 274), and the highest
concentration in sediment was 50 pg/kg (number of detections, 11) (Miles & Pfeuffer,
1997).

In a 12-month study carried out in 18 Swiss lakes and in rain in 1989, both atrazine
and deethylatrazine were detected. The occurrence of atrazine in rain during March to
October suggested that atmospheric transport was involved and, although a minor contri-
butor to the larger lakes in the midland region, was likely to be the major source of these
compounds in the mountain lakes. The concentration of atrazine was lowest (< 1 ng/L) in
mountain lakes (altitude, > 800 m) and highest (<460 ng/L) in lakes situated in areas with
intensive agricultural use of atrazine. Atrazine was found to be rather stable, and it was
removed from lakes mainly via outflowing waters rather than by degradation (Buser,
1990).

In the summer of 1991, atrazine was found to be distributed over the whole area of
the German Bight of the North Sea at levels of 1-100 ng/L; the highest concentrations
were found in the Elbe estuary, reaching 200 ng/L. The River Elbe is the main source of
this polluant in this part of the North Sea (Bester & Hiihnerfuss, 1993).

Atrazine was detected in a broad range of Mediterranean estuarial waters in a survey
made in 1990-91. The areas studied included the Ebro delta on the eastern coast of Spain,
the Rhone delta in the south of France, the River Po, Italy (northern Adriatic Sea), the
Thermaikoés and Amvrakikos Gulfs in Greece and the Nile Delta in Egypt. The atrazine
concentrations (Ug/L; limit of detection, < 0.001 pg/L) were: Ebro drainage canal,
0.058-0.308; Ebro River, 0.017-0.190; Ebro delta lagoons, < 0.001-0.057; Rhone River,
0.040-0.291; Rhone delta, 0.017-0.386; River Po, 0.021-0.118; northern Adriatic,
<0.003-0.018; Axios, Loudhias and Aliakmon Rivers, < 0.05-0.70; Thermaikés Gulf,
<0.05-0.15; Louros and Arakthos Rivers, < 0.05-0.26; Amvrakikés Gulf, < 0.05-0.80;
and Nile Delta, < 0.001 (Readman et al., 1993).

Atrazine was found in 41% of 115 samples at maximum weekly and monthly
concentrations of 0.9 and 0.5 pg/L respectively (limit of detection, 0.1 pg/L) at one site
in a small agricultural catchment in southern Sweden during 1990-92. At another site in
the same general area during 1992-96, atrazine was found in 72% of 95 samples at
maximum weekly and monthly concentrations of 3 and 1.5 ug/L, respectively (Kreuger,
1998).

The concentrations (ig/L) and frequency of detection of atrazine in the Arno River
in Italy during 1992-95 ranged from a median of 0.06 (maximum, 0.16) (n = 36) with
67% frequency in 1992 to a median of <0.01 (maximum, 0.07) (n =51) with a frequency
of 4% in 1995 (Griffini et al., 1997).
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Atrazine, deethylatrazine and deisopropylatrazine were found in surface and ground-
water samples from three sampling sites in the Ebro River. While atrazine and deethyl-
atrazine were detected throughout the whole year in the delta waters, deisopropylatrazine
was not detected between September and January. Atrazine had the least seasonal
variation, remaining at a stable concentration of 0.1 pug/L between March 1992 and
March 1993 (Barcel6 et al., 1996).

A review by the Council of Europe of surveys of pesticide residues in surface waters,
conducted principally during the period 1985-92 in the Nordic countries, Netherlands
and Germany, found that atrazine and other triazine herbicides were detected at a number
of sampling sites throughout the year (Lundbergh et al., 1995).

(i)  Groundwater

In a survey of herbicide residues prevalent in groundwater across Iowa (in which
some of the most intense application of herbicides occurs in the United States) in 1995,
atrazine and deethylatrazine were detected in 41% and 35% of sample, respectively, at
maximum concentrations of 2.1 and 0.59 pg/L, respectively (limit of detection, 0.05 pg/L)
(Kolpin et al., 1997a).

In 1991, atrazine was detected in 19% of 208 urban wells in nine studies of shallow
groundwater that were part of the United States Geological Survey’s National Water
Quality Assessment Program. The limit of detection was 0.002 pg/L, and the maximum
concentration found was 2.3 pg/L (Kolpin et al., 1997b).

In a study of triazine herbicides and their degradation products in near-surface
aquifiers in midwestern United States in 1991, involving 837 water samples from 303
wells, the median detectable concentration of atrazine (0.15 ug/L, 158 samples) was
almost half that of atrazine plus deethylatrazine and deisopropylatrazine (0.26 pg/L; 197
samples) (Kolpin et al., 1996).

(iii)  Drinking-water

In an assessment of atrazine in the drinking-water of residents of Ohio, Illinois and
Iowa (United States), only small populations were found to be exposed to average concen-
trations exceeding the Environmental Protection Agency maximum contaminant level of
3 ug/L, and most were exposed to average concentrations of less than 1 pug/L. Large rivers
such as the Ohio and Mississippi and most groundwater sources provide water with rela-
tively low concentrations of atrazine; the highest concentrations were found in a few small,
groundwater-based public water supplies and private wells. Only 0.25% of the assessed
populations in all three states were exposed to concentrations exceeding the maximum
contaminant level, and 94-99% of the populations were exposed to < 1 pg/L. In Ohio, with
a population of over 10 million people, the average concentrations were 0.07 pg/L from
Lake Erie, 0.84 ng/L from other surface water, 0.025 pg/L from public groundwater and
0.052 ug/L from private groundwater (Richards et al., 1995).

In a population-linked assessment of exposure to atrazine in drinking-water supplies
in the 21 states of the United States where most atrazine is used, data on community
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water systems serving 164 million people were summarized for five consecutive years,
1993-97. A community water system was defined as a facility that provides piped water
for human consumption to at least 15 service connections around the year; the source
of the raw water may be groundwater, surface water (rivers, lakes and reservoirs) or
both (Tierney et al., 1998). Atrazine was detected in 7091 (10%) of the samples
assessed, with 3% in groundwater (1959 of 57 258 samples), 36% in surface water
(4861 of 13 529 samples) and 10% in other water samples (276 of 2776 samples). Of
the approximately 125 million people whose exposure to atrazine was measured in this
survey, 95 million (75%) had no detectable exposure from the community water systems.
When detectable exposures were added to undetectable figures, 112 million (89%) were
exposed to mean concentrations of < 0.5 ug/L, and 121 million (97%) were exposed to
< 1 ug/L; approximately 3.9 million (3%) were exposed to 1-3 pg/L (Clarkson et al.,
1998).

Atrazine was found at concentrations of 0.18—1 g/L in a representative survey in the
United States in 1990-91; 50% of the tested wells had concentrations < 0.28 pg/L (Envi-
ronmental Protection Agency, 1992). In the United States, persons who obtain potable
water from private wells represent about 6% of the population. National groundwater
studies have shown that over 98% of private wells have concentrations of < 0.02 ug/L
atrazine (Tierney et al., 1998).

In 1988, atrazine was detected at 1-50 ng/L in a number of new wells that serve as
sources of drinking-water in the province of Bergamo in northern Italy (Bagnati et al.,
1988).

(c¢) Soil

Atrazine is degraded in soil by microbial processes and abiotic degradation, yielding
deethylatrazine, deisopropylatrazine, hydroxyatrazine and non-extractable residues. De-
ethylatrazine was the major degradation product from clay-loam and silt-loam plots
studied at an experimental field in the Kansas River Valley in the United States in 1989.
Deisopropylatrazine was found at significantly lower concentrations than deethyl-
atrazine. Most of the degradation of atrazine occurred in the top metre of soil. The de-
ethylatrazine:atrazine ratio was suggested to be a good indicator of transport of atrazine
through the soil (Adams & Thurman, 1991).

Metabolite formation from atrazine and subsequent disappearance were found to be
similar in laboratory microcosms and in a field in west Tennessee, United States. The
half-life of atrazine was found to be 21 days in the microcosm and 14 days in the field
study. Bound residue formation was significant, however, so that the half-life of the
chemical may be underestimated (Winkelmann & Klaine, 1991a,b).

In a study of atrazine and its transformation products in surface and subsurface soils
from five locations in lowa, United States, the greatest mobility was seen in sandy and
sandy clay—loam subsurface soils, which also had the least organic matter. The mobility
relationship of deethylatrazine > atrazine > deisopropylatrazine is consistent with the
results of groundwater monitoring (Kruger et al., 1996).
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An environmental-fate study conducted in a citrus orchard in Valencia, Spain, in
1993 showed a degradation half-life of 11 days for atrazine, the distribution being highest
in the upper layer (0-0.05 m) of soil. Of the four pesticides studied (atrazine, simazine,
chlorpyrifos and tetrafidon), atrazine was the most soluble in water and the most mobile.
The persistence and mobility of residues are closely related to both climatic conditions
and agricultural practices (Redondo et al., 1997).

In field experiments on various subtropical soils in Taiwan, with various soil tempe-
ratures and moisture conditions, the deepest movement of atrazine into the soil was 7 cm
(Wang et al., 1995, 1996).

In a study in Israel, significant degradation of atrazine (50%) was detected in samples
taken from the upper soil (0-25 cm) but none in samples taken from the deepest
subsurface soil. Deethylatrazine and deisopropylatrazine were the main degradation
products of the upper soil. Inoculation with Pseudomonas sp. strain ADP (P.ADP)
resulted in 90-100% mineralization of atrazine after 15 days (Shapir & Mandelbaum,
1997).

(d) Food

No atrazine residue (< 50 pg/kg) was reported in a survey of various food and feeds
over the period 1991-92 in 16 428 samples (15 370 surveillance and 1058 compliance)
and in the Total Diet Study for 1986-92 in the United States (Food & Drug Adminis-
tration, 1993). In a further examination of data from the Residue Monitoring Program by
the National Food Processors Association, no residues of atrazine, simazine, cyanazine or
ametryn were found in 76 973 samples in 1992-94 (Elkins et al., 1998).

Field studies on the metabolism of atrazine in corn and sorghum showed that uptake
of residues by plants is relatively low and subsequent metabolism is rapid. The meta-
bolism of atrazine in plants is complex and involves at least 15-20 structures. Direct
dietary exposure to atrazine residues in treated crops would be expected to be low and to
comprise primarily water-soluble metabolites. There is a little propensity for plant meta-
bolites of atrazine to be transferred to meat, milk or eggs (Ballantine & Simoneaux,
1991).

1.4 Regulations and guidelines

National and regional limits for residues of atrazine in foods are given in Table 2.
Occupational exposure limits for atrazine are given in Table 3.

WHO (1993) has established an international guideline for atrazine in drinking-water
of 0.002 mg/L. The interim maximum acceptable concentration of atrazine in Canadian
drinking-water is 0.005 mg/L (United Nations Environment Programme, 1998). The
maximum level of atrazine allowed in primary drinking-water in the United States is
0.003 mg/L (Environmental Protection Agency, 1998). Limits on atrazine residues have
been set in the Russian Federation in various matrices: ambient air, maximum allowable
concentration (MAC), 0.02 mg/m3; surface water, MAC, 0.5 mg/L; surface water, MAC
for fishing, 0.005 mg/L (United Nations Environment Programme, 1998). Owing to its



ATRAZINE 71

Table 2. National and regional pesticide residue limits for atrazine in foods

Country or region Residue Commodities
limit
(mg/kg)
Argentina 0.25 Maize, sorghum, sweet corn
Australia 0.1* Edible offal (mammalian), maize, sorghum, sugar-cane,
sweet corn
0.02° Lupins
0.01* Meat, milk, milk products, potatoes, rape-seed
Austria 0.5 Corn
0.1 Other foods of vegetable origin
Belgium 0.1 All foodstuffs of vegetable origin
Brazil 1.0 Conifers, rubber plants, sisal
0.2 Corn, sorghum, pineapple, sugar-cane, avocados, bananas,
mangos, peaches, apples, citrus fruit, nuts, tea, cocoa, coffee
0.1 Black pepper
China (Taiwan) 0.25 Field crops, sugar-cane, tropical fruits
Czech Republic 0.1* All products
European Union 0.1 All products
Finland 0.2 Food products
France 0.1 Fruit, vegetables
0.05 Corn
Germany 0.1 All products of plant origin
Hungary 0.1 All crops
Iceland 0.1 All crops and foodstuffs
India 0.25 Sugar-cane
0 (nil) Maize
Ireland 0.1 All products
Israel® 15.0 Maize and sorghum fodder
0.25 Maize and sorghum grain, sweet corn
0.02 Meat, milk, eggs
Italy 0.5 Corn, sorghum
0.1 Fruit, garden vegetables
Japan 0.02 Oats, etc. and minor cereals; fruit, vegetables, sugar-cane
Malaysia 1.0 Asparagus, leafy vegetables
0.25 Corn, millet, sorghum, wheat, pineapple
0.1 Raisin, sugar-cane
0.05 Guava
0.02 Meat, eggs, milk and milk products
0.01 Potatoes
Mexico 15 Corn (forage), sorghum (forage)
10 Pineapple (forage)
5 Wheat (straw)
0.25 Corn (fresh and grain), pineapple, sorghum (grain), sugar-

cane, wheat (grain)
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Table 2 (contd)
Country or region Residue Commodities
limit
(mg/kg)
Netherlands 0.1 Corn, fruit, vegetables
0 (0.05)° Other
Norway 0.1 All products
Singapore 0.1 Citrus fruit, grapes, maize, pineapples, sorghum, sugar-cane,
sweet corn
0.01 Potatoes
South Africa 0.05 Mealies, sorghum, sugar-cane
Spain 0.1 Citrus fruit, fruit with or without shell, seed fruit, stone fruit,
berries and small fruit, other fruit, root and tuber vegetables,
bulb vegetables, fruit and pepos, vegetables of the genus
Brassica, fresh aromatic herbs and leafy vegetables, green
legumes (fresh), young stalks, fungi, legumes, oilseeds,
potatoes, tea, hops, spices, grains, other products for
consumption (tobacco, sugar-beets, sugar-cane, other), hay
and forage crops, dried products, other edible seeds, other
infusions
Switzerland 0.1 Corn
United Kingdom 0.1 All crops and foodstuffs
United States 15¢ Corn forage or fodder (including field corn, sweet corn,
popcorn), sorghum fodder and forage, perennial rye grass
104 Pineapple fodder and forage
54 Wheat fodder and straw
4.09 Range grasses
0.25¢ Fresh corn including sweet corn (kernels plus cobs with
husks removed), maize grain, macadamia nuts, pineapples,
sorghum grain, sugar-cane, sugar-cane fodder and forage,
wheat grain
0.05* Guava
0.02¢ Eggs, milk, meat, fat and meat by-products of cattle, goats,
hogs, horses, poultry and sheep (negligible residues)
Yugoslavia 0.5 Maize
0.1 Fruit, vegetables
0.03 Milk and other dairy products (fat basis)
0.02 Meat and meat products (fat basis), eggs (shell-free basis)

From Health Canada (1998)

* Maximum residue limit set at or about the limit of analytical determination

®From State of Israel (1977)

“Residues shall be absent; the value in parentheses is the highest concentration at which this
requirement is still deemed to have been met.

4 Atrazine and its metabolites
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Table 3. Occupational exposure limits for atrazine

Country Year Concentration Interpretation
(mg/m’)
Australia 1993 5 TWA
Austria 1993 2 TWA
Belgium 1993 5 TWA
Canada 1994 5 TWA
Denmark 1993 2 TWA
Finland 1998 10 TWA
20 STEL
France 1993 5 TWA
Germany 1998 2 (inhalable fraction MAK
of the aerosol)
Ireland 1997 10 TWA
Netherlands 1997 5 TWA
Russian Federation 1993 2 STEL
Switzerland 1993 2 TWA
United Kingdom 1987 10 TWA
United States
OSHA (PEL) 1997 5 TWA
NIOSH (REL) 1994 5 TWA
ACGIH" (TLV) 1997 5 TWA

From Cook (1987); American Conference of Governmental Industrial Hygienists
(ACGIH) (1997; 1998); Deutsches Forschungsgemeinschaft (1998); Occupational
Safety and Health Administration (OSHA) (1999)

TWA, time-weighted average; STEL, short-term exposure limit; PEL, permissible
exposure limit; REL, recommended exposure limit; TLV, threshold limit value;
MAK, maximum workplace concentrations; NIOSH, National Institute for Occu-
pational Safety and Health

?The following countries follow the exposure limits suggested by the ACGIH:
Bulgaria, Colombia, Jordan, the Republic of Korea, New Zealand, Singapore and
Viet Nam

high mobility in soil and its potential to contaminate water, atrazine is banned from use
in Italy, Norway and Sweden (National Registration Authority for Agricultural and
Veterinary Chemicals, 1997; United Nations Environment Programme, 1998). In 1991,
the German government banned all atrazine-containing products (National Registration
Authority for Agricultural and Veterinary Chemicals, 1997). In 1993, the United
Kingdom banned the use of atrazine in non-agricultural situations, maintaining the agri-
cultural uses on corn (The Pesticide Trust, 1993).
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2. Studies of Cancer in Humans

2.1 Cohort studies

On the basis of a retrospective follow-up study of 4388 agricultural chemical
production workers in one plant in Alabama, United States, and a study of 1472 workers
at a plant in Louisiana, United States, Sathiakumar et al. (1996) analysed the mortality
pattern among the combined subgroup of 4917 male workers with potential exposure to
triazines; 80% were white and 20% were black. The Alabama plant began operation in
1951 and, until the 1980s, manufactured primarily agricultural chemicals, including
triazine herbicides and many other pesticides. The Louisiana plant, which started
operation in 1970, produced mainly triazine herbicides. The vital status of cohort
members was ascertained as of 1 January 1987. Death certificates were used as the
source of information on date and cause of death. Periods of employment and associated
job title and work area were obtained from company files. By use of a job—exposure
matrix constructed by local industrial hygienists, in which job information was converted
to information on likelihood of exposure to triazine, cohort members were classified into
a group of 2683 (55%) workers who had had definitive or probable exposure and 2234
(45%) who had had possible exposure. Exposure to pesticides other than triazine
herbicides was not controlled for in the analysis. The workers were followed-up from the
date of starting a triazine-related job up to the date of death, the date of loss to follow-up
or 1 January 1987. Overall, 220 deaths were observed, whereas 253 were expected from
the mortality rates of the United States male population (standardized mortality ratio
[SMR], 0.87; 95% confidence interval [CI], 0.75-0.99). The SMR for all cancer was 1.1
(95% CI, 0.76-1.4) on the basis of 43 observations; five cases were non-Hodgkin
lymphomas, with 1.8 expected (SMR, 2.8; 95% CI, 0.91-6.5). Among subjects with
definite or probable triazine-related work, 14 cancers were observed (SMR, 0.85; 95%
CL, 0.46—-1.4), and site-specific cancer analyses yielded no significant findings; three
deaths from non-Hodgkin lymphomas were seen when 0.78 were expected (SMR, 3.8;
95% CI, 0.79—-11). Two of these three men had had less than one year of employment
involving exposure to triazine. Two other cancers of the lymphatic and haematopoietic
tissue were seen, when 1.8 were expected. Among men with possible exposure to
triazine, 29 cancers were observed (SMR, 1.2; 95% CI, 0.80-1.7), of which two were
non-Hodgkin lymphomas when 1.0 was expected. Two cases of soft-tissue sarcoma were
also seen among men who had possibly been exposed, with 0.30 expected. Inserting a
10-year latency period into the cancer mortality analysis did not affect the risk estimates
substantially. [The Working Group noted that lack of control for exposure to other
pesticides reduces the usefulness of this study.]

2.2 Case—control studies
Results of case—control studies of triazines, including atrazine, by cancer site are
summarized in Table 4.



Table 4. Case—control studies of triazines, including atrazine, by cancer site

Reference and location ~ Subjects in Exposure contrast Odds ratio Comments
the analysis (95% CI)
Non-Hodgkin lymphoma
Hoar et al. (1986), 170 white men Ever exposed to triazines versus 1.9 (0.4-8.0)  Restricted to persons with no use
Kansas, 948 controls never worked on a farm of phenoxyacetic acids
United States
Cantor et al. (1992), 622 white men Ever used triazines on the farm 1.1 (0.8-1.6)  Adjusted for exposure to other
Iowa—Minnesota, 1245 controls versus never worked on a farm pesticides
United States Ever personally handled triazines 1.2 (0.9-1.8)
versus never worked on a farm
Zahm et al. (1993a), 993 white men Ever used atrazine versus never 1.4 (1.1-1.8)  Adjusted for age and state
pooled analysis, 2918 controls worked on a farm
United States
636 white male  Ever used atrazine versus never 1.2(0.9-1.7)  Restricted to farming and adjusted
farmers used atrazine for exposure to phenoxyacetic
1901 controls acids and organophosphate
insecticides
Zahm et al. (1993b), 134 white Ever used triazines versus never 1.2 (0.6-2.6)
eastern Nebraska, women worked on a farm
United States 707 controls
Hodgkin’s lymphoma
Hoar et al. (1986), 121 white men Any herbicide used on a farm 0.9 (0.5-1.6)  Mixed exposure to herbicides
Kansas, United States 948 controls versus never worked on a farm
Leukaemia
Brown et al. (1990), 578 white men Ever used triazines on a farm versus 1.1 (0.8-1.5)  Adjusted for exposure to other

Iowa—Minnesota, 1245 controls

United States

never worked on a farm

pesticides
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Table 4 (contd)

Reference and location

Subjects in
the analysis

Exposure contrast

QOdds ratio
(95% CI)

Comments

Multiple myeloma

Brown et al. (1993),
Towa, United States

Soft-tissue sarcoma

Hoar et al. (1986),
Kansas, United States

Ovarian cancer

Donna et al. (1989),
Alessandria, Italy

Colon cancer

Hoar et al. (1985),
Kansas, United States

173 white men
650 controls

133 white men
948 controls

65 women
126 controls

57 [sex not
reported]
948 controls

Any herbicide used on a farm
versus never worked on a farm
Ever having handled atrazine versus
never worked on a farm

Any herbicide used on a farm
versus never worked on a farm

Definite exposure to triazines
Versus no exposure
Possible exposure to triazines
Versus no exposure

Exposure to triazines versus never
worked on a farm

1.2 (0.8-1.9)

0.8 (0.4-1.6)

0.9 (0.5-1.6)

2.711.0-6.9]

1.8[0.9-3.5]

1.4 (0.2-7.9)

Mixed exposure to herbicides

90% confidence interval; adjusted
for reproductive factors but not
exposure to other herbicides

CI, confidence interval

9L
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2.2.1 Lymphatic and haematopoietic malignancies and soft-tissue sarcoma

In a case—control study in Kansas, United States, Hoar et al. (1986) included 172
histologically confirmed cases of non-Hodgkin lymphoma, 132 of Hodgkin disease and
139 of soft-tissue sarcoma in white men aged 21 years or older during the period
1979-81 (non-Hodgkin lymphoma) and 1976-82 (Hodgkin disease and soft-tissue
sarcoma). Cases were identified from the files of a State-wide cancer registry. A total of
1005 control subjects were randomly selected from the background population, with
frequency matching by age and vital status. For living cases, controls were selected from
a national health care programme (age 65 years or older) or by random-digit dialling (age
64 years or younger); for deceased patients, the controls were selected from Kansas State
mortality files. Telephone interviews with subjects or their next-of-kin were completed
for 96% of cases and 94% of controls, leaving 170 patients with non-Hodgkin lym-
phoma, 121 with Hodgkin disease, 133 with soft-tissue sarcoma and 948 control subjects
for analysis. The interviews included detailed questions on farming practices, with
particular emphasis on use of herbicides and insecticides, including triazines. The main
purpose of the study was to test the hypothesis of a link between one or more of the three
cancer types under study and exposure to phenoxyacetic acid herbicides on farms. The
reference exposure category for calculating the odds ratios was people who had never
worked on a farm rather than people never exposed to herbicides on farms. Any use of
herbicides was reported for 40 non-Hodgkin lymphoma patients, yielding an odds ratio
of 1.6 (95% CI, 0.9-2.6). There was a significant trend in risk with increasing years of
herbicide use (p = 0.02) and with number of days of exposure per year (p = 0.0004). The
study showed an association with exposure to triazines, including atrazine (odds ratio,
2.5; 95% CI, 1.2-5.4; 14 exposed cases), and several other herbicides. In the absence of
exposure to phenoxyacetic acid, the association with triazines was reduced to 1.9 (95%
CL, 0.4-8.0) [or 2.2; 95% CI, 0.4-9.1; conflicting results in table and text]. The odds ratio
for non-Hodgkin lymphoma among farmers who did not report use of any herbicides was
1.3 (95% CI, 0.8-2.1). No association was reported between exposure to triazine
herbicides and Hodgkin disease or soft-tissue sarcoma. [The Working Group noted that
part of the excess risk observed may have been due to the choice of reference category.]

In a subsequent study covering the populations of 66 counties of eastern Nebraska,
United States, Zahm et al. (1990) included 220 histologically confirmed cases of non-
Hodgkin lymphoma diagnosed in white men aged 21 years or older during 1983-86 and
831 white male controls from the general population, frequency matched to cases by age
and vital status. Telephone interviews with subjects or their next-of-kin were completed
for 201 cases (91%) and 725 control subjects (87%) with collection of information on use
of herbicides and insecticides on a farm. Any use of herbicides on a farm [no specification
of triazines], in comparison with people who had never lived or worked on a farm, was
associated with an increased odds ratio of 1.3 (95% CI, 0.8-2.0) which, in turn, was
related mainly to handling phenoxyacetic acids (odds ratio, 1.5; 95% CI, 0.9-2.5).

In another case—control study conducted in lowa and Minnesota, United States,
Cantor et al. (1992) studied 780 white men aged 30 years or older, in whom a non-
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Hodgkin lymphoma had been newly diagnosed during the period 1980-83. Cases were
ascertained from records of the Iowa State Health Registry and a special surveillance of
records from Minnesota hospitals and pathology laboratories. In Minnesota, non-
Hodgkin lymphoma patients who resided in four large cities at the time of diagnosis were
excluded. A control group of white men without a haematopoietic or lymphatic cancer
were randomly selected from the same geographic areas and frequency-matched to cases
by age, vital status and state of residence, following the same procedures as those
described by Hoar et al. (1986). Interviews with subjects or their next-of-kin were
completed for 694 patients with non-Hodgkin lymphoma (89%) and 1245 controls
(approximately 77% response rate); however, only 622 of the cases in interviewed
patients were confirmed histologically as non-Hodgkin lymphoma and included in the
analysis. Detailed information was sought about socio-demographic variables, life-style
factors, occupational history and farming practices, including use of herbicides and
insecticides. Farming activities (versus non-farming activities) were associated with a
small, but marginally significant increase in risk for non-Hodgkin lymphoma (odds ratio,
1.2; 95% CI, 1.0-1.5), but no trend in risk was seen by first year of work, duration of
work or size of the farm. Among those who had worked on a farm, 300 patients (84%)
and 603 controls (86%) reported use of at least one herbicide or insecticide, yielding an
odds ratio relative to those who had never worked on a farm of 1.2 (95% CI, 0.9-1.4).
Any use of triazines, including atrazine, was associated with a slightly increased odds
ratio of 1.1 (95% CI, 0.8-1.6), calculated on the basis of 64 exposed cases. [The Working
Group noted that part of the excess risk observed may have been due to the choice of
reference category.]

To evaluate the relationship between exposure to atrazine in farming and non-
Hodgkin lymphoma among white men, Zahm et al. (1993a) pooled the data from the
three case—control studies conducted in Kansas (Hoar et al., 1986), ITowa—Minnesota
(Cantor et al., 1992) and eastern Nebraska (Zahm et al., 1990). In the pooled analysis,
data from 993 cases and 2918 controls were included. Overall, 130 patients with non-
Hodgkin lymphoma (13%) and 249 controls (9%) had been exposed to atrazine, yielding
an odds ratio adjusted for age and state of 1.4 (95% CI, 1.1-1.8). People who had never
worked on a farm were used as the unexposed reference category. The age-adjusted odds
ratios ranged from a low of 1.2 (95% CI, 0.8-1.8) in Iowa to a high of 2.7 (95% CI,
1.2-5.9) in Kansas. The odds ratio associated with personal handling of atrazine was 1.4
(95% CI, 1.0-1.8; 94 exposed cases). Additional adjustment for any use of phenoxyacetic
acid herbicides or organophosphate insecticides, which was restricted to 636 patients
with non-Hodgkin lymphoma [64% of all] and 1901 control subjects [65% of all] who
reported that they were farmers, reduced the combined odds ratio for non-Hodgkin
lymphoma associated with use of atrazine to 1.2 (95% CI, 0.9-1.7). Farmers in Nebraska
(the State for which the most detailed information was available on duration and annual
frequency of use of atrazine specifically) who had used atrazine for more than 15 years
had a twofold risk for non-Hodgkin lymphoma, but the increase disappeared when the
analyses were adjusted for use of other herbicides and organophosphate insecticides.
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Zahm et al. (1993b) studied 206 white women, aged 21 years or older, in 66 counties
of eastern Nebraska, United States, in whom histologically confirmed non-Hodgkin
lymphoma was diagnosed during the period 1983-86. Cases were identified through the
Nebraska Lymphoma Study Group and area hospitals. A total of 824 control subjects
were included, frequency-matched on age and vital status, following the same
procedures as those described for the study in Kansas (Hoar et al., 1986). Telephone
interviews with the women or their next-of-kin were completed for 134 of the initially
eligible cases (65%) and 707 of the controls (86%). Detailed information was sought on
farming practices, including use of herbicides and insecticides. A total of 119 women
[89% of the cases with a completed interview] with non-Hodgkin lymphoma and 471
[67%] controls reported ever having lived or worked on a farm, yielding on odds ratio of
1.0 (95% CI, 0.7—-1.4). Any use of triazine herbicides, including atrazine, on the farm was
associated with a non-significant risk of 1.2 (95% CI, 0.6-2.6; 12 exposed cases) and
personal handling of triazine herbicides with an odds ratio of 2.2 (95% CI, 0.1-32; one
exposed case). These estimates were not adjusted for use of other types of herbicide or
use of insecticides.

In a case—control study from Iowa and Minnesota, United States, Brown et al. (1990)
included 669 histologically confirmed cases of leukaemia newly diagnosed among white
men aged 30 years or older during 1981-84. Cases were ascertained from records of the
Iowa State Health Registry and a special surveillance of records from Minnesota
hospitals and pathology laboratories. The control group was the same as that used in the
Iowa—Minnesota case—control study of non-Hodgkin lymphoma (Cantor et al., 1992),
described above. Personal interviews including detailed questions on farming practices
were completed for 578 of the cases (86%) and 1245 controls (77%). Any exposure to
triazines, including atrazine, was associated with a slightly increased risk for any type of
leukaemia (odds ratio, 1.1; 95% CI, 0.8—1.5; 67 exposed cases). There was a small but
significant risk for all types of leukaemia combined (1.2; 95% CI, 1.0-1.5) among
persons who lived or worked on a farm; however, the odds ratio for leukaemia among
farmers who reported no exposure to pesticides was 1.9 (95% CI, 1.3-2.9).

In a case—control study from Towa, United States, Brown et al. (1993) included 173
white men aged 30 years or older in whom multiple myeloma had been newly diagnosed
during 1981-84 and who had been identified from the lowa Health Registry. The 650
controls included in this study were those used in the case—control studies of non-
Hodgkin lymphoma (Cantor et al., 1992) and leukaemia (Brown et al., 1990) in Iowa.
The questionnaire was that used in the lowa—Minnesota study and included detailed
questions on occupational history and farming practices. Interviews with subjects or their
next-of-kin were completed for 84% of the initially eligible cases and 78% of the
controls. Some farming activity was reported by 64% of the patients and 58% of the
controls, yielding a non-significantly increased odds ratio of 1.2 (95% CI, 0.8-1.7). The
risk for multiple myeloma was not increased among farmers who personally mixed,
handled or applied atrazine (odds ratio, 0.8; 95% CI, 0.4-1.6; 12 exposed cases).
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2.2.2  Other sites

In a hospital-based study in Piedmont, Italy (Donna et al., 1984), 60 women in whom
a histologically confirmed primary mesothelial ovarian tumour had been diagnosed
during 1974-80 were matched to 127 controls in whom another type of cancer had been
diagnosed. Personal interviews including questions on occupational history and exposure
to herbicides were completed for 91% of the identified cases and 94% of controls.
Exposure to herbicides [no information on exposure to any triazines or to triazines as a
group] was regarded as ‘definite’ in eight cases and no controls and as ‘probable’ in 10
cases and 14 controls. Definite and probable exposure versus no exposure to herbicides
was associated with an odds ratio of 4.4 (95% CI, 1.9-16).

In the population of 143 neighbouring municipalities forming the rural districts of
Alessandria Province, Italy, Donna et al. (1989) studied all women aged 20—69 years in
whom a primary malignant epithelial tumour of the ovary had been diagnosed between
1980 and 1985. Cases were identified from all 18 hospitals serving the area; two controls
of the same age were randomly selected for each case from the electoral rolls of the
municipalities of the study area. Information on reproductive factors, farming activities
and occupational exposure to triazines and other herbicides was collected at interviews
conducted at the subjects’ homes. The response rates were 94% for cases eligible for the
study and 84% for controls, leaving 65 cases and 126 controls for analysis. Interviews
were conducted with next-of-kin of 35% of cases and none of the controls. The likeli-
hood of exposure to triazines (definitely exposed, possibly exposed and unexposed) was
established blindly by two of the authors independently after all of the interviews had
been completed. The odds ratios for ovarian cancer, adjusted for age, number of live
births and use of contraceptives were 2.7 (90% CI, 1.0-6.9; seven cases) for definitely
exposed and 1.8 (90% CI, 0.9-3.5; 14 cases) for possibly exposed. The odds ratios were
slightly higher among individuals with at least 10 years of occupational contact with
triazines when compared with those with fewer than 10 years of contact. Restricting the
analysis to women who reported having worked in agriculture yielded approximately
similar risk estimates associated with exposure to triazine herbicides. [The Working
Group noted that the odds ratios for exposure to triazines were of borderline significance
and were not adjusted for exposure to other herbicides. ]

Hoar et al. (1985) reported on a case—control study of 57 histologically confirmed
cases [sex unspecified] of colon cancer sampled from among all such cases diagnosed in
Kansas, United States, in 1976-82. A total of 948 controls were sampled from the general
population. Slightly elevated risks were seen for both farmers who had used herbicides
(odds ratio, 1.5; 95% CI, 0.6-4.0; 11 cases) and farmers who had not used herbicides
(odds ratio, 1.6; 95% CI, 0.8-3.6). Exposure to triazines was associated with an odds
ratio of 1.4 (95% CI, 0.2-7.9), on the basis of two exposed cases.

No data were available on exposure to triazines in general or atrazine in particular
and the occurrence of breast cancer.
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3. Studies of Cancer in Experimental Animals

3.1 Oral administration

Mouse: Groups of 60 male and 60 female CD-1 mice [age unspecified] were given
atrazine (purity, > 96%) in the diet for at least 91 weeks in two separate studies, at
concentrations of 0, 10, 300 or 1000 mg/kg of diet (ppm) in the first study and 0, 10, 300,
1500 or 3000 ppm in the second. The survival of treated males was unaffected, but that
of female mice receiving 1000 or 3000 ppm atrazine was significantly decreased. Body-
weight gain was reduced in male and female mice given 1500 or 3000 ppm atrazine.
There was no treatment-related increase in tumour incidence in male or female mice
exposed to atrazine in either study (Stevens et al., 1998).

Atrazine was evaluated for carcinogenicity in (C57BL/6xXC3H/Anf)F, mice and in
(C57BL/6XAKR)F, mice fed concentrations of 82 mg/kg of diet (21.5 mg/kg bw) (ppm).
Atrazine did not increase the incidence of any benign or malignant tumour in these studies
(Innes et al., 1969). [The Working Group considered these studies to be inadequate for
evaluation since no data were available on the numbers of animals, numbers of dose
groups, study duration, observed tumour rates or justification for the low doses used.]

Rat: Groups of 53-56 male and 50-55 female Fischer 344/LATI rats weighing
150-180 g were fed pelleted diets containing 0 (control), 500 (low dose) or 1000 mg/kg of
diet (ppm) (high dose) atrazine (purity, 98.9%) during the first eight weeks of the study.
Because of toxicity, the high dose was then reduced to 750 ppm and the low dose to
375 ppm. The study was terminated at week 126. The survival of male rats relative to
controls was significantly increased at both the high (p < 0.0001) and the low (p = 0.019)
doses. The increased survival of treated female rats was not statistically significant. Female
rats had increased incidences of uterine adenocarcinomas (controls, 6/45; low dose, 8/52;
high dose, 13/45) and leukaemia and lymphoma (combined) (12/44, 16/52, 22/51), which
were significant by the Cochran-Armitage trend test but not by Peto’s test for incidental
tumours, in which adjustment is made for increased survival observed in treated groups.
The overall proportion of animals with benign and malignant uterine tumours was similar
in all groups (16/45, 19/52, 17/45). The incidence of primary benign mammary gland
tumours was reported to be significantly increased (p < 0.05 by Peto’s incidental tumour
test) in males at the high dose relative to controls (control, 1/48; low dose, 1/51; high dose,
8/53). The mammary gland tumours in males were benign, except for one adenocarcinoma
in a male at the high dose (Pintér et al., 1990). [The Working Group noted that the statistical
methods used to evaluate the mammary gland tumours were inappropriately applied to the
total number of tumours/number of animals examined rather than to the number of tumour-
bearing animals/number of animals examined.]

In a critique of the study of Pintér et al. (1990), Thakur et al. (1998) reported that six
of the eight mammary gland tumours in males at the high dose occurred after the last
control had died at week 111, and that the significant (p < 0.0001) difference in survival
between the high-dose and control groups had not been properly taken into account in
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the evaluation of these tumours. Thakur et al. (1998) also noted that the last male at the
high dose died at week 136, not week 126, and that Pintér et al. (1990) had overlooked
a mammary gland fibroma in male controls in their tabulation of tumour rates and
subsequent statistical analysis. Thakur et al. (1998) concluded that the increase in the
incidence of mammary gland tumours in male rats was not significant (p = 0.8) when
evaluated by a proper statistical analysis with adjustment for survival. [The Working
Group concluded that the issue raised by Thakur et al. (1998) was valid.]

Atrazine (purity, 97%) was fed to 60 male and 60 female Charles River Fischer
Crl:CDF (Fischer 344) rats at concentrations of 10, 70, 200 or 400 mg/kg of diet (ppm)
for up to 104 weeks. An additional seven groups of 10 females per dose were treated for
and killed at 1, 3, 9, 12, 15, 18 and 24 months. Body-weight gain was reduced in males
and females at 400 ppm, but survival was similar in treated and control groups. No
significant carcinogenic effects were observed in any group (Wetzel et al., 1994; Stevens
et al., 1998; Thakur et al., 1998).

In a similar study, 60 female Sprague-Dawley rats were fed diets containing 0, 70 or
400 ppm atrazine (purity, 97%) for up to 104 weeks, and additional groups of 10 females
per dose were treated for and killed at 1, 3, 9, 12, 15, 18 and 24 months. Females at
400 ppm showed a 12% reduction in body-weight gain at 13 weeks and a significant reduc-
tion in two-year survival (37%) relative to controls. They also had a statistically signifi-
cantly (p < 0.05) earlier onset of mammary gland tumours relative to controls, although the
overall incidences of these neoplasms at the end of the study were similar in the treated and
control groups (Wetzel et al., 1994; Stevens et al., 1998).

Groups of 70-90 male and 70-90 female Sprague-Dawley rats were fed diets con-
taining 0, 10, 70, 500 or 1000 ppm atrazine (purity, 96%) for a maximum of 106 weeks.
The body-weight gain of animals at 500 and 1000 ppm was significantly reduced. The
survival of males at 1000 ppm was significantly increased, and that of females at this dose
was significantly decreased. In females, the incidence of mammary gland fibroadenomas
was significantly (p < 0.01) increased in animals at 1000 ppm (controls, 29/88; 10 ppm,
29/69; 70 ppm, 36/69; 500 ppm, 39/70; 1000 ppm, 45/89), and the incidence of mammary
gland adenocarcinomas was significantly (p < 0.005) increased in animals at the three
highest doses (15/88, 16/69, 27/69, 27/70 and 43/89). In males, the incidence of interstitial-
cell tumour of the testis was statistically signficantly increased (p < 0.05) at 1000 ppm
(1/90, 3/70, 2/70, 2/70 and 7/90), but the incidence fell within the historical range for
controls at that test laboratory (0—-12%) and was attributed in part to the significantly better
survival of these animals (Stevens et al., 1994, 1998).

Groups of 49-54 female Sprague-Dawley rats were fed diets containing 0, 10, 100 or
1000 ppm atrazine (purity, 96%) for life No information on body weight or survival was
given. The incidences of mammary gland fibroadenomas were significantly (p < 0.05)
increased in animals at 10 and 1000 ppm (control, 11/54; 10 ppm, 20/52; 100 ppm, 14/54;
1000 ppm, 22/49), but there was no significant increase in the incidence of malignant
mammary gland tumours (11/54, 8/52, 12/54 and 13/49, respectively) (Stevens et al.,
1994).
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Groups of 29-40 female Sprague Dawley rats culled from the F, generation of a two-
generation study of reproductive toxicity were fed diets containing atrazine (purity,
97.6%) for up to 104 weeks after exposure in utero to 0, 10, 50 or 500 ppm atrazine. No
information on body weight or survival was given. The incidences of mammary gland
tumours were not increased (controls, 11/30; 10 ppm, 10/40; 50 ppm, 13/40; 500 ppm,
11/29) (Stevens et al., 1994).

Five groups of 80 female Sprague-Dawley rats, eight weeks old, ovariectomized at
seven weeks of age and five groups of 80 intact females were fed diets containing 0, 25,
50, 70 or 400 ppm atrazine (purity, at least 96%) for up to 104 weeks. The body-weight
gain of both ovariectomized and intact females receiving 400 ppm atrazine was
decreased. The survival of ovariectomized females fed 400 ppm atrazine was unaffected,
but that of intact females at this dose was significantly reduced. No mammary tumours
were found in any group of treated, ovariectomized females; however, the incidence of
mammary gland fibroadenomas in the intact females was significantly (p < 0.05)
increased at the three highest doses after adjustment for survival (16/80, 25/80, 33/78,
29/80 and 25/80), and the incidence of mammary gland carcinomas was significantly
(p <0.05) increased in females at 50 and 400 ppm (12/80, 18/80, 20/78, 14/80 and 27/80)
(Stevens et al., 1998, 1999).

3.2 Intraperitoneal administration

Mouse: A group of 30 male Swiss mice, four weeks of age, received intraperitoneal
injections of ‘pure’ atrazine in saline every third day for 13 injections (total dose, 0.26
mg/kg bw). Two control groups of 50 mice each were treated with saline or were
untreated. The experiment was terminated after 375 days, when all surviving animals
were killed. The incidence of lymphomas in the atrazine-treated group (6/30) was signi-
ficantly (p < 0.001) greater than that in the combined control groups (1/100). The six
lymphomas in the treated group comprised two histiocytic lymphomas and four plasma-
cell lymphomas; one histiocytic lymphoma was found in the untreated control group
(Donna et al., 1986). [The Working Group noted that if the histiocytic tumours were
sarcomas, they should have been evaluated separately. ]

4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms

4.1 Absorption, distribution, metabolism and excretion
4.1.1 Humans

Workers occupationally exposed to atrazine excreted some unchanged atrazine in
their urine (Catenacci et al., 1990). The majority of an absorbed dose was recoverable in
urine as the fully dealkylated metabolite 2-chloro-4,6-diamino-1,3,5-triazine and the
monodealkylated metabolite 2-chloro-4-amino-6-(ethylamino)-1,3,5-triazine which were
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present in equal amounts; practically none of the other monodealkylated metabolite,
2-chloro-4-amino-6-(isopropylamino)-1,3,5-triazine, was found (Ikonen et al., 1988).

In a study in which gas chromatography was used to identify deethylated, deiso-
propylated and di-dealkylated atrazine, as well as atrazine itself, in the urine of atrazine
manufacture workers, di-dealkylated atrazine represented 80% of the urinary metabolites
(Catenacci et al., 1993).

Using a sensitive enzyme-linked immunosorbent assay, Lucas et al. (1993) identified
a mercapturic acid conjugate of atrazine as the major metabolite in the urine of
applicators. Minor metabolites included N-dealkylated and N-deisopropyl atrazines. No
di-dealkylated metabolites were identified, as they would have been expected to degrade
during storage, and no hydroxylated conjugates were detected.

4.1.2  Experimental systems

Atrazine was well absorbed after oral administration to Fischer 344 rats; the 72-h uri-
nary recoveries were similar (66%) after administration of either 30 mg/kg bw [U-14C]-
atrazine in corn oil (Timchalk et al., 1990) or approximately 1.5 mg/kg bw [ring-14C]-
atrazine in ethanol (Bakke et al., 1972). Moderate, inversely dose-dependent absorption
(3-8% adults; 3-10% juveniles) through the skin was demonstrated in Fischer 344 rats
(Shah et al., 1987).

The retention of radiolabel in the carcass of rats ranged from 4% (Timchalk et al.,
1990) to 16% (Bakke et al., 1972) 72 h after dosing with [!4C]atrazine. The relative
retention in tissues was: liver, kidney, lung > heart, brain >> muscle, fat. Less than 0.1%
of an oral radioactive dose was detected in expired air (Bakke et al., 1972).

A one-compartment model adequately describes the kinetics of atrazine in the plasma
of rats. The plasma concentration peaked 8-10 h after dosing, with an apparent
absorption half-time of 2.6 h, and there was first-order elimination with a half-time of
10.8 h. Neither the kinetic characteristics nor the recovery of the dose were affected by
concurrent administration of 60 mg/kg bw tridiphane, a herbicidal synergist in plants
which blocks glutathione transferase-mediated conjugation (Timchalk et al., 1990).

N-Dealkylation and conjugation with glutathione are the main pathways of meta-
bolism of atrazine in various species in vivo and in vitro (Béhme & Bir, 1967; Adams
et al., 1990; Timchalk et al., 1990). The metabolism of atrazine (and three other triazine
herbicides, terbuthylazine, ametryne and terbutryne) has been investigated in vitro in liver
microsomes from rats, pigs and humans. The principal phase-I reactions in all three
species were N-monodealkylation, hydroxylation of the isopropyl or tert-butyl moiety and
sulfoxidation of the substrate. Although all species produced the same type of metabolites,
there were species-specific differences in the metabolite ratios (Lang et al., 1996).
Subsequent studies have showed that cytochrome P450 1A2 is the major phase-1 enzyme
involved in the metabolism of s-triazines in human liver microsomes (Lang et al., 1997).

The dealkylation product 2-chloro-4,6-diamino-1,3,5-triazine is the major urinary
metabolite (64—67%) in rats, others being mercapturates of the mono- and di-dealkylated
products (13—14% and 9%, respectively) (Timchalk et al., 1990). Minor metabolic path-
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ways in rats may include alkyl side-chain oxidation (Bohme & Bar, 1967). Oxidative
dechlorination to 2-hydroxyatrazine, a metabolite formed in plants (Shimabukuro et al.,
1971), did not occur in rat liver homogenates (Dauterman & Muecke, 1974), although
Bakke et al. (1972) claimed to have found some 2-hydroxyatrazine in rat urine and
showed that it was metabolized along pathways similar to those of atrazine.

As there appear to be no remarkable qualitative differences in metabolism among
species, the metabolic data do not readily explain the apparent strain-specific develop-
ment of mammary gland tumours in atrazine-treated Sprague-Dawley rats.

4.2 Toxic effects
42.1 Humans
No data were available to the Working Group.

4.2.2 Experimental systems

The oral LDy, of atrazine was reported to be 2000 mg/kg bw in rats [strain not
specified] (Ben-Dyke et al., 1970) and 670, 740 and 2300 mg/kg bw in adult female and
male, and weanling male Sherman rats, respectively, while the dermal LDs, was
> 2500 mg/kg bw in Sherman rats of each sex (Gaines & Linder, 1986).

Administration of atrazine by oral gavage at 100-600 mg/kg bw per day to adult
male Wistar rats for 7 or 14 days induced both nephrotoxicity and hepatotoxicity (Santa
Maria et al., 1986, 1987). The hepatotoxic effects included a dose-related reduction in
blood sugar concentration and increases in the activity of serum alanine aminotrans-
ferase and alkaline phosphatase and in total serum lipids. Electron micrographs showed
degeneration of the smooth endoplasmic reticulum, lipid droplet accumulation and
swollen mitochondria. The lowest dose was not toxic to the liver (Santa Maria et al.,
1987). Renal toxicity, including dose-related proteinurea, reduced creatinine clearance
and increased urinary electrolyte output, was seen at all doses (Santa Maria et al.,
1986).

Hormonal imbalances induced by atrazine appears to be significant in the inter-
pretation of possible carcinogenic effects on the mammary gland. Most of the work has
been directed towards the effects of atrazine on the hypothalamus—pituitary—gonadal
axis. Steroid hormone metabolism was found to be impaired by atrazine, which inhibits
5o-steroid reductase in the anterior pituitary of rats (Kniewald et al., 1979).
Subsequently, it was shown in male rats that atrazine (at 120 mg/kg bw per day orally
for seven days) increased the wet weight of the anterior pituitary by 60-70%, caused
hyperaemia and hypertrophy of the chromophobic cells and reductions of 37, 39 and
46%, respectively, in the activities of 5o-steroid reductase and 3¢~ and 17B-hydroxy-
steroid dehydrogenase in vivo. The deethylated metabolite was approximately equipotent
in reducing Sa-steroid reductase activity after administration in vivo. Only Sa-steroid
reductase and 17B-hydroxysteroid dehydrogenase were inhibited by either compound in
the hypothalamus in vivo; deethylatrazine was the more potent inhibitor of these
enzymes in the hypothalamus in vitro (Babic-Gojmerac et al., 1989).



86 IARC MONOGRAPHS VOLUME 73

Subcutaneous administration to Fischer rats of atrazine at 16.6 mg/kg bw from the
first day of gestation was reported to increase the conversion of testosterone to So-di-
hydrotestosterone in the anterior hypothalamus of 28-day-old female, but not male,
offspring. When 21-day-old offspring were examined after exposure during gestation and
lactation, males had a decreased capacity to convert testosterone to either Sa-androstane-
3a,17B-diol or Sa-dihydrotestosterone, while no effects were seen in females. In contrast,
the number of 5a-dihydrotestosterone receptors in the prostate was enhanced in 21-day-
old males exposed during gestation and lactation but not in 28-day-old males exposed
only during gestation (Kniewald et al., 1987). Studies in vitro have demonstrated inhi-
bition of androgen metabolism by atrazine when incubated with rat pituitary homogenates
(Kniewald et al., 1979; Babic-Gojmerac et al., 1989).

Under equilibrium conditions, atrazine was unable to compete with oestradiol for
binding to rat uterine oestrogen receptors. Weak competition was noted when the cytosol
was preincubated at 25°C prior to incubation with the tracer (Tennant et al., 1994a).

Treatment of adult, ovariectomized Sprague-Dawley rats with up to 300 mg/kg bw
atrazine by oral gavage for three days did not increase uterine weight or uterine progesterone
concentrations, suggesting lack of oestrogenic potential. When 2 pg/kg bw oestradiol were
given by subcutaneous injection in conjunction with an oral dose of 300 mg/kg bw, there
was significant inhibition (~25%) of the uterotrophic response (Tennant €t al., 1994b). In a
similar study, immature female Sprague-Dawley rats were dosed with 0, 50, 150 or
300 mg/kg bw atrazine by gavage for three days. Uterine weight was not increased, but there
were significant decreases in uterine progesterone receptor binding activity and peroxidase
activity. When atrazine was combined with oestradiol, however, it had no anti-oestrogenic
effect on the uterus, but decreases were still observed in uterine progesterone receptor
binding and peroxidase activity (Connor et al., 1996). In the same study, atrazine did not
affect basal or oestradiol-induced MCF-7 cell proliferation in vitro or affect oestradiol-
induced luciferase activity in MCF-7 cells transfected with a Gal4-regulated human
oestrogen receptor chimaera.

Female Long Evans and Sprague-Dawley rats which had been determined to have
regular four-day oestrous cycles received 0, 75, 150 or 300 mg/kg bw per day atrazine by
gavage in a suspension of 1% carboxymethylcellulose for 21 days. Atrazine disrupted the
regular oestrous cycles in both strains, at all doses in the Long Evans rats but only at 150
or 300 mg/kg per day for a longer period of time in Sprague-Dawley rats. The increased
time spent in vaginal dioestrous was associated with elevated serum progesterone and low
oestradiol concentrations, indicative of a repetitive pseudopregnancy condition. This
hormonal perturbation was not considered to be conducive to the development of
mammary tumours, although there was some indication of prolonged oestrous at the lowest
dose tested (Cooper et al., 1996).

Sprague-Dawley and Fischer 344 rats were fed atrazine at 0, 10, 70, 200 or 400 mg/kg
of diet (ppm), the highest dose being the maximum tolerated dose (resulting in a 10-15%
reduction in body-weight gain), for 24 months. Atrazine at 400 ppm lengthened the oestrus
cycle of the Sprague-Dawley rats and increased the percentage of days in oestrus (i.e. days
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under the influence of increased endogenous oestrogen) earlier in life than in controls. This
effect was associated with an increased incidence and earlier age of onset of mammary
‘tumours’ [type not specified] in this sensitive rat strain. Feeding of atrazine at 70 ppm had
no effect on these parameters when compared with vehicle-treated controls. The response
of Fischer 344 rats to atrazine was clearly different from that of Sprague-Dawley rats, as
atrazine at similar doses did not affect circulating oestrogen and prolactin levels, the
percentage of days spent in oestrus or the incidence or time of onset of mammary gland
neoplasms (Wetzel et al., 1994).

The effects of atrazine on the luteinizing hormone (LH) surge was investigated in
female Sprague-Dawley rats. After ovariectomy, the animals received an implanted
sustained-release capsule containing oestradiol-17f (4 mg/mL sesame seed oil) and were
then given atrazine by gavage at a daily dose of 300 mg/kg bw for three days. The time-
course of the LH surge was monitored from 11.00 h on the third day. Control animals
had peaks at 18.00 h, whereas treated animals had only a slight increase in LH at 22.00 h.
After exposure to 0, 2.5, 5, 40 or 200 mg/kg atrazine for 30 days (the last three days after
ovariectomy), the LH surge was delayed and attenuated at the highest dose (Simpkins
etal., 1998).

Groups of 80 eight-week-old intact or ovariectomized female Sprague-Dawley rats
received atrazine in the diet at concentrations of 0, 25, 50, 70 or 400 ppm. Twenty rats
per group were necropsied after 52 weeks of treatment, and the remainder were exa-
mined at 104 weeks. No mammary tumours were found in ovariectomized females,
whereas the incidence of mammary carcinomas was increased in intact rats at 50 and
400 ppm, and the incidence of fibroadenomas was significantly greater than that in
controls at 50, 70 and 400 ppm (Stevens et al., 1998, 1999).

4.3 Reproductive and developmental effects
43.1 Humans

Data on Ontario farm families from the 1986 Canadian Census of Agriculture were
used to assess the effect of exposure of men to pesticides on pregnancy outcome. Use of
a number of pesticides and chemicals, including atrazine, in the three-month period
preceding a pregnancy was assessed from a questionnaire completed by 1898 couples
who conceived during the study period. The use of atrazine itself was not associated with
increased odds ratios for miscarriage, pre-term delivery or babies who were small for
gestational age, although combinations of activities involving exposure to a variety of
chemicals including atrazine generated odds ratios of 2 or greater in some instances
(Savitz et al., 1997).

4.3.2 Experimental systems

Atrazine was tested for teratogenicity in both natural and buffered waters in the
FETAX (frog embryo teratogenicity assay-Xenopus). The LDj, values for embryos were
100 mg/L in buffered water and 126 mg/L in natural water samples, with corresponding
effective concentrations (ECs,) for malformations of 33 mg/L and < 8 mg/L, indicating
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that atrazine is more teratogenic than embryo-lethal in this system. The lowest effective
concentrations of atrazine were 11 mg/L in buffered samples and 1.1 mg/L in natural
waters (Morgan et al., 1996). [The Working Group noted that the embryotoxic effects
occurred only at high concentrations of atrazine approaching its maximal water solu-
bility.] Atrazine was included in a group of pesticides characterized as only slightly toxic
after application to developing mallard embryos (Hoffman & Albers, 1984).

It was reported in an abstract that subcutaneous injections of atrazine to neonatal rats
on days 47 after birth prolonged the period of vaginal opening (Zeljenkova & Vargova,
1996). Daily exposure of adult Fischer rats to 0 or 120 mg/kg bw atrazine by oral gavage
in a suspension in paraffin oil for seven days reduced the body weights of both males and
females. Fewer treated females had normal oestrous cycles, and the number of days in
dioestrous was significantly increased. When both males and females were exposed or
when exposed females were mated with unexposed males, fertility was reduced during
the first week after exposure, but pregnancy outcome was not affected in those females
that became inseminated. No similar effects were observed when only the males were
exposed, but atrazine did cause a significant increase in the relative weights of the
pituitary and prostate (Simic et al., 1994).

Groups of 10 adult female Fischer 344 rats received 0 or 120 mg/kg bw per day
atrazine by oral gavage six times at two-day intervals, and the oestrous cycle was
evaluated during and for 12 days after the treatment period. Two weeks later, they were
mated to untreated males, and their offspring were evaluated for spontaneous motor
activity at 70 days of age and avoidance conditioning at 72 and 73 days of age. The body
weights of the dams were reduced during the treatment period, but no effects were noted
on the oestrous cycle, conception or litter size. Female offspring showed increased motor
activity, while males had shorter latency times and increased shock avoidance (Peruzovic
et al., 1995).

In an evaluation of potential developmental toxicity, groups of 27 CD rats were given
atrazine (technical-grade, purity unspecified) at doses of 0, 10, 70 or 700 mg/kg bw per
day by gavage on gestation days 6-15. The vehicle was 3% aqueous starch containing
0.5% Tween 80. The dams were necropsied on day 20 of gestation and the fetuses
examined for viability, growth and malformations. The incidence of mortality during
treatment of dams at the highest dose was 78%; surviving females had reduced body and
liver weights at term, but there was no effect on relative liver weight. The rate of post-
implantation loss was more than twice that of the controls, and the fetuses of dams that
survived this dose showed marked growth retardation. The feed consumption of animals
at this dose was significantly reduced throughout the treatment and post-treatment
periods. The feed consumption of dams at 70 mg/kg bw per day was slightly but statis-
tically significantly decreased on days 6 and 7, and their body-weight gain was signifi-
cantly reduced on days 610, but all survived to day 20. There were no treatment-related
effects on fetal viability, growth or the incidence of external malformations at the low or
intermediate doses, although the incidence of several minor skeletal variations was
increased in fetuses at the intermediate dose (Infurna et al., 1988).
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Groups of 19 New Zealand white rabbits were given doses of 0, 1, 5 or 75 mg/kg bw
per day atrazine (technical-grade, purity unspecified) by gavage on gestation days 7—19.
The vehicle was 3% aqueous starch containing 0.5% Tween 80. The does were necropsied
on day 29 of gestation and the fetuses were examined for viability, growth and malfor-
mations. Spontaneous abortions were observed in two does at the high dose and in one doe
each at the intermediate and low doses. Does at the high dose had severely reduced feed
consumption, reduced body-weight gain, reduced absolute but not relative liver weights, an
increased incidence of fetal resorptions and post-implantation loss and decreased fetal body
weights of the offspring; in addition, skeletal ossification was noted in this group. There
were no dose-related increases in the incidence of malformations (Infurna et al., 1988).

Atrazine was a component of two mixtures designed to mimic the contaminants of
groundwater due to agricultural practices that were evaluated for developmental and
reproductive toxicity. The mixture contained several other pesticides, fertilizers and other
organic substances commonly found in groundwater at two sites in the United States.
CD-1 mice were evaluated in a continuous breeding protocol, and a standard study of
developmental toxicity was conducted in Sprague-Dawley rats exposed on days 620 of
gestation. The animals received drinking-water containing the mixtures, in which the
concentrations of atrazine were 0, 0.5, 5 and 50 ng/mL (equivalent to 1, 10 and 100 times
the median concentration of atrazine at the two sites). In mice, no effects were noted on
the reproductive performance of F,, or F, individuals or on spermatogenesis, epididymal
sperm concentration, per cent motile sperm, per cent abnormal sperm or the histological
appearance of the testis. No evidence of developmental toxicity was observed in rats
(Heindel et al., 1994).

4.4 Genetic and related effects
4.4.1 Humans

No data were available to the Working Group.

4.4.2 Experimental systems (see Table 5 for references)

Atrazine did not induce mutation in bacteriophage, bacteria, Saccharomyces cere-
visiae or Nicotiana tabacum, whereas mutations were induced in Schizosaccharomyces
pombe, Aspergillus nidulans, Zea mays and Drosophila melanogaster; conflicting results
were obtained with Hordeum vulgare. In Drosophila melanogaster, sex-linked recessive
lethal mutations were induced in two studies but not in a third. 6-Thioguanine-resistant
mutants were induced in cultured Chinese hamster lung V79 cells, but only in the
presence of microsomes from potato, and not in the presence of an exogenous metabolic
activation system from rat liver.

Gene conversion was not induced in A. nidulans; conflicting results were obtained with
S. cerevisiae. Mitotic recombination was not increased by atrazine in S. cerevisiae, while
conflicting results were obtained with A. nidulans. Aneuploidy was induced in Neurospora
crassa, A. nidulans and D. melanogaster. An assay for micronucleus induction in Trades-
cantia gave negative results.



Table 5. Genetic and related effects of atrazine

Test system Results® Dose” Reference
(LED or HID)
Without With
exogenous  exogenous
metabolic metabolic
system system
Escherichia coli PQ37, SOS repair - - 1000 pg/plate Ruiz & Marzin (1997)
Bacteriophage T4, forward mutation — NT 20 pg/plate Andersen et al. (1972)
Bacteriophage, reverse mutation - NT 1000 pg/plate  Andersen et al. (1972)
Salmonella typhimurium, forward mutation, AG® - - 250 Adler (1980)
Salmonella typhimurium TA100, TA98, TA1535, TA1537, TA1538, NT - 5000 pg/plate  Simmon et al. (1977)
reverse mutation
Salmonella typhimurium TA100, TA98, TA1535, reverse mutation - - 100 pg/plate Lusby et al. (1979)
Salmonella typhimurium TA100, TA98, reverse mutation NT - 1100 pg/plate  Bartsch et al. (1980)
Salmonella typhimurium TA100, TM677, reverse mutation NT = 30 000 pg/plate Sumner et al. (1984)
Salmonella typhimurium TA100, TA98, TA97, TA1535, TA1537, - - 1000 pg/plate  Kappas (1988)
TA1538, reverse mutation
Salmonella typhimurium TA100, reverse mutation NT +¢ NR Means et al. (1988)
Salmonella typhimurium TA100, TA98, TA97, TA102, reverse - - 1000 pg/plate  Mersch-Sundermann
mutation et al. (1988)
Salmonella typhimurium TA100, TA98, TA97, TA1535, TA1537, - - 1000 ug/plate  Zeiger et al. (1988)
TA1538, reverse mutation
Salmonella typhimurium TA100, TA98, TA97, reverse mutation - NT 2000 pg/plate  Butler & Hoagland (1989)
Salmonella typhimurium TA100, TA98, TA102, TA1535, TA1537, - - 1000 pg/plate Ruiz & Marzin (1997)
reverse mutation
Salmonella typhimurium TA100, TA98, reverse mutation - - 1000 ug/plate  Morichetti et al. (1992)
Salmonella typhimurium TA1530, TA1531, TA1532, TA1534, - NT NR Seiler (1973)
his G435, reverse mutation (spot test)
Salmonella typhimurium (eight unidentified strains), reverse mutation — NT NR Andersen et al. (1972)
Salmonella typhimurium (strains not identified), reverse mutation - - NR Adler (1980)
Escherichia coli, forward mutation, Amp® - - 430 pg/plate Adler (1980)
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Table 5 (contd)

Test system Results® Dose® Reference
(LED or HID)

Without With

exogenous exogenous

metabolic  metabolic

system system
Saccharomyces cerevisiae, gene conversion - +° 10 Plewa & Gentile (1976)
Saccharomyces cerevisiae, gene conversion - - 2000 Adler (1980)
Saccharomyces cerevisiae, gene conversion - - 4000 de Bertoldi et al. (1980)
Saccharomyces cerevisiae, mitotic recombination - NT 50 Emnova et al. (1987)
Saccharomyces cerevisiae, gene conversion (stationary phase cells) + NT 64 800 Morichetti et al. (1992)
Saccharomyces cerevisiae, gene conversion (logarithmic phase cells) — + NT 540 Morichetti et al. (1992)
Saccharomyces cerevisiae, reverse mutation (stationary phase cells) - NT 75 600 Morichetti et al. (1992)
Saccharomyces cerevisiae, reverse mutation (logarithmic phase cells)  (+) NT 2160 Morichetti et al. (1992)
Aspergillus nidulans, gene conversion - NT 8000 de Bertoldi et al. (1980)
Aspergillus nidulans, mitotic recombination - + NR Adler (1980)
Aspergillus nidulans, mitotic recombination - - 1000 Kappas (1988)
Saccharomyces cerevisiae, forward mutation - NT 50 Emnova et al. (1987)
Schizosaccharomyces pombe, reverse mutation + NT 17.5 Mathias (1987)
Schizosaccharomyces pombe, reverse mutation + +° 70 Mathias (1987)
Aspergillus nidulans, forward mutation - + 2500 Benigni et al. (1979)
Aspergillus nidulans, aneuploidy - + 2000 Benigni et al. (1979)
Neurospora crassa, aneuploidy + NT NR Griffiths (1979)
Hordeum vulgare, mutation + NT 1000 Wuu & Grant (1966)
Hordeum vulgare, mutation - NT 200 Stroev (1968)
Zea mays, mutation + NT 200 Morgun et al. (1982)
Zea mays, mutation + NT NR Plewa (1985)
Nicotiana tabacum, mutation - NT NR¢ Briza (1989)
Tradescantia paludosa, micronucleus formation - NT 200 Ma et al. (1984)
Hordeum vulgare, chromosomal aberrations + NT 500 (spray) Wuu & Grant (1967a)
Hordeum vulgare, chromosomal aberrations - NT 2000 Miiller et al. (1972)
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Table 5 (contd)

Test system Results® Dose® Reference
(LED or HID)

Without With

exogenous  €xogenous

metabolic  metabolic

system system
Vicia faba, chromosomal aberrations + NT 400 Wuu & Grant (1967b)
Vicia faba, chromosomal aberrations - NT 200 Khudoley et al. (1987)
Sorghum sp., chromosomal aberrations + NT NR‘ Liang & Liang (1972)
Sorghum sp., chromosomal aberrations - NT NR Miiller et al. (1972)
Sorghum sp., chromosomal aberrations + NT NR Lee et al. (1974)
Nigella damascena, chromosomal aberrations - NT 320 Mathias (1987)
Nigella damascena, chromosomal aberrations + NT 404 Mathias (1987)
Zea mays, chromosomal aberrations - NT 200 Morgun et al. (1982)
Drosophila melanogaster, somatic mutation + 1000 pg/g feed  Torres et al. (1992)
Drosophila melanogaster, somatic mutation + 200 pg/g feed Tripathy et al. (1993)
Drosophila melanogaster, sex-linked recessive lethal mutation + 100 pg/g feed Murnik & Nash (1977)
Drosophila melanogaster, sex-linked recessive lethal mutation - 2000 pg/g feed  Adler (1980)
Drosophila melanogaster, sex-linked recessive lethal mutation + 200 pg/g feed Tripathy et al. (1993)
Drosophila melanogaster, dominant lethal mutation + 100 pg/g feed Murnik & Nash (1977)
Drosophila melanogaster, aneuploidy + 100 pg/g feed Murnik & Nash (1977)
Gene mutation, Chinese hamster lung V79 cells in vitro, hprt locus ~ — - 2000 Adler (1980)
Sister chromatid exchange, Chinese hamster ovary cells in vitro - - 2000 Adler (1980)
Chromosomal aberrations, Chinese hamster ovary cells in vitro - - 2000 Adler (1980)
Chromosomal aberrations, Chinese hamster ovary cells in vitro - NT 250 Ishidate (1988)
DNA damage, human lymphocytes in vitro + - 100 Ribas et al. (1995)
DNA repair exclusive of unscheduled DNA synthesis, human - NT 25 Surrallés et al. (1995)

lymphocytes in vitro

Unscheduled DNA synthesis, human EUE cells in vitro - -° 650 Adler (1980)
Sister chromatid exchange, human lymphocytes in vitro - NT NR Ghiazza et al. (1984)
Sister chromatid exchange, human lymphocytes in vitro - - 10 Dunkelberg et al. (1994)
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Table 5 (contd)

Test system Results® Dose” Reference
(LED or HID)

Without With
€xogenous  exogenous
metabolic  metabolic

system system
Chromosomal aberrations, human lymphocytes in vitro + NT 0.1 Meisner et al. (1992)
Chromosomal aberrations, human lymphocytes in vitro + NT 1 Meisner et al. (1993)
Host-mediated assay, Escherichia coli Amp® in mouse + 100 po x 1 Adler (1980)
DNA strand breaks, rat stomach, liver and kidney in vivo + 875 pox 1 Pino et al. (1988)
DNA strand breaks, rat stomach, liver and kidney in vivo + 350 pox 15 Pino et al. (1988) 5
DNA strand breaks, rat lung in vivo - 875 pox1 Pino et al. (1988) ?
DNA strand breaks, rat lung in vivo - 350 po x 15 Pino et al. (1988) <
Rana catesbeiana tadpoles, DNA damage + 4 nug/mL Clements et al. (1997) Z
Micronucleus formation, NMRI female mouse bone-marrow cells + 1400 po x 1 Gebel et al. (1997) o
in vivo
Micronucleus formation, NMRI male mouse bone-marrow cells in vivo — — 1750 po x 1 Gebel et al. (1997)
Chromosome aberrations, mouse bone-marrow cells in vivo - 20 ppm drinking- ~ Meisner et al. (1992)
water X 90 d
Dominant lethal effects, mouse spermatids (&3] 1500 po x 1 Adler (1980)
Sperm morphology, mouse - 600 ip x 4 Osterloh et al. (1983)

4+, positive; (+), weakly positive; —, negative; NT, not tested

YLED, lowest effective dose; HID, highest ineffective dose; unless untherwise stated, in-vitro test, pg/mL; in-vivo test, mg/kg bw per day; NR,
not reported; po, oral; d, days; ip, intraperitoneal

¢ Extracts of atrazine-treated Zea mays

4 Commercial pesticide

°Positive with potato microsomes at doses up to 3 mmol/L

€6
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Dominant lethal effects were induced in D. melanogaster. Chromosomal aberrations
were induced in the majority of plants studied and in human lymphocytes in vitro, but not
in cultured rodent cells. Atrazine did not induce sister chromatid exchange or unscheduled
DNA synthesis in cultured rodent or human cells. In a single study, it gave rise to DNA
damage in human lymphocytes in vitro.

Atrazine induced ampicillin-resistant mutations in Escherichia coli in a mouse host-
mediated assay. In mammals in vivo, atrazine induced DNA damage in tadpoles and
DNA strand breakage in rat stomach, liver and kidney cells, but not in lung cells, after
oral dosing. It weakly induced dominant lethal effects in mouse spermatids but did not
induce morphological abnormalities in mouse sperm heads. It did not induce chromo-
somal aberrations in bone-marrow cells of mice treated in vivo, but induced micronuclei
in the bone marrow of female mice, but not male mice, treated in vivo in one experiment.

4.5 Mechanistic considerations

Several reports on the mode of action of atrazine-induced mammary tumour deve-
lopment in the Sprague-Dawley rat have been published since the last IARC (1991)
review (Eldridge et al., 1994a,b; Stevens et al., 1994; Wetzel et al., 1994; Chapin et al.,
1996; Connor et al., 1996, 1998; Eldridge et al., 1998; Simpkins et al., 1998; Thakur
et al., 1998). Atrazine at high doses in the diet is associated with an increased incidence
and/or an earlier onset of mammary gland tumours in female Sprague-Dawley rats;
however, it is not tumorigenic in Fischer 344 rats or in CD-1 mice of either sex.

Short- and longer-term studies performed with Sprague-Dawley and Fischer 344 rats
have shown that the mammary tumours induced in Sprague-Dawley rats given high
doses of atrazine in the diet are likely to be the result of an accelerating effect on normal,
age-related perturbations of the oestrous cycle, with a resultant increase in exposure to
endogenous oestrogen and prolactin (Eldridge et al., 1994a; Wetzel et al., 1994; Connor
et al., 1998; Eldridge et al., 1998; Hauswirth & Wetzel, 1998; Simpkins et al., 1998;
O’Connor et al., 1999). Increased exposure to endogenous oestrogen and prolactin most
likely leads to the promotion of earlier development of mammary gland tumours (Cutts,
1964; Cutts & Noble, 1964; Manni et al., 1977; Chapin et al., 1996). The lack of effect
of atrazine on the incidence of mammary tumours and other evidence of proliferative
activity in ovariectomized Sprague-Dawley rats fed the highest dose tested (400 ppm)
suggest a non-genotoxic mechanism of action associated with hormonal imbalance. The
absence of mutagenicity further supports a non-genotoxic mechanism.

Reproductive senescence in untreated, ageing female Sprague-Dawley rats occurs
before mid-life, at which time there is a gradual transition from normal four- to five-day
oestrous cycles to extended periods of continuous oestrus (Huang et al., 1978; Lu et al.,
1979; Simpkins et al., 1998). The basis for this change appears to involve loss of the capa-
city of the hypothalamus to mediate the release of sufficient LH from the pituitary gland to
induce ovulation (Meites et al., 1977; Wise, 1982, 1984). The early appearance and high
spontaneous incidence of mammary gland tumours in untreated, ageing female Sprague-
Dawley rats have been attributed to this ageing process (Haseman et al., 1984; McMartin
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etal., 1992; Simpkins et al., 1998; Stevens et al., 1998). Several studies have demonstrated
that administration of atrazine to female Sprague-Dawley rats results in an attenuated LH
surge (Simpkins et al., 1998), an increase in the number of days in oestrus (Eldridge et al.,
1994a; Wetzel et al., 1994; Eldridge et al., 1998) and histological changes characteristic of
extended exposure to endogenous oestrogen (Eldridge et al., 1994a, 1998). Therefore, the
mechanism of action appears to involve disruption of the neuroendocrine pathways
responsible for the LH surge (Eldridge et al., 1998; Simpkins et al., 1998). The results of
studies of carcinogenicity and mode of action indicate that the dose at which this effect
occurs in female Sprague-Dawley rats is 70—400 ppm in the diet, whereas dietary exposure
of Fischer 344 rats to concentrations as high as 400 ppm has no effect on the incidence of
mammary gland neoplasia.

While the details of the disruption of the neuroendocrine pathways that regulate
ovulation in Sprague-Dawley rats have not been elucidated, the mechanism probaby does
not involve a direct oestrogenic action of atrazine or binding of atrazine and/or its meta-
bolites to the oestrogen receptor. Atrazine did not induce changes in oestrogen-responsive
tissues (e.g. increased uterine weight, uterine peroxidase activity or binding to uterine
progesterone receptors) in either ovariectomized Sprague-Dawley rats or intact Fischer
344 rats or mice (Tennant et al., 1994b; Connor et al., 1998), and atrazine and its meta-
bolites had no effect on oestrogen receptor binding in vitro (Tennant et al., 1994a; Connor
et al., 1996, 1998). In fact, atrazine may have weak antioestrogenic activity (Tennant
et al., 1994a,b).

The strain difference in the premature onset of mammary tumours (insensitive
Fischer 344 rats and sensitive Sprague-Dawley rats) has been attributed to differences
in the normal ageing of the reproductive tract in these strains (Eldridge et al., 1994b;
Stevens et al., 1994; summarized by Chapin et al., 1996; Eldridge et al., 1998; Thakur
et al., 1998). Reproductive cycling begins to decline in female Sprague-Dawley rats of
less than one year of age, presumably due to loss of sensitivity of the adrenergic
neurons in the hypothalamus that control production of gonadotropin-releasing
hormone. This loss of stimulation reduces the release of follicle-stimulating hormone
and LH and ultimately delays ovulation. The delayed ovulation, in turn, allows pro-
longed exposure to oestrogens, with an effect seen as persistent vaginal cornification.
In contrast, the adrenergic neurons of female Fischer 344 rats do not lose their sensi-
tivity to oestrogen stimulation, and regular cycling is maintained for a much longer
time (Lu et al., 1979; Estes & Simpkins, 1984). Reproductive ageing in this strain of
rat is believed to be due to inability to control daily prolactin surges, prolonged activity
of the corpora lutea and greater progesterone release. Fischer 344 rats have been
reported to have not only lower exposure to endogenous oestrogen and/or prolactin but
also a lower spontaneous incidence of mammary gland tumours than Sprague-Dawley
rats (van Zwieten et al., 1994; Eldridge et al., 1998). The endocrine milieu of ageing
Sprague-Dawley rats thus favours the development of mammary tumours, resulting in
the difference in the incidence of spontaneous tumours in ageing females of these two
strains.
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In women, reproductive senescence is characterized by ovarian depletion, declining
oestrogen levels and, eventually, dioestrus (Chapin et al., 1996; Simpkins et al., 1998).
While the pattern of reproductive senescence in female Fischer 344 rats is not identical
to that of women, Fischer 344 rats share the following features with women, in contrast
to female Sprague-Dawley rats: later onset of senescence, low oestrogen concentrations
during late life and an ability to control LH secretion during reproductive senescence
(Simpkins et al., 1998). The difference in the pattern of reproductive senescence between
women (reduced serum oestrogen) and female Sprague-Dawley rats (prolonged elevated
serum oestrogen) suggests that the mechanism of action proposed for atrazine-associated
mammary tumours in rats would not be operative in humans. The ageing female
Sprague-Dawley rat is thus not an appropriate model for the assessment of mammary
tumour development in women (Table 6; Chapin et al., 1996).

5. Summary of Data Reported and Evaluation

51 Exposure data

Atrazine is a triazine herbicide widely used on a variety of crops, notably maize,
sorghum and sugar-cane, for the pre- and post-emergent control of broad-leaved weeds.
Occupational exposure may occur through both inhalation and dermal absorption during
its manufacture, its formulation and its application by spraying. It is found widely,
together with its dealkylated degradation products, in rivers, lakes, estuaries, ground-
water and reservoirs. In drinking-water, the levels rarely exceed 1 ug/L. Surveys of
various foods and feeds have generally indicated no detectable atrazine residue.

5.2 Human carcinogenicity data

A combined analysis of the results of two cohort studies of agricultural chemical
production workers in the United States showed decreased mortality from cancers at all
sites combined among the subset of workers who had had definite or probable exposure
to triazine. Site-specific analyses in this subset of workers yielded no significant
findings; a non-significant increase in the number of deaths from non-Hodgkin lym-
phoma was seen, but was based on very few observed cases.

A pooled analysis of the results of three population-based case—control studies of
men in Kansas, eastern Nebraska and lowa—Minnesota, United States, in which the risk
for non-Hodgkin lymphoma in relation to exposure to atrazine and other herbicides on
farms was evaluated, showed a significant association; however, the association was
weaker when adjustment was made for reported use of phenoxyacetic acid herbicides or
organophosphate insecticides. A sub-analysis of results for farmers in Nebraska, the State
in which the most detailed information on atrazine use was available, showed no excess
risk for non-Hodgkin lymphoma among farmers who had used atrazine for at least 15
years, after adjustment for use of other pesticides. In a case—control study of non-
Hodgkin lymphoma among women in eastern Nebraska, a slight, nonsignificant increase
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Table 6. Comparison of reproductive senescence in female rodent strains

and women
Parameter Sprague-Dawley rat Fischer 344 rat Women
Start of senescence 30-40 60-70 60-70

(% of normal lifespan)

Principal cause of
senescence

Hypothalamic failure
to stimulate LH/FSH

Hypothalamic failure
to control prolactin
surges

Depletion of ovarian
oocyte content

LH surge capability Lost Maintained Maintained
Predominant cycle Persistent oestrus Pseudopregnancy Menopause
pattern episodes (dioestrus)
Oestrogen secretion Elevated, prolonged Reduced Reduced
Oestrogen:progesterone  Elevated Reduced Reduced

ratio

Prolactin secretion Persistently elevated ~ Episodically elevated  Reduced
Spontaneous mammary 3040 2-5 8-10

tumour incidence

(lifetime) (%)

Principal known factors Prolactin, oestrogen, Prolactin, oestrogen, Family history,
that increase mammary chemical mutagens chemical mutagens parity, diet, body
tumour risk weight
Prolactin dependence High Median None

From Chapin et al. (1996)
LH, luteinizing hormone; FSH, follicle-stimulating hormone

in risk was seen. In all these studies, farmers tended to have an increased risk for non-
Hodgkin lymphoma, but the excess could not be attributed to atrazine.

Less information was available to evaluate the association between exposure to
atrazine and other cancers of the lymphatic and haematopoietic tissues. One study of
Hodgkin disease in Kansas, one study of leukaemia in lowa—Minnesota and one study of
multiple myeloma from [owa gave no indication of excess risk among persons handling
triazine herbicides.

In a population-based study in Italy, definite exposure to triazines was associated
with a two- to threefold increase of borderline significance in the risk for ovarian cancer.
The study was small, and potential confounding by exposure to other herbicides was not
controlled for in the analysis.

5.3 Animal carcinogenicity data
Atrazine was tested for carcinogenicity in one study in mice by oral administration
in the diet. No increase in tumour incidence was observed. It was also tested by oral
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administration in two studies in Fischer rats and in five studies in Sprague-Dawley rats,
including a comparison of intact and ovariectomized females of the latter strain. In
Fischer rats, no increase in tumour incidence was observed in one adequate study. The
incidence of mammary tumours was increased in intact Sprague-Dawley females in four
studies, but no increase was seen in ovariectomized Sprague-Dawley females. Atrazine
was also tested by intraperitoneal injection in one study in mice; an increased incidence
of lymphomas was reported.

5.4 Other relevant data

N-Dealkylation and conjugation with glutathione are the main metabolic pathways
for atrazine in various species in vivo. There do not appear to be qualitative differences
in the metabolism of atrazine between the strains and species studied that would explain
the fact that mammary gland tumours develop in Sprague-Dawley rats but not in Fischer
344 rats or CD-1 mice.

Atrazine has been tested for developmental toxicity in rats and rabbits. No terato-
genic effects have been observed. Fetal loss and reduced fetal body weights were seen in
rabbits; the incidences of some minor skeletal variants were elevated in exposed fetal
rats. No developmental effects were seen in a study of mice and rats exposed to ground-
water contaminants that included atrazine.

The evidence from biological assays (e.g. uterine weight, stromal cell proliferation,
epithelial cell height) and from in-vitro assays of oestrogen receptors indicates that
atrazine does not have intrinsic oestrogenic activity.

Long-term administration of atrazine enhances the onset of reproductive senescence
in female Sprague-Dawley (but not Fischer 344) rats, resulting in an earlier onset of
persistent oestrus and tissue changes characteristic of long-term exposure to elevated
oestrogen levels. Atrazine appears to disrupt neuroendocrine pathways in the hypo-
thalamus by as yet undetermined mechanisms, resulting in attenuation of the luteinizing
hormone surge that normally results in ovulation. These hormonal imbalances seen after
atrazine administration were associated with an increased incidence and earlier onset of
mammary tumours in some but not all studies of carcinogenicity in Sprague-Dawley rats,
and not in Fischer 344 rats or CD-1 mice. Ovariectomized Sprague-Dawley rats exposed
for two years to the highest dose of atrazine used in the bioassay in which ovariectomized
and intact animals were compared did not develop either tumours or other proliferative
lesions in the mammary gland.

In contrast to the hormonal changes in Sprague-Dawley rats, reproductive senescence
in women is characterized by depletion of the ovarian oocyte content and reduced
oestrogen secretion.

No data were available on the genetic and related effects of atrazine in humans. There
is weak evidence for genotoxic effects in mammalian cells in vivo and in vitro. Atrazine
was mutagenic in Drosophila, yeast and plant cells but was not mutagenic to bacteria.
Overall, the results of genotoxicity testing would not appear to bear directly on the strain-
specific tumour induction in female Sprague-Dawley rats.
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55 Evaluation

There is inadequate evidence in humans for the carcinogenicity of atrazine.

There is sufficient evidence in experimental animals for the carcinogenicity of
atrazine.

Overall evaluation
In making its overall evaluation, the Working Group concluded that the mammary
tumours associated with exposure to atrazine involve a non-DNA-reactive, hormonally
mediated mechanism. In reaching the conclusion, the following evidence was considered:
(a) Atrazine produces mammary tumours (fibroadenomas, adenocarcinomas)
only in intact female Sprague-Dawley rats (not in Fischer 344 rats, CD-1
mice or ovariectomized Sprague-Dawley rats) and does not increase the
incidences of other tumour types.
(b) Atrazine affects neuroendocrine pathways of the hypothalamus to accelerate
the onset of reproductive senescence in female Sprague-Dawley but not
Fischer 344 rats.
(c) Atrazine does not have intrinsic oestrogenic activity.
(d) There are critical interspecies differences in the hormonal changes asso-
ciated with reproductive senescence.
Therefore, there is strong evidence that the mechanism by which atrazine increases the
incidence of mammary gland tumours in Sprague-Dawley rats is not relevant to humans.
Atrazine is not classifiable as to its carcinogenicity to humans (Group 3).
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BUTYL BENZYL PHTHALATE

This substance was considered by previous working groups, in 1981 (IARC, 1982) and
1987 (IARC, 1987). Since that time, new data have become available, and these have been
incorporated into the monograph and taken into consideration in the present evaluation.

1. Exposure Data

1.1 Chemical and physical data
1.1.1  Nomenclature
Chem. Abstr. Serv. Reg. No.: 85-68-7
Deleted CAS Reg. No.: 58128-78-2
Chem. Abstr. Name: 1,2-Benzenedicarboxylic acid, butyl phenylmethyl ester
IUPAC Systematic Name: Phthalic acid, benzyl butyl ester
Synonyms: BBP; benzyl butyl phthalate; benzyl n-butyl phthalate

1.1.2  Structural and molecular formulae and relative molecular mass

i
T LD
(0]
C,4H,,0, Relative molecular mass: 312.4

1.1.3  Chemical and physical properties of the pure substance (from Verschueren,

1996, except where noted)

(a) Description: Clear, oily liquid

(b) Boiling-point: 370°C

(c) Melting-point: <-35°C

(d) Density: 1.1 g/ecm3 at 25°C

(e) Solubility: Slightly soluble in water

(f) \olatility: Vapour pressure, 1.14 mPa at 20°C; relative vapour density (air = 1),
10.8 (National Toxicology Program, 1991)

(9) Octanol/water partition coefficient (P): log P, 4.91

(h) Conversion factor: mg/m3 = 12.78 X ppm

—115-
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1.2 Production and use

Information available in 1995 indicated that butyl benzyl phthalate was produced in
12 countries worldwide (Chemical Information Services, 1995).

Butyl benzyl phthalate is used as a plasticizer for polyvinyl chloride in vinyl floor
tiles, vinyl foam and carpet backing, in cellulosic resins, and as an organic intermediate.
It has also been used as a solvent and fixative in perfume (National Toxicology Program,
1991; Lewis, 1993).

1.3 Occurrence
1.3.1 Natural occurrence
Butyl benzyl phthalate is not known to occur naturally.

1.3.2  Occupational exposure

According to the 1981-83 National Occupational Exposure Survey (National Insti-
tute for Occupational Safety and Health, 1998), approximately 330 000 workers in the
United States were potentially exposed to butyl benzyl phthalate. Occupational exposure
may occur during its production and in its use as a plasticizer in polyvinyl chloride
products such as vinyl floor tiles.

1.3.3  Environmental occurrence

According to the United States Environmental Protection Agency Toxic Chemical
Release Inventory for 1987, 147 000 kg butyl benzyl phthalate were released into the air,
860 kg were discharged into water, and 3900 kg were released onto the land from manu-
facturing and processing facilities in the United States. By 1993, 170 000 kg were
released into air, 620 kg were discharged into water, 38 kg were disposed of by under-
ground injection, and 1200 kg were released onto the land (National Library of Medicine,
1998a).

Butyl benzyl phthalate has been detected in surface water, groundwater and drinking-
water in many locations at levels generally well below 10 pg/L. Concentrations lower than
0.1 pg/m3 have been found in indoor air due to release from products such as vinyl flooring,
caulks and adhesives and carpets. It also has been detected at parts per million in a few
foods (Solutia, 1998; National Library of Medicine, 1998b).

1.4 Regulations and guidelines

The time-weighted average exposure limits for exposure to butyl benzyl phthalate in
workplace air are 3 mg/m3 in Sweden and 5 mg/m3 in Ireland and the United Kingdom
(International Labour Office, 1991; National Library of Medicine, 1998c).

No international guidelines for butyl benzyl phthalate in drinking-water have been
established (WHO, 1993).
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2. Studies of Cancer in Humans

No data were available to the Working Group.

3. Studies of Cancer in Experimental Animals

Previous evaluation
Butyl benzyl phthalate was tested in mice and in female rats by oral administration
and in male mice by intraperitoneal injection. A somewhat increased incidence of mono-

cytic leukaemias was reported in female rats. In mice, no increased incidence of tumours
was observed (IARC, 1982).

New studies
3.1 Oral administration

Rat: Groups of 60 male and 60 female Fischer 344/N rats, six weeks of age, were fed
diets containing 0, 3000, 6000 or 12 000 mg/kg (ppm) (males) and 0, 6000, 12 000 or
24 000 mg/kg (females) butyl benzyl phthalate (purity, > 99.5%) for 105 weeks. Ten rats
per group were killed at 15 months. A decrease in body-weight gain was dose-related,
especially in females at the high dose. There was no effect on survival. Male rats had an
increased incidence of pancreatic acinar-cell adenomas (control, 3/50; low dose, 2/49;
intermediate dose, 3/50; high dose, 10/50; p < 0.016); one pancreatic acinar-cell carci-
noma was seen in a male at the high dose. The prevalence of focal hyperplasia of the
pancreas was also increased in males in a dose-related manner (4/50, 7/49, 9/50, 12/50).
Urinary bladder transitional-cell hyperplasia [type not specified] was seen in 4/50, 0/50,
1/50 and 10/50 females in the four groups, respectively (National Toxicology Program,
1997a). [The Working Group noted that no bladder lesions were seen in a 90-day study.]

A further study was conducted with animals on restricted diets in an effort to evaluate
the effect of weight-matched control groups on the sensitivity of the bioassay. The aim was
to achieve a body weight reduction of about 15% in comparison with rats fed ad libitum.
Groups of 50 male and 50 female Fischer 344/N rats, six weeks of age, were fed diets
containing concentrations of 0, 12 000 (males) or 24 000 (females) mg/kg (ppm) butyl
benzyl phthalate for either 24 or 30-32 months and killed at those times. Body-weight
depression was observed in females but not males; the rate of survival of male rats was
slightly decreased. There was no increase in the incidence of pancreatic tumours at either
24 or 30-32 months. The incidence of urinary bladder papillomas or carcinomas was
marginally increased in female rats (6/50 versus 1/49; p = 0.077) at 32 months; four of
these females had bladder carcinomas, with none in controls (p > 0.079 by the Kaplan-
Meier test after adjustment for intercurrent mortality). The incidence of bladder hyperplasia
was also increased in females at 24 months (14/50 versus 0/50 in controls) and at 32
months (16/50 versus 0/49) (National Toxicology Program, 1997b).
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3.2 Administration with known carcinogens or modifying agents

Groups of 27 female Sprague-Dawley rats, 43 days of age, were given butyl benzyl
phthalate [purity unspecified] at doses of 250 or 500 mg/kg bw intragastrically in corn
oil, daily for seven days before intragastric administration of 31 mg/kg bw dimethylbenz-
[a]anthracene (DMBA) in corn oil at 50 days of age. After 15 weeks, the rats were killed
and the mammary tumour incidences determined. Administration of butyl benzyl
phthalate did not affect body-weight gain. The incidence of palpable mammary tumours
was significantly inhibited by pretreatment with butyl benzyl phthalate, by 58 and 71%
at 250 and 500 mg/kg bw, respectively (p < 0.05). The number of adenocarcinomas per
rat was also significantly reduced, being 4.0 with DMBA alone, 1.6 with 250 mg/kg bw
butyl benzyl phthalate and 1.2 with 500 mg/kg bw (p < 0.05) (Singletary et al., 1997).

4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms

4.1 Absorption, distribution, metabolism and excretion
4.1.1  Humans
No data were available to the Working Group.

4.1.2  Experimental systems

A few studies on the absorption, distribution, metabolism and excretion of butyl benzyl
phthalate have been conducted in rats, and one study has been performed in beagle dogs.
Initial metabolism involves cleavage of one ester, as shown by the studies described below.
After dosing by gavage of male Fischer 344 rats with 2, 20 or 200 mg/kg bw [ring-14C]butyl
benzyl phthalate, 62-72 and 13-15% of the dose was excreted in urine and faeces,
respectively, within 24 h. By 96 h, 92-98% of the dose had been eliminated, 71-80 and
18-23% being eliminated in urine and faeces, respectively. The radiolabel found in urine
was associated with monophthalates (22-42% of the dose), monophthalate glucuronide
conjugates (14-21% of the dose) and unknown metabolites. At a dose of 2000 mg/kg bw,
22 and 72% were eliminated after 96 h in urine and faeces, respectively. The increased
faecal elimination at this high dose relative to excretion in urine may represent incomplete
absorption of butyl benzyl phthalate. After intravenous administration of a 20-mg/kg bw
dose, [ring-!4C]butyl benzyl phthalate was rapidly distributed to the tissues, and the
radiolabel was eliminated with a half-life of around 6 h in all tissues. Some 55% of an
intravenous 20-mg/kg bw dose was excreted in the bile after 4 h. Analysis of the bile
revealed the presence of mono-n-butyl phthalate and monobenzyl phthalate glucuronides,
representing 26 and 13% of the dose, respectively; trace amounts of the free monoesters,
representing 1.1 and 0.9% of the dose, respectively; and unknown metabolites (14% of the
dose), but no parent butyl benzyl phthalate. This study demonstrates that butyl benzyl
phthalate is rapidly metabolized in rats; the metabolites are excreted in the bile and, after
enterohepatic circulation, are eliminated in the urine. Mono-n-butyl phthalate is formed in
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large amounts, mono-n-butyl and monobenzyl phthalates accounting for 44 and 16% of a
20-mg/kg bw intravenous dose, respectively (Eigenberg et al., 1986).

Similarly, when male Wistar-Imamichi rats were given 3.6 mmol/kg bw (about
1100 mg/kg bw) of butyl benzyl phthalate orally for three days, both free and glucu-
ronide conjugated (ratio, about 7:3) butyl benzyl phthalate monoester metabolites were
excreted in the urine. The ratio of mono-n-butyl phthalate to monobenzyl phthalate was
about 5:3 (Mikuriya et al., 1988).

After dermal application of 157 umol/kg bw (about 49 mg/kg bw) [ring-14C]butyl
benzyl phthalate to the shaved skin of male Fischer 344 rats, some 30% of the dose was
excreted in the urine and faeces within seven days; 45% of the dose was found in the skin
at the application site, 6.3% in the plastic cap used to occlude the skin and 4.6% in
muscle and < 1% in other tissues (Elsisi et al., 1989).

Beagle dogs were given a 5-g/kg bw oral dose of butyl benzyl phthalate divided over
a 4-h period. Unchanged butyl benzyl phthalate in the faeces comprised 88-91% of the
dose. While butyl benzyl phthalate was not present in the urine, some 4.2% of the dose
was present as phthalic acid (Erickson, 1965).

4.2 Toxic effects
4.2.1 Humans

Butyl benzyl phthalate has been reported to be slightly irritating to the skin, eye and
mucous membranes and to depress the central nervous system (Gosselin et al., 1984). In
a patch test with 200 volunteers, which involved 15 daily applications over a three-week
period, Hammond et al. (1987) observed neither primary irritation nor sensitization
reactions.

4.2.2 Experimental systems

The oral LD, of butyl benzyl phthalate administered in corn oil to male and female
Fischer 344 rats was reported to be 2.3 g/kg bw and that in male and female B6C3F,
mice to be 6.2 and 4.2 g/kg bw, respectively (National Toxicology Program, 1982). In
male Sprague-Dawley rats, the oral LD, of butyl benzyl phthalate administered in un-
diluted form was 20 g/kg (Hammond et al., 1987). In Swiss Webster mice, the intra-
peritoneal LDy, of butyl benzyl phthalate was 3.2 g/kg (Calley et al., 1966). The dermal
LDj, in rabbits was reported to be > 10 g/kg (Hammond et al., 1987).

Like other phthalate diesters, butyl benzyl phthalate increases the weight of the liver
in rats. When administered at dietary levels of 0.6, 1.2 or 2.5% for 21 days to male and
female Fischer 344 rats, butyl benzyl phthalate produced hepatic peroxisome proli-
feration, with weak induction of peroxisomal activity (palmitoyl-coenzyme A oxidation)
in both males and females. Microsomal activites (lauric acid 12-hydroxylase) were
strongly induced in males but hardly at all in females. Ultrastructural examination of
liver sections revealed an increase in the numbers of peroxisomes (Barber et al., 1987).

Many chemicals are known to produce hepatic peroxisome proliferation in rats and/or
mice, and the characteristics of rodent peroxisome proliferators have been described
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elsewhere (Bentley et al., 1993; Ashby et al., 1994; Lake, 1995a,b; IARC, 1995; Cattley
et al., 1998). Butyl benzyl phthalate was less potent than di(2-ethylhexyl)phthalate and
some branched-chain phthalate diesters in producing hepatic peroxisome proliferation in
rats (Barber et al., 1987; Lin, 1987). In comparison with rodent peroxisome proliferators
in general, butyl benzyl phthalate is only a weak agent (Barber et al., 1987; Ashby et al.,
1994; TARC, 1995). While an association between peroxisome proliferation and liver
tumour formation in rodents has been reported (Ashby et al., 1994), weak peroxisome
proliferators do not necessarily produce liver tumours in rats or mice after chronic admi-
nistration (Bentley et al., 1993; Lake, 1995a).

Butyl benzyl phthalate was one of several phthalates tested for oestrogenic activity in
a recombinant yeast cell line containing the human oestrogen receptor gene, which was
expressed in such a way that it controlled expression of the reporter gene lacZ. The maxi-
mum induction of lacZ via the human oestrogen receptor was 50% that caused by oestra-
diol-17B, while the relative potency was 0.000001. Comparable results were obtained in a
similar test for proliferation of the oestrogen-responsive human breast cancer cell lines
MCF-7 and ZR-75 (Harris et al., 1997).

The oestrogenic activity of phthalates was further investigated in vitro in
competitive ligand-binding assays, in assays for yeast and mammalian gene expression
and in vivo in a uterotrophic assay. Butyl benzyl phthalate competed weakly for oestro-
gen receptor binding (the concentration causing 50% inhibition being 36 pmol/L in
comparison with 1.3 nmol/L for oestradiol), induced luciferase activity in transfected
MCEF-7 cells and stably transfected HeLa cells at a concentration of 10 umol/L and
weakly supported oestrogen-inducible growth in yeast cells (also at 10 umol/L), but
did not demonstrate any oestrogenic activity in mammals in vivo (Zacharewski et al.,
1998).

4.3 Reproductive and developmental effects
4.3.1 Humans
No data were available to the Working Group.

4.3.2 Experimental systems

Butyl benzyl phthalate was tested for developmental toxicity by dietary administration
in rats and mice (Schwetz & Harris, 1993). In Sprague-Dawley rats exposed on days 6—15
of gestation to concentrations of 0.5-2%, maternal and developmental toxicity were
observed at > 1.25%. The developmental effects reported included an increased incidence
of malformations and variations at 1.25% and embryonic death, reduced fetal body weights
and an increased incidence of malformations and variations at 2%. In CD-1 mice exposed
on days 615 of gestation to concentrations of 0.1-1.25%, maternal and developmental
toxicity were reported at 1.25%. The developmental effects included embryonic death,
reduced fetal weight and an increased incidence of malformations and variations. [The
Working Group noted that only summary data of these studies of the National Toxicology
Program studies were reported in the published literature. |
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Groups of 10 adult male Fischer 344 rats were fed diets containing 0, 0.625, 1.25,
2.5 or 5% butyl benzyl phthalate (purity, > 98%) for 14 days. Rats exposed to the two
higher doses were weak and lethargic and showed reduced body-weight gain and
reduced weights of the testes, epididymides, prostate and seminal vesicle. The changes
in organ weights persisted after correction for differences in body weight, except for that
of the prostate, and were accompanied by dose-related atrophy of the testes and
epididymides. Isolated sperm granulomas were found at the two highest doses (Agarwal
at al., 1985).

Groups of 15-18 Wistar rats received diets containing 0, 0.25, 0.5, 1 or 2% butyl
benzyl phthalate on days 0-20 of gestation, providing daily intakes estimated to be 0,
180, 380, 650 and 970 mg/kg bw, respectively. Maternal food consumption and body-
weight gain were reduced at the two higher doses, and the litters of dams at the highest
dose were resorbed. The body weights of pups at all but the lowest dose were reduced.
No increase in the incidence of anomalies or malformations in the fetuses was observed
(Ema et al., 1990). To determine whether the embryolethality was the result of reduced
food consumption, a pair-feeding study was conducted in which pregnant rats received
the same amount of diet consumed by the rats given 2% butyl benzyl phthalate. Although
effects of the dietary reduction were observed, complete resorption was not seen in any
of the pair-fed rats (Ema et al., 1991). When exposure to 2% was limited to days 0-11
or 11-20 of pregnancy, complete resorptions were seen only in the former group, while
reduced fetal body weights, cleft palate and fused sternebrae were observed in the group
exposed during days 11-20 (Ema et al., 1992a). When exposure was restricted to days
0-7, 7-16 or 16-20, increased resorptions in comparison with pair-fed rats were present
only in groups exposed to 2.0% butyl benzyl phthalate on days 0-7 or 7-16, while
reduced fetal body weights were present in all treated groups; malformations (cleft palate
and fused sternebrae) were present only in the group exposed on days 7—16 of gestation
(Ema et al., 1992b). In rats exposed to butyl benzyl phthalate by gavage at a dose of 0,
0.5,0.75 or 1 g/kg bw daily on days 7—15, maternal lethality was seen at the highest dose
and reduced body-weight gain and an increased incidence of resorptions at the two
higher doses; complete resorption was observed at 1 g/kg bw. Reduced fetal weight and
an increased incidence of cleft palate, fused ribs and dilated renal pelves were found at
0.75 mg/kg bw (Ema et al., 1992c¢). In an effort to define further the critical period for
induction of teratogenicity by butyl benzyl phthalate, groups of rats were gavaged with
0.6, 0.75 or 1 g/kg bw daily on days 7-9, 10-12 or 13—15 of gestation. Exposure during
any period resulted in dose-related increases in the rate of resorptions. Decreases in fetal
body weight were observed only in groups exposed on days 7-9 or 10—12 of gestation,
while malformations were present in fetuses exposed on days 7-9 or 13—15 (Ema et al.,
1993). Post-implantation loss after dietary exposure to 2% butyl benzyl phthalate was
seen as early as gestation day 11 and appeared to be related to reduced maternal plasma
progesterone concentrations and impaired luteal function (Ema et al., 1994). The spectra
of phase-specific effects on fetal development induced by metabolites of butyl benzyl
phthalate (mono-n-benzyl phthalate and mono-n-butyl phthalate) and a related phthalate
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(di-n-butyl phthalate) were similar to that of butyl benzyl phthalate itself (Ema et al.,
1995, 1996a,b,c¢).

Butyl benzyl phthalate was given to female Wistar rats [number not specified] in the
drinking-water at a concentration of 0 or 1000 pg/L two weeks before mating, during
gestation and throughout three weeks of lactation. Treatment had no effect on litter size
at birth, but male offspring were significantly larger on day 22. By days 90-95, the body
weights were similar to those of controls, but the relative weight of the testes was
reduced. There were no effects on testicular tissue, but butyl benzyl phthalate-treated
males had a significantly reduced daily rate of sperm production (Sharpe et al., 1995).
A recent note from the authors, however, reported an unexplained temporal decrease in
absolute testicular weight in control animals in their breeding colony. This decrease
appeared to be at least as large as the effects seen with diethylstilboestrol, which had
been used as a positive control in the studies of developmental toxicity (Sharpe et al.,
1998).

Butyl benzyl phthalate was administered in the drinking-water to AP rats at a concen-
tration of 0 or 1000 pg/L, the latter resulting in an estimated exposure to 180 pg/kg bw
per day, during gestation and lactation. The weight of male pups at birth was significantly
increased, as was the anogenital distance in males on day 2; female pups showed slightly
earlier vaginal opening. Butyl benzyl phthalate had no significant effect on male body
weights at day 90 or 137, however, nor were there effects on testicular weight, caudal or
testicular sperm counts or the degree of positivity of pituitary cells for follicular-stimu-
lating hormone (Ashby et al., 1997).

Butyl benzyl phthalate (purity, 98%) was evaluated for reproductive toxicity in the
OECD 421 screening protocol. Groups of 10 WU rats, 10—11 weeks of age, were exposed
for 29 days (males) or from 14 days before mating to six days post partum (females) to 0,
250, 500 or 1000 mg/kg bw per day by oral gavage. Mating, fertility and the viability and
growth of the offspring were examined, and the reproductive tracts of the parental animals
were assessed histologically. The body-weight gain of males at the high dose was reduced
during treatment, while that of females was reduced during gestation. The numbers of
animals that became pregnant were nine, eight, seven and four, with increasing dose. The
litter size of dams at the high dose was significantly reduced at parturition, while the
average pup weight at birth was reduced at the two higher doses. No dose-related anomalies
were observed. At the high dose, the offspring had reduced testicular weights, while the
parental males showed degeneration and Leydig-cell hyperplasia (Piersma et al., 1995).

Groups of 10-14 Wistar rats received 0, 250, 500, 750 or 1000 mg/kg bw per day
butyl benzyl phthalate (purity, 98.2%) by oral gavage on days 0—8 of gestation or pseudo-
gestation. The high dose was lethal to 2/14 pregnant females, and the body-weight gain
was lower in all treated groups during exposure. A dose-related increase was seen in the
percentage of females that did not become pregnant, and the numbers of implantation
sites and fetal body weights at term were decreased. Similar overt toxicity was seen in
pseudopregnant females exposed to butyl benzyl phthalate, which also had dose-related
reductions in ovarian and uterine weights. The authors concluded that altered ovarian
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and/or uterine function may contribute to the embryotoxicity of butyl benzyl phthalate
(Ema et al., 1998).

Butyl benzyl phthalate did not affect uterine vascular permeability in ovarectomized
Swiss mice 4 h after subcutaneous administration of 10-4 mol [31 mg/mouse], nor did it
inhibit oestradiol-stimulated increases in uterine vascular permeability (Milligan et al.,
1998).

4.4 Genetic and related effects
44.1 Humans
No data were available to the Working Group.

4.4.2 Experimental systems (see Table 1 for references)

Butyl benzyl phthalate did not induce gene mutation in Salmonella typhimurium
strains TA100, TA1535, TA1537 or TA98 with or without addition of an exogenous
metabolic activation system. In single studies, it did not induce sex-linked recessive
lethal mutation in Drosophila, gene mutation at the tk locus in mouse lymphoma L5178Y
cells or sister chromatid exchange or chromosomal aberrations in Chinese hamster ovary
cells in vitro. In one study, butyl benzyl phthalate given as a single intraperitoneal
injection did not induce sister chromatid exchange in the bone marrow of male B6C3F1
mice. After a standard harvest time of 17 h, chromosomal aberrations were induced in
the bone marrow of these mice; there was no increase in in the incidence of aberrations
when a delayed harvest time of 36 h was used.

5. Summary of Data Reported and Evaluation

51 Exposure data

Exposure to butyl benzyl phthalate occurs during its production and use as a
plasticizer, mainly in polyvinyl chloride products. It has been detected at low levels in
indoor air, water and a few foods.

5.2 Human carcinogenicity data
No data were available to the Working Group.

5.3 Animal carcinogenicity data

Butyl benzyl phthalate was tested for carcinogenicity by oral administration in one
experiment in mice and three experiments in rats, including two studies with dietary
restriction. No increase in the incidence of tumours was observed in mice. A marginal
increase in the incidence of bladder tumours was observed in female rats after 32 months
of dietary restriction. An increased incidence of benign pancreatic tumours was seen in
one conventional study in male rats, but not after dietary restriction, despite extension of
the period of dosing to 32 months.



Table 1. Genetic and related effects of butyl benzyl phthalate

Test system Result® Dose® Reference
(LED or HID)
Without With
exogenous exogenous
metabolic  metabolic
system system
Salmonella typhimurium TA100, TA98, reverse mutation - - 1000 pg/plate Kozumbo et al. (1982)
Salmonella typhimurium TA100, TA98, TA1535, TA1537, - - 11 550 pg/plate Zeiger et al. (1985)
reverse mutation
Drosophila melanogaster, sex-linked recessive lethal - 50 000 ppm feed Valencia et al. (1985)
mutation
Gene mutation, mouse lymphoma L5178Y cells, tk locus - - 67 Myhr & Caspary (1991)
in vitro
Sister chromatid exchange, Chinese hamster ovary cells - - 1250 Galloway et al. (1987)
in vitro
Chromosomal aberrations, Chinese hamster ovary cells - - 1250 Galloway et al. (1987)
in vitro
Sister chromatid exchange, male B6C3F; mouse bone- - 25001ip x 1 National Toxicology
marrow cells in vivo Program (1997a)
Chromosomal aberrations, male B6C3F; mouse bone- @) 5000 ip x 1 National Toxicology
marrow cells in vivo Program (1997a)

 (+), weakly positive; —, negative

Y LED, lowest effective dose; HID, highest ineffective dose; unless otherwise stated, in-vitro tests, plg/mL; in-vivo tests, mg/kg bw per day;

ip, intraperitoneal
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In one study in rats, butyl benzyl phthalate inhibited mammary carcinogenesis
produced by prior administration of 7,12-dimethylbenz[a]anthracene.

54 Other relevant data

Butyl benzyl phthalate is hydrolysed in the gastrointestinal tract to mono-n-butyl
phthalate and monobenzyl phthalate, which are absorbed, further metabolized, glucuro-
nidated and excreted in the urine. Butyl benzyl phthalate weakly stimulated hepatic peroxi-
some proliferation. Although the compound binds weakly to oestrogen receptors in vitro,
it had no oestrogenic activity in vivo in tests which included uterotropic effects and vaginal
cornification.

Butyl benzyl phthalate has been tested for developmental toxicity in mice by admi-
nistration in the diet and in rats by administration in the diet, by gavage and in drinking-
water. Malformations and embryonic deaths were observed in both species, generally at
maternally toxic doses. In rats, alterations in ovarian and/or uterine function appeared to
be involved in the decreased embryonic viability. Testicular toxicity has been observed
in male rats exposed to butyl benzyl phthalate.

No data were available on the genetic and related effects of butyl benzyl phthalate in
humans. Butyl benzyl phthalate was not genotoxic in experimental systems, except for
weak clastogenicity in bone-marrow cells of mice treated in vivo in one study.

55 Evaluation

There is inadequate evidence in humans for the carcinogenicity of butyl benzyl
phthalate.

There is limited evidence in experimental animals for the carcinogenicity of butyl
benzyl phthalate.

Overall evaluation
Butyl benzyl phthalate is not classifiable as to its carcinogenicity to humans
(Group 3).
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CHLOROFORM

This substance was considered by previous working groups, in 1971 (IARC, 1972),
1978 (IARC, 1979) and 1987 (IARC, 1987). Since that time, new data have become
available, and these have been incorporated into the monograph and taken into consi-
deration in the present evaluation.

1. Exposure Data

1.1 Chemical and physical data
1.1.1  Nomenclature
Chem. Abstr. Serv. Reg. No.: 67-66-3
Deleted CAS Reg. No.: 8013-54-5
Chem. Abstr. Name: Trichloromethane
IUPAC Systematic Name: Chloroform
Synonyms: HCC 20; R 20; R 20 (refrigerant); trichloroform

1.1.2  Structural and molecular formulae and relative molecular mass

Clll
H— ?— Cl
Cl

CHCl,4 Relative molecular mass: 119.38

1.1.3  Chemical and physical properties of the pure substance

(a) Description: Colourless liquid with characteristic odour (Budavari, 1996)

(b) Boiling-point: 61.1°C (Lide, 1997)

(c) Melting-point: —63.6°C (Lide, 1997)

(d) Density: 1.4832 g/cm3 at 20°C (Lide, 1997)

(e) Solubility: Slightly soluble in water; miscible in ethanol and ethyl ether; soluble
in acetone (Lide, 1997)

(f)y Volatility: Vapour pressure, 21.3 kPa at 20°C; relative vapour density (air = 1),
4.12 (National Toxicology Program, 1991)

(g) Octanol/water partition coefficient (P): log P, 1.97 at 20°C (Verschueren, 1996)

(h) Conversion factor: mg/m3 = 4.88 X ppm
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1.2 Production and use

Worldwide commercial production of chloroform amounted to about 440 000 tonnes
in 1987. Significant amounts are also produced as by-products in the chlorination of water
and in the bleaching of paper pulp (WHO, 1994). Information available in 1995 indicated
that chloroform was produced in 19 countries (Chemical Information Services, 1995). The
volume of commercial production of chloroform in the United States was approximately
229 000 tonnes in 1991 and 216 000 tonnes in 1993 (International Trade Commission,
1991, 1993).

Chloroform is used in pesticide formulations, as a solvent and as a chemical inter-
mediate. Its use as an anaesthetic and in proprietary medicines is banned in some countries
(WHO, 1994). Chloroform is used as a solvent for fats, oils, rubber, alkaloids, waxes, gutta-
percha and resins; as a cleansing agent; in fire extinguishers to lower the freezing tem-
perature of carbon tetrachloride; and in the rubber industry (Budavari, 1996). It is used in
the manufacture of fluorocarbon plastics, resins, refrigerants and propellants. It has been
used as an analgesic, muscle relaxant, carminative, flavouring agent, preservative, bacte-
ricide, heat-transfer medium and as a counter-irritant in liniments (National Toxicology
Program, 1991).

1.3 Occurrence
1.3.1 Natural occurrence
Chloroform is not known to occur naturally.

1.3.2  Occupational exposure

According to the 1981-83 National Occupational Exposure Survey (National Insti-
tute for Occupational Safety and Health, 1998), approximately 96 000 workers in the
United States were potentially exposed to chloroform. Occupational exposure to chloro-
form may occur during its production and during its use as a solvent and chemical
intermediate.

1.3.3  Environmental occurrence

The concentrations of chloroform found in the oceans in remote regions are typically
several nanograms per litre. In coastal waters, inland rivers, lakes and groundwater, the
concentrations range from several nanograms per litre in rural and remote areas up to
100 pg/L or more in areas directly affected by industrialized sources. In drinking-water
treated by chlorination, the concentrations are typically 10-100 ug/L (WHO, 1994;
National Library of Medicine, 1998a).

The reported concentrations of chloroform in ambient air range from <1 pg/m3 in
remote regions to around 10 pLg/m3 in urban areas. Indoor air concentrations in residences
and offices can be higher, and the average concentration in the air above indoor swimming
pools has been reported to be about 100 pug/m3 (WHO, 1994).

Chloroform has also been detected in a variety of foods at concentrations of <1 to
90 ng/kg (WHO, 1994).
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On the basis of estimates of mean exposure from various media, the general popu-
lation is exposed to chloroform principally in food (approximately 1 pg/kg bw per day),
drinking-water (approximately 0.5 pg/kg bw per day) and indoor air (0.3—1 pg/kg bw per
day). The estimated intake from outdoor air is considerably less (0.01 pg/kg bw per day).
The estimated total intakes of individuals living in dwellings supplied with tap-water
containing relatively high concentrations of chloroform may be up to 10 pug/kg bw per
day (WHO, 1994).

According to the United States Environmental Protection Agency Toxic Chemical
Release Inventory for 1987, 12 000 000 kg of chloroform were released into the air,
560 000 kg were discharged into water, 7000 kg were disposed of by underground injec-
tion, and 18 000 kg were released onto the land from manufacturing and processing faci-
lities in the United States. By 1996, 4 200 000 kg were released into the air, 150 000 kg
were discharged into water, 21 000 kg were disposed of by underground injection, and
15 000 kg were released onto the land (National Library of Medicine, 1998b).

14 Regulations and guidelines
The American Conference of Governmental Industrial Hygienists (1997) has
recommended 49 mg/m3 as the 8-h time-weighted average threshold limit value for occu-
pational exposure to chloroform in workplace air. Values of 9.8-240 mg/m3 have been
used as standards or guidelines in other countries (International Labour Office, 1991).
WHO (1993) has established an international drinking-water guideline for chloro-
form of 200 pg/L.

2. Studies of Cancer in Humans

2.1 Ecological studies

In some ecological studies, chloroform or total trihalomethane concentrations in
drinking-water or surrogate exposure indicators, such as plain chlorination of drinking-
water, were correlated with cancer mortality or incidence, but the site-specific excess risks
were inconsistent across studies. The results of such studies are not presented here, as eco-
logical studies suffer from several drawbacks, deriving from the impossibility of linking
exposure to the end-point at the individual level; further limitations of ecological studies
are described in the Preamble. In addition, exposure was usually assessed on the basis of
cross-sectional sampling. Although the risk estimates derived in ecological studies are
usually adjusted for some sociodemographic parameters at the geographical level, but
ample possibility is left for uncontrolled confounding.

2.2 Cohort studies

These studies are summarized in Table 1.

Wilkins and Comstock (1981) followed-up 14 553 male and 16 227 female residents
over 25 years of age of Washington County, MD (United States) using data from a census



Table 1. Cohort studies of chloroform exposure or water chlorination and cancer

Reference Population/ Sex Exposure Cancer site RR 95% Cl Comments
follow-up
Wilkins & Washington 14583 men  Surface and Incidence in men Adjustment for age, marital
Comstock County, MD, and 16 247 chlorination (average, Liver 0.71 0.19-3.5  status, education, smoking,
(1981) USA, 1963-75 women 107 pug/L chloroform) Kidney 0.78  0.27-2.7  church attendance, adequacy
versus deep well and no  Bladder 1.8 0.80-4.8  of housing, persons per room
chlorination Incidence in women
Liver 1.8 0.64-6.8
Kidney 1.0 0.26-6.0
Bladder 1.6 0.54-6.3
Mortality, men and women
Liver 3.0 0.92-15
Kidney 2.8 0.7-23
Breast 23 1.2-4.9
Bladder 2.2 0.7-9.4
Oesophagus 1.8 0.5-8.7
Cervix 1.7 0.6-6.7
Leukaemia 1.6 0.9-3.1
Rectum 1.4 0.7-3.2
Ovary 1.3 0.4-4.9
Lung 1.0 0.6-1.6
Colon 0.9 0.6-1.4
Prostate 0.9 0.4-2.1
Stomach 0.6 0.3-1.4
Doyleetal. Iowa Women’s  Women Chloroform Colon 1.7 1.1-2.5 RR for highest categories
(1997) Health Study concentration from Lung 1.2 0.7-2.0 (> 13 pg/L; p (trend)
(28 237), statewide survey of Melanoma 1.1 0.4-3.2 < 0.05); adjustment for a
1963-75 water supplies All cancers 1.2 1.0-1.5 number of factors (see text)

RR, relative risk; CI, confidence interval
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conducted in 1963. Cancer incidence and mortality rates in 1963—75 were assessed in two
subcohorts: people exposed to chlorinated surface water (average chloroform concen-
tration, 107 pg/L) and users of water from deep wells with no chlorination. Risk ratios
were calculated by contrasting the two cohorts, with adjustment for age, marital status,
education, smoking, church attendance, adequacy of housing and number of persons per
room. Incidence rates were reported for several subsites of cancer. No significant ele-
vations or deficits were seen for cancers of the liver, kidney or urinary bladder in either
men or women who drank chlorinated surface water. The only significant excess risk was
reported for death from breast cancer (relative risk, 2.7; 95% confidence interval [CI],
1.2-4.9), and excesses of borderline significance were found for liver cancer (relative risk,
3.0; 95% CI, 0.92-15).

The cohort involved in the lowa Women’s Health Study in the United States, consis-
ting of 41 836 women aged 55-69 in 1986, was followed-up for cancer incidence through
31 December 1993 (Doyle et al., 1997). The source of the drinking-water for each cohort
member was assessed from a mail survey in 1989. Women who reported having drunk
municipal or private well-water for less than the past 10 years were excluded. Data on 252
municipal water supplies in 1979 and 856 municipal water systems in 1986-87 were used
to assess exposure. All women who lived in the same community and reported drinking
municipal water were assigned the same concentration of trihalomethanes, including
chloroform. The chloroform concentrations in 1986—87 were categorized as below the
detection limit (reference) or 1-2, 3—13 and 14-287 ug/L. The incidences of a number of
cancers were estimated in the categories. Significantly increasing trends over the cate-
gories were observed for cancers of the colon (risk ratio for highest versus lowest cate-
gory, 1.7 [95% CI, 1.1-2.5]; p < 0.01 for trend), lung (1.8 [95% CIL, 0.97-2.6]; p = 0.025
for trend), melanoma (3.4 [95% CI, 1.3-8.6]; p = 0.049 for trend) and all cancers (1.2
[95% CI, 1.0-1.5]; p < 0.01 for trend) after adjustment for some potential confounding
variables. The excess of cancers at all sites was driven predominantly by excess inci-
dences of cancers of the colon, lung and endometrium and malignant melanoma. All of
the relative risks were adjusted for age, education, smoking, physical activity, fruit and
vegetable intake, total energy intake, body mass index and waist-to-hip ratio.

2.3 Case—control studies
These studies are summarized in Table 2.

2.3.1  Multiple sites

Brenniman et al. (1980) studied 3208 deceased cases of gastrointestinal and urinary
tract cancers and 43 666 non-cancer deaths as controls in Illinois (United States). All of
the deaths were extracted from state death certificate tapes over the period 1973-76 and
classified according to residence in communities served by chlorinated or unchlorinated
groundwater on the basis of data obtained from water-treatment plants by referring to the
1963 inventory of municipal water facilities. Populations using surface water supplies
and those living in Cook County (mostly Chicago) were excluded. Slight excesses (odds



Table 2. Case—control studies of chloroform exposure or water chlorination and cancer

Reference Population Sex Exposure Cancer site Odds 95% Cl or Comments
ratio p value
Multiple sites
Brenniman Illinois, USA; 3208 Menand  Chlorinated/unchlori- Oesophagus Men 0.9 NS
etal. (1980)  deaths 1973-76 from women nated water supplies Women 1.1 NS
gastrointestinal and based on residence Stomach Men 0.9 NS
urinary-tract cancers; Women 1.1 NS
43 666 non-cancer Colon/rectum Men 1.1 NS
controls Women 12 <0.05
Colon Men 1.0 NS
Women 12 NS
Rectum Men 1.1 NS
Women 1.3 NS
Liver Men 0.9 NS
Women 1.1 NS
Gall-bladder Men 0.6 NS
Women 1.2 NS
Digestive (excl. liver)
Men 1.0 NS
Women 1.1 <0.05
Urinary bladder ~Men 1.1 NS
Women 0.7 NS
All gastrointestinal and urinary
Total Men
Women 1.0 NS
SMSA Men 1.1 NS
Women 1.0 NS
Urban Men 1.3 <0.05
Women 1.0 NS
1.3 <0.25
Rural Men 1.1 NS
Women 1.3 NS
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Table 2 (contd)

Reference Population Sex Exposure Cancer site Odds 95% Cl or Comments
ratio p value
Multiple sites (contd)
Alavanja New York State, USA, Menand  Chlorination/no All gastrointestinal and urinary
etal. (1980) 7 counties women chlorination at usual Total Men 2.1 <0.005
3446 from gastro- place of residence Women 1.4 <0.005
intestinal and urinary- Urban Men 3.6 <0.005
tract cancers; 3444 Women 2.2 <0.005
matched controls. Lung
Unknown number of Total Men 1.8 <0.005
cases of lung cancer Women 1.5 NS
Urban Men 32 <0.005
Women 2.9
Oesophagus Men 24 <0.05
Women 1.3 NS
Stomach Men 1.7 <0.025
Women 2.2 <0.025
Colon Men 2.0 <0.005
Women 1.3 NS
Rectum Men 23 <0.005
Women 1.3 NS
Liver and kidney
Men 2.8 <0.005
Women 1.5 NS
Pancreas Men 2.6 <0.005
Women 1.3 NS
Urinary bladder ~ Men 2.0 <0.005
Women 0.8 NS
Total Men 2.1 <0.005
Women 1.4 <0.005
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Table 2 (contd)

Reference Population Sex Exposure Cancer site Odds 95% CI or Comments
ratio p value
Multiple sites (contd)
Gottlieb Louisiana, USA Men and Chlorination/no chlori-  Rectum 1.8 1.3-2.6
etal. (1981, 11 349 deaths from women nation of water source Lung 14 1.0-1.8
1982); cancer; 22 698 non- at death Breast 1.5 1.2-2.0
Gottlieb & cancer deaths Chlorination level Rectum 1.3 0.9-1.8 Low (< 1.09 ppm)
Carr (1982) 1.7 1224 High (> 1.09 ppm)
Kanarek & Wisconsin, USA Women Chlorinated/unchlori- Oesophagus 0.30 NS Multiple adjustments
Young [numbers not given] nated water supplies Stomach 1.3 NS
(1982) Colon 1.5 <0.02
Rectum 1.6 NS
Liver 1.3 NS
Pancreas 1.5 NS
Kidney 0.5 NS
Urinary bladder 14 NS
Lung 0.7 0.6
Brain 4.7 <0.03
Breast 0.8 NS
Organic contamination ~ Colon 1.8 0.03
and chlorination
Chlorinated surface 2.8 0.01
water
Purified chlorinated 1.7 0.01
Unpurified chlorinated 1.5 0.05
Organic contamination ~ Brain 6.9 0.03
and chlorination
Unpurified chlorinated 4.4 0.04
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Table 2 (contd)

Reference Population Sex Exposure Cancer site Odds 95% ClI or Comments
ratio p value
Multiple sites (contd)
Siemiatycki Montréal, Canada Men Chloroform, Prostate 4.0 1.4-12 90% CI;, multiple
(1991) 99 oesophageal cancer, occupational adjustments
251 stomach cancer, Lung 8.8 1.2-65 French Canadians
497 colon cancer,
257 rectal cancer,
116 pancreatic cancer,
857 lung cancer,
449 prostate cancer,
484 bladder cancer,
177 kidney cancer,
103 skin melanoma,
215 non-Hodgkin
lymphoma
Colon/rectum
Lawrence New York State Women Chlorinated/unchlori- Colorectal cancer 1.1 0.8-1.4 90% CI
etal. (1984)  (USA) teachers, deaths nated water supplies
395 cases,
395 controls
Youngetal. Wisconsin, USA Men and Cumulative Colon Response rate, 65%;
(1987) 347 cases; women trihalomethane (mg), Over lifetime results for general
639 cancer controls; population controls <100 1.0 population controls are
611 population controls 100-300 1.1 0.7-1.8 presented
> 300 0.73 04-1.2
Over past 10 years
<33 1.0
33-99 0.9 0.5-1.5
>99 1.0 04-2.3
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Table 2 (contd)

Reference Population Sex Exposure Cancer site Odds 95% Cl or Comments
ratio p value
Urinary bladder
Cantor etal.  USA; 2805 cases; Menand  Years of residence with ~ Men, low consumption (below Newly diagnosed
(1987) 5258 population women chlorinated surface median) cases; interviews
controls drinking-water source Never 1.0
2 60 years 0.8 0.5-1.5 p trend = 0.7
Women, low consumption
(below median)
Never 1.0
> 60 years 1.7 0.7-4.0 p trend = 0.4
Men, high consumption (above
median)
Never 1.0
2 60 years 1.2 0.7-2.1 p trend = 0.4
Women, high consumption
(above mean)
Never 1.0
2 60 years 32 1.2-8.7 p trend = 0.02
Nonsmokers only Men, low consumption (below
median)
Never 1.0
> 60 years 1.3 0.4-4.4 p trend = 0.6
Women, low consumption
(below median)
Never 1.0
> 60 years 43 1.3-14 p trend = 0.02
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Table 2 (contd)

Reference Population Sex Exposure Cancer site Odds 95% CI or Comments
ratio p value
Urinary bladder (contd)
Cantor et al. Men, high consumption (above
(1987) median)
(contd) Never 1.0
> 60 years 3.7 1.1-12 p trend = 0.02
Women, high consumption
(above median)
Never 1.0
> 60 years 3.6 0.8-15 p trend = 0.2
Zierleretal.  Massachusetts, USA; Menand  Chlorine versus Crude analysis 1.3 1.1-1.7 Lifetime exposure
(1988) mortality; 614 cases, women chloramine by 1.2 1.0-1.5 Usual exposure
1074 population residence Adjusted analysis 1.6 1.2-2.1 Lifetime exposure
controls 1.4 1.1-1.8 Usual exposure
See text for adjustment
McGeehin Colorado; USA; Men and  Crude analysis by years  Nonsmokers Telephone interviews
etal. (1993) 261 cases, 327 popu- women of exposure to chlori- 0 years 1.0 with subjects for
lation controls nated water and by 1-11 years 0.8 02-2.4 residential and water
smoking status 12-34 years 0.9 0.3-2.3 source histories; water
> 34 years 2.9 1.2-7.4 utility data
Smokers
0 years 1.0
1-11 years 0.8 0.4-1.4
12-34 years 1.4 0.8-2.4
> 34 years 2.1 1.1-3.8
Adjusted analysis by 0 years 1.0 See text for
years of exposure to 1-10 years 0.7 04-1.3 adjustments
chlorinated water 11-20 years 1.4 0.8-2.5 p for trend < 0.01
21-30 years 1.5 0.8-2.9
> 30 years 1.8 1.1-2.9

IWJdOJ0dOTHD

44!



Table 2 (contd)

Reference Population Sex Exposure Cancer site Odds 95% CI or Comments
ratio p value
Urinary bladder (contd)
Cantoretal. Iowa, USA Menand  Total lifetime Multiple adjustments
(1998) 1123 cases women trihalomethanes (g) Men 1.8 1.2-2.7 p for trend = 0.05
1983 controls Highest category Women 0.6 03-14 p for trend, NS
(=2242)
Lifetime average total Men 1.5 1.0-2.4 p for trend = 0.02
trihalomethanes (ug/L)  Women 0.6 0.3-1.3 p for trend = 0.33
Highest category
(246.4)
Colorectal cancer
Hildesheim Towa, USA Men and Total lifetime Colon 1.1 0.7-1.8 p for trend, NS
etal. (1998) 560 colon cancers women trihalomethanes (g) Rectum 1.6 1.0-2.6 p for trend = 0.08
537 rectal cancers Highest category
1983 controls (=2.42)
with information on Lifetime average total Colon 1.1 0.7-1.6 p for trend, NS
water use trihalomethanes Rectum 1.7 1.1-2.6 p for trend = 0.01
(g/L)
Highest category
(=46.4)
Brain cancer
Heineman Southern Louisiana, Men Chloroform Astrocytic brain
etal. (1994) New Jersey, (occupational) Duration of exposure
Philadelphia, USA; Never 1.0
300 cases 2-20 years 0.8 04-1.4
320 controls > 21 years 2.3 0.8-6.6 p for trend, NS
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Table 2 (contd)

Reference Population Sex Exposure Cancer site Odds 95% CI or Comments
ratio p value
Brain cancer (contd)
Heineman Cumulative exposure score
etal. (1994) 0
(contd) Low 1.0
Medium 0.8 0.4-1.6
High 1.3 0.6-2.9
1.8 0.4-7.8
p for trend, NS
Averate intensity
0 1.0
Low-medium 1.0 0.6-1.7
High 1.4 0.4-5.2

CI, confidence interval; NS, not significant (p > 0.05); SMSA, standard metropolitan statistical area

IWJdOJ0dOTHD

evl



144 IARC MONOGRAPHS VOLUME 73

ratio, 1.2, p < 0.05) were found in chlorinated communities for cancers of the colon and
rectum combined and for cancers of the total digestive tract only in women. The odds
ratios were adjusted for age, sex, urban or rural residence and standard metropolitan
statistical area or other areas. The odds ratios for total gastrointestinal and urinary tract
cancers were significantly elevated only among women in standard metropolitan
statistical areas (odds ratio, 1.3; p < 0.025) and women in urban areas (odds ratio, 1.2;
p < 0.05). [The Working Group noted that the chloroform concentrations in drinking-
water were not given. |

Alavanja et al. (1980) reported on a case—control study of 3446 deaths from gastro-
intestinal and urinary tract cancers conducted in seven counties in New York State
(United States) selected for a low rate of immigration and no major change in the source
or distribution of water supply during the preceding 15 years. The counties were then
classified according to whether the predominant source of drinking-water was chlori-
nated groundwater, chlorinated surface water or unchlorinated groundwater. The cases
and 3444 matched controls and their ‘usual place of residence’ were identified from New
York State death certificates for the period 1968—70. Each residence was classified into
one of three exposure categories defined by the drinking-water source of the county.
Raised odds ratios, most of which were significant, were observed for cancers of the
oesophagus, stomach, large intestine, rectum, liver and kidney, pancreas and urinary
bladder (see Table 2). The odds ratios consistently exceeded unity in people of each sex,
with one exception: 0.82 for bladder cancer in women. Mortality from lung cancer was
also studied [number of deaths not reported], and significantly raised odds ratios
(p < 0.005) were found for men (odds ratio, 1.8) and in urban areas (odds ratio, 3.2). [The
Working Group noted that it is not clear which confounders were adjusted for and that
the chloroform concentrations in the drinking-water were not given.]

Gottlieb et al. (1981), Gottlieb and Carr (1982) and Gottlieb et al. (1982) conducted
a multisite case—control study between 1960 and 1975 in parishes in South Louisiana
(United States). Cancer deaths were compared with non-cancer deaths individually
matched on age, sex, race and year of death. Use of a chlorinated water source at the
residence at the time of death was the exposure indicator. Excesses were found for rectal
cancer (odds ratio, 1.8; 95% CI, 1.3-2.6), lung cancer (odds ratio, 1.4; 95% CI, 1.0-1.8)
and breast cancer (odds ratio, 1.5; 95% CI, 1.2-2.0) in association with concentrations of
chlorine greater than or less than 1.09 ppm when compared with no chlorination. There
was a suggestion of an exposure-response gradient for rectal cancer only. [The Working
Group noted that the chloroform concentrations were not given. |

A multisite case—control study was conducted of deaths from cancer and other causes
among white women who had lived for 15-20 years before their death in 28 counties in
Wisconsin (United States). Counties with less than a 10% population increase attributed
to immigration over the previous 20 years and with both chlorinated and unchlorinated
water supplies were selected (Young et al., 1981; Kanarek & Young, 1982). Data from all
202 waterworks and the 1970 Wisconsin Waterworks Survey were used to obtain longi-
tudinal data on chlorine concentrations and other water characteristics. Cases of cancers



CHLOROFORM 145

of the oesophagus, stomach, colon, rectum, liver, pancreas, urinary bladder, kidney, lung,
brain and breast and controls were ascertained during a follow-up period in 1972—77. The
results were presented as contrasts between chlorinated and unchlorinated water; urba-
nization, marital status, occupation, age, organic contamination of water, water purifi-
cation and source depth were included in logistic models. Significant (p < 0.05) excess
odds ratios were found for cancers of the colon (odds ratio, 1.5; p < 0.02) and brain (odds
ratio, 4.7; p < 0.03). For colon cancer, interactions were found between chlorination and
water with organic contamination (odds ratio, 1.8; p = 0.03), surface water (odds ratio,
2.8; p < 0.01) and purified water (odds ratio, 1.8; p < 0.01). Similarly, excesses were
observed for brain cancer in association with exposure jointly to chlorination and organic
contamination (odds ratio, 6.9; p = 0.03) and unpurified water (odds ratio, 4.4; p = 0.04).
[The Working Group noted that the chloroform concentrations in drinking-water were not
given.]

A population-based case—control study of cancer associated with occupational
exposure among male residents of Montréal, Canada, aged 35-70, included histolo-
gically confirmed cases of several types of cancer, newly diagnosed between 1979 and
1985 in 19 major hospitals (Siemiatycki, 1991). Interviews were carried out with 3730
cancer patients (response rate, 82%) and 533 age-stratified controls from the general
population (response rate, 72%). The main cancer sites included were: oesophagus (99
cases), stomach (251 cases), colon (497 cases), rectum (257 cases), pancreas (116 cases),
lung (857 cases), prostate (449 cases), bladder (484 cases), kidney (177 cases), skin
melanoma (103 cases) and non-Hodgkin lymphoma (215 cases). For each site of cancer
analysed, two controls were available: a population control and a control selected from
among cases of cancer at the other sites. The interview was designed to obtain lifetime
job histories and information on potential confounders. Each job was reviewed by a team
of chemists and industrial hygienists who translated the jobs into occupational exposures
using a checklist of 293 substances found in the workplace. Chloroform was one of the
substances. About 0.7% of the subjects had ever been exposed to chloroform. Among the
main occupations to which exposure to chloroform was attributed were nurses’ aides and
orderlies, dental prosthesis makers and laboratory technicians. No excess risks were seen
for cancers at most of the sites examined; however, the odds ratio for prostate cancer,
based on six exposed cases, was 4.0 (90% CI, 1.4—12), and the odds ratio for lung cancer
among French Canadians, based on six exposed cases, was 8.8 (90% CI, 1.2-65). [The
Working Group noted the limited power and the exploratory nature of the study.]

2.3.2  Cancers of the colon and rectum

Lawrence et al. (1984) reported the results of a study of 395 deaths from colorectal
cancer (319 colon, 76 rectal) and 395 deaths from other causes that occurred during
196278 among white women teachers in New York State (United States). Cases and
controls were matched on age and year of death. A crude analysis for the colorectal cancer
risk of teachers who were exposed to chlorinated surface water or who were unexposed
(exposed to groundwater containing little or no trihalomethanes) resulted in an odds ratio



146 IARC MONOGRAPHS VOLUME 73

of 1.1 (90% CI, 0.79-1.4). An additional analysis with adjustment for water source type,
population density at place of residence, marital status and the matching variables gave a
similar result.

On the basis of their previous findings of an excess risk for colon cancer associated
with exposure to chlorinated water supplies (Kanarek & Young, 1982; see section 2.3.1),
Young et al. (1987) conducted a case—control study of 347 incident cases of colon cancer
and 639 cancer controls, excluding gastrointestinal and urinary tract cancers, identified
in the Wisconsin cancer reporting system. A group of 611 population controls was also
used. White men and women in whom colon cancer had been diagnosed when they were
aged 35-90 were considered eligible. The overall response rate to a self-administered
questionnaire on background variables, past water sources, water-drinking and bathing
habits, home treatment of tap water, and medical, occupational, social and lifestyle
histories was 65%. The exposure of each study subject to trihalomethanes was estimated
from an algorithm based on the results of a survey of 81 Wisconsin water supplies, histo-
rical data from water facilities, the residential history of the subjects, data on individual
water use and other information. Average trihalomethane concentrations of 10—40 ug/L
or > 40 ng/L at the place of residence in 1951-81 were not associated with an excess risk
for colon cancer, when compared with exposure to < 10 pug/L. A similar result was found
with cumulative lifetime exposure to trihalomethanes (in milligrams) over the past 30,
over the past 20 and over the past 10 years of exposure.

2.3.3  Urinary bladder cancer

Cantor et al. (1987) interviewed 2805 patients with urinary bladder cancer aged 21-84
years at the time of diagnosis and 5258 population controls in a case—control study in 10
geographical areas in the United States. The cases were newly diagnosed and histo-
logically confirmed during 1977-78. Controls were frequency matched on sex, age and
geographical area. All subjects were administered a questionnaire at home by trained
interviewers, which included questions on consumption of tap water during a typical week
one year before the interview. A lifetime residential history, with water sources, was
ascertained. A total of 1102 water utilities were visited, and utility personnel were inter-
viewed; the water sources were then categorized for chlorination status (chlorination/no
chlorination) during various periods. The residential histories of the subjects were linked
with year-by-year water source and data on treatment. Logistic regression models with
adjustment for sex, age, study area, smoking, high-risk occupation and population size
were used with various indicators of water quality. The only significant trends (p = 0.02)
with duration of residence with a chlorinated surface drinking-water source were found
for women whose tap-water consumption was above the median, for nonsmoking women
whose tap-water consumption was below the median and for nonsmoking men whose
consumption was above the median. [The Working Group noted that the chloroform
concentrations in the drinking-water were not given.]

Zierler et al. (1988) reported the results of a study of 614 persons with urinary
bladder cancer who had died after the age of 44 years during 1978—84 while resident in
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Massachusetts (United States) and whose drinking-water had been disinfected with
either chlorine or chloramine. Chloramination results in substantially lower
concentrations of trihalomethanes than chlorination (Lykins & Koffskey, 1986) and has
been used in Massachusetts since 1938. A total of 1074 controls were selected from
among persons who had died from cardiovascular disease, cerebrovascular disease,
chronic obstructive pulmonary disease or lymphatic cancer. Data on water treatment
were obtained from the Massachusetts Water Resources Authority, the United States
Environmental Protection Agency and the State Division of Water Supply in the
Department of Environmental Quality Engineering. Residence in communities with
chlorinated drinking-water was contrasted with residence in communities with
chloraminated drinking-water. Information was obtained for each deceased person on his
or her residential and smoking history, and mortality odds ratios were calculated. About
one-half of the eligible cases and controls were excluded, predominantly because
informants could not be located. The crude mortality odds ratio for bladder cancer
associated with lifetime exposure to chlorine versus chloramine was 1.3 (95% CI,
1.1-1.7), and that for usual exposure to chlorine versus chloramine was 1.2 (95% CI,
1.0-1.5). Adjustment for age, sex, cigarette pack—years and residence in a community in
which at least 3% of the working population had jobs in industries in which there is a
high risk for bladder cancer resulted in an odds ratio of 1.6 (95% CI, 1.2-2.1) for lifetime
and 1.4 (95% CI, 1.1-1.8) for usual exposure. [The Working Group noted that the
concentrations of chloroform in the drinking-water were not given and the possibility of
selection bias due to the exclusion of about one-half of the study subjects.]

A population-based study of 327 histologically verified cases of urinary bladder
cancer from the State cancer registry matched to 261 controls with other cancers was
conducted in Colorado (United States) during 1990-91 (McGeehin et al., 1993). Tele-
phone interviews were used to obtain individual residential and water source histories
from living patients and controls; the responses were 78% and 75%, respectively. These
data were linked to data from water utilities and the Colorado Department of Health
records. More than 34 years of exposure to chlorinated water, contrasted with no such
exposure, was associated with increased risks in both nonsmokers (crude odds ratio, 2.9;
95% CI, 1.2-7.4) and smokers (odds ratio, 2.1; 95% CI, 1.1-3.8). Adjustment for coffee
consumption, smoking, tap-water intake, family history of urinary bladder cancer, sex
and medical history of urinary bladder infection or kidney stones resulted in odds ratios
that increased with lifetime years of exposure to chlorinated water, to 1.8 (95% CI,
1.1-2.9) for the highest category (> 30 years) of exposure. The total lifetime trihalo-
methane concentration was calculated for each subject as a time-weighted mean from
data for each water system in Colorado in 1989. The mean lifetime concentration was
620 ng/L for cases and 420 pg/L for controls (p <0.001). [The Working Group noted that
the chloroform concentrations were not given. |

Cantor et al. (1998) reported on a case—control study of bladder cancer among resi-
dents of lowa (United States) aged 40—85 years. Patients with histologically confirmed
bladder cancer were identified through the State Health Registry of lowa, supplemented
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by a rapid reporting system, during 1986—89. Patients, controls and proxies were sent a
questionnaire and interviewed by telephone in order to obtain demographic data,
smoking history, occupational history, further indicators of lifestyle and medical condi-
tions and the frequency of consumption as an adult inside and outside the home of
beverages containing tap-water and other beverages. Lifetime residential histories were
recorded, and the water source at each place was identified. For 10% of the patients and
none of the controls, the interviews were conducted with proxies. All 280 Iowa water
utilities that served at least 1000 persons were contacted for historical information, and
at each utility an interviewer collected one or two samples from the clear well where the
water enters the distribution system or from nearby in the system. The concentration of
total trihalomethanes (grams) and the lifetime average trihalomethane concentration
(ug/L) were calculated for 1123 cases and 1983 controls. The logistic regression models
included adjustment for age, study period, level of education, high-risk occupation and
cigarette smoking. The risk increased significantly with increasing total lifetime dose of
trihalomethanes and lifetime average total trihalomethane concentration in men but not
in women. The odds ratio for men in the highest total lifetime trihalomethane category
(over 2.4 g) was associated with an odds ratio of 1.8 (95% CI, 1.2-2.7), the trend over
six increasing categories being significant at p = 0.05; for the highest lifetime concen-
tration (> 46 ug/L), the odds ratio was 1.5 (95% CI, 1.0-2.4; p for trend = 0.02). The
corresponding odds ratios for women were 0.6 (95% CI, 0.3-1.4) and 0.6 (95% CI,
0.3-1.3).

2.4 Colorectal cancer

Hildesheim et al. (1998) reported on a case-control study of colon and rectal cancer
among residents of lowa, United States, aged 40-85 years. Patients with histologically
confirmed cancers of the colon and rectum were identified through the State Health
Registry of lowa during 1986-87; the controls, the mailed questionnaire and the tele-
phone interview were the same as those in the study of Cantor et al. (1998; see section
2.3.3). The concentration of total trihalomethanes (g) and the lifetime average trihalo-
methane concentrations (lg/L) were calculated for 560 colon cancer patients, 537 rectal
cancer patients and 1983 controls from data on water samples and from interviews.
About 15% of the patients were interviewed by proxy. The logistic regression models
included adjustment for sex, age, study period, education, high-risk occupation and ciga-
rette smoking. There was a suggestion of a trend of increasing risk for rectal cancer with
lifetime concentration of trihalomethanes (odds ratio for the highest category (= 2.4 g),
1.6; 95% ClI, 1.0-2.6; p for trend, 0.08) and for average lifetime concentration of trihalo-
methanes (odds ratio for the highest category (= 46 ug/L), 1.7; 95% CI, 1.1-2.6; p for
trend, 0.01). No such trend was observed for colon cancer.

2.5 Brain cancer
Heineman et al. (1994) reported on occupational exposures to chlorinated aliphatic
hydrocarbons and the risk for astrocytic brain cancer. A total of 300 cases of histologically
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confirmed brain tumours in deceased white men and 320 deceased population controls
were identified in southern Lousiana, New Jersey and Philadelphia (United States) during
1978-81. The controls were frequency matched with the cases by age and area of death.
Lifelong occupational histories were obtained by interviewing next-of-kin. Each job title
was converted into period-specific probabilities and intensities of exposures to seven
chlorinated hydrocarbon compounds, including chloroform. The logistic regression models
included adjustment for age, study area and employment in electronics-related occupations
or industries. Analyses by duration of exposure, cumulative exposure score and average
intensity showed little indication of an association between exposure to chloroform and
brain cancer.

3. Studies of Cancer in Experimental Animals

Previous evaluation

Chloroform was tested in three experiments in mice and in one in rats by oral
administration. It produced hepatocellular adenomas and carcinomas in mice, malignant
kidney tumours in male rats and tumours of the thyroid in female rats. Chloroform was
also tested in one experiment by subcutaneous injection and in one by intraperitoneal
injection in mice: these experiments were considered to be inadequate (IARC, 1979).

New studies
3.1 Oral administration

Mouse: Groups of female B6C3F, mice, 8.5 weeks of age, were given chloroform
(pesticide quality, distilled to separate out diethylcarbonate) in distilled drinking-water at
concentrations of 0 (control), 0 (matched control), 200, 400, 900 or 1800 mg/L (ppm) for
104 weeks, the numbers of mice per group being 430, 50, 430, 150, 50 and 50, respec-
tively. Analysis of chloroform in the drinking-water indicated that the concentrations
were maintained to an average of 93% or more of the target concentration over a four-
day interval; these concentrations resulted in time-weighted average doses of 0, 0, 34,
65, 130 and 260 mg/kg bw, respectively. Survival was affected at the higher doses, with
a 25% incidence of early deaths at 900 and 1800 mg/L. Survival of animals beyond the
initial period did not differ significantly between groups. Chloroform did not increase the
tumour incidence (Jorgenson et al., 1985).

Groups of 35 male B6C3F, mice, approximately 30 days of age, were given chloro-
form [purity not specified] in deionized drinking-water at concentrations of 0, 600 or
1800 mg/L (ppm) until they were killed at 52 weeks. This treatment did not increase the
incidence of liver or lung tumours (Klaunig et al., 1986). [The Working Group noted that
these were the control groups for a two-stage initiation—promotion study.]

Groups of 52 male and 52 female ICI mice, not more than 10 weeks of age, were
given chloroform in toothpaste by oral gavage at doses of 17 or 60 mg/kg bw per day for
80 weeks followed by a further 16-24 weeks without treatment. A vehicle control group
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of 104 males and 104 females received 1 mL/kg bw per day of unflavoured toothpaste by
oral gavage. The survival of males beyond 60 weeks decreased to 10-30%, and that of
females beyond 50 weeks to 10-20%. Chloroform increased the incidence of renal tubule
tumours (adenomas and carcinomas) in males at the high dose (Table 3). This experiment
was repeated under the same conditions with a group of 52 male mice that received
chloroform at 60 mg/kg bw per day; 52 males served as untreated controls, and a control
group of 260 male mice received the toothpaste base. Chloroform again increased the
incidence of renal tubule tumours (adenomas and carcinomas; Table 3). In a third
experiment under the same conditions, groups of 52 male mice of the ICI, C57BL, CBA
and CF1 strains received either 60 mg/kg bw per day of chloroform in toothpaste base by
oral gavage or 1 mL/kg bw per day of toothpaste alone; an additional group of 100 ICI
males was untreated, and groups of 52 males received chloroform at 0 or 60 mg/kg bw
day in arachis oil. Chloroform produced renal tubule tumours (adenomas and carcinomas)
only in ICI strain males, with the highest incidence in the group receiving chloroform in
arachis oil (Table 3; Roe et al., 1979).

Rat: Groups of 25 male and 25 female Sprague-Dawley rats (males weighing
180-240 g and females weighing 130-175 g received chloroform at concentrations of 15,
75 or 165 mg/kg bw per day, on six days per week, in toothpaste base by oral gavage.
A control group of 75 males and 75 females received 1 mL/kg bw per day of toothpaste

Table 3. Incidence of renal tubule adenomas and carcinomas
in ICI mice exposed orally to chloroform

Treatment Sex Incidence of renal tumours
Toothpaste Male 0/72
17 mg/kg bw per day chloroform 0/37
60 mg/kg bw per day chloroform 8/38
Toothpaste Female 0/59
17 mg/kg bw per day chloroform 0/35
60 mg/kg bw per day chloroform 0/38
None Male 1/48
Toothpaste (1) 6/237
Toothpaste (2) 2/51
60 mg/kg bw per day chloroform 9/49
None Male 0/83
Toothpaste 1/49
Arachis oil 1/50
60 mg/kg bw per day chloroform 5/47
in toothpaste
60 mg/kg bw per day chloroform 12/48

in arachis oil

From Roe et al. (1979)
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base. Because of poor survival in all groups due to intercurrent disease, the study was
terminated after one year. There was no increase in tumour incidence. In a second experi-
ment, groups of 50 male (weighing 180-240 g) and 50 female (weighing 130-175 g)
Sprague-Dawley rats were given chloroform at a concentration of 0 or 60 mg/kg bw per
day, on six days per week, in 1 mL/kg bw of toothpaste by oral gavage for 80 weeks and
observed for a further 15 weeks. Chloroform did not increase the tumour incidence
(Palmer et al., 1979).

Groups of 26 and 32 male and 22 and 45 female weanling Wistar rats [age unspecified]
were given chloroform [purity not specified] in the drinking-water at a concentration of 0
or 2.9 g/L, respectively, for 72 weeks, when the dose was halved to 1.45 g/L for the
remaining weeks because of increased consumption of water. The animals were necropsied
when found dead or moribund. Controls of each sex survived for approximately 145
weeks, while those exposed to chloroform survived for approximately 185 weeks. Chloro-
form produced neoplastic nodules in the livers of 10 female rats, representing a 25% inci-
dence compared with 0% in the control group (Tumasonis et al., 1987).

Groups of male Osborne-Mendel rats, seven weeks of age, were given chloroform
(pesticide quality) in drinking-water at concentrations of 0 (control), 0 (matched control),
200, 400, 900 or 1800 mg/L (ppm) for 104 weeks, the numbers of rats per group being 330,
50, 330, 150, 50 and 50, respectively. Analysis of chloroform in the drinking-water indi-
cated that the concentrations were maintained to an average of 93% or more of the target
concentration over a four-day interval; these concentrations resulted in time-weighted
average doses of 19, 38, 81 and 160 mg/kg bw, respectively. The survival of these groups
at 104 weeks was 12, 25, 29, 60 and 66%, respectively. Chloroform produced a statistically
significant (p < 0.01) increase in the incidence of renal tubule tumours (adenomas and
carcinomas) at the highest dose: control, 5/301; matched controls, 1/50; 200 mg/L, 6/313;
400 mg/L, 7/148; 900 mg/L, 3/48; and 1800 mg/L, 7/50 (Jorgensen et al., 1985).

Dog: Groups of 8—16 male and 8—16 female pure-bred beagle dogs, 18-24 weeks of
age, were given chloroform [purity not specified] in a toothpaste base orally by gelatin
capsule at concentrations of 0, 15 or 30 mg/kg bw per day, on seven days per week for
at least seven years. One group of eight males and eight females was untreated, and
another control group received an alternative toothpaste. Survival was excellent, with
84/96 animals still alive after seven years. Exposure to chloroform was not associated
with any increase in tumour incidence (Heywood et al., 1979).

3.2 Inhalation

Mouse: Groups of 50 male and 50 female BDF, mice, six weeks of age, were given
chloroform (purity, > 99%) in air by inhalation for 6 h per day on five days per week for
104 weeks at concentrations of 0, 5, 30 or 90 ppm. The 30- and 90-ppm doses were
acutely lethal to the mice; thus, mice were first exposed to 5 ppm for two weeks, then to
10 ppm for two weeks (and, in the 90 ppm group, then 30 ppm for a further two weeks)
before the 30 and 90 ppm concentrations were maintained. Under these conditions,
chloroform produced renal tubular tumours (adenomas and carcinomas) in male mice at



152 IARC MONOGRAPHS VOLUME 73

the two highest concentrations: control, 0/50; low-dose, 1/50; mid-dose, 7/50; high-dose,
12/48 (Nagano et al., 1998).

Rat: Groups of 50 male and 50 female Fischer 344 rats, six weeks of age, were given
chloroform (purity, 99%) in air by inhalation for 6 h per day on five days per week for
104 weeks at concentrations of 0, 10, 30 or 90 ppm. Chloroform did not increase the
incidence of tumours (Nagano et al., 1998).

3.3 Administration with known carcinogens

Mouse: Groups of 23-39 male and 25-45 female CD-1 Swiss mice, 15 days of age,
were given a single intraperitoneal injection of 0, 5 or 20 mg/kg bw N-ethyl-N-nitroso-
urea (ENU) in 1 mol/L sodium acetate. At five weeks of age, the mice either received no
further treatment or were given chloroform (purity, > 99%) in the drinking-water at a
concentration of 1800 mg/L (ppm) for the next 46 weeks (i.e. until 51 weeks of age). All
mice were killed at 52 weeks of age. Chloroform did not alter the incidence of ENU-
initiated lung tumours in mice of either sex nor of liver tumours in female mice. Chloro-
form decreased the incidence of ENU-initiated liver tumours in male mice by approxi-
mately one-half (Pereira et al., 1985).

Rat: In a two-stage model of liver carcinogenesis, groups of 12 male Sprague-
Dawley rats weighing 225-275 g received a two-thirds partial hepatectomy followed
20-22 h later by a single oral gavage dose of 1.5 mmol/kg bw chloroform [purity not
specified] in tricaprylin, or 0.5 mmol/kg bw N-nitrosodiethylamine (NDEA) in distilled
water as a positive control. Three days later, sodium phenobarbital was added at a
concentration of 500 mg/L (ppm) to the drinking-water for 47 days, and the animals were
killed six days later. Chloroform did not increase the incidence of y-glutamyltranspep-
tidase-positive foci of hepatocellular alteration in either the partially hepatectomized or
the intact rats (Pereira et al., 1982).

In the promotion part of the above two-stage model of liver carcinogenesis, groups
of 15 or 16 male Sprague-Dawley rats weighing 225-275 g were given by gavage an
initiating dose of NDEA in distilled water, and three days later either an oral gavage dose
of 1.5 mmol/kg bw chloroform [purity not specified] in tricaprylin twice weekly for 53
days, 2 mL/kg bw tricaprylin alone or 500 mg/L (ppm) of sodium barbital in the
drinking-water as a positive control. Rats were killed four to five days after the 53 days
of promotion regimen. Chloroform did not statistically significantly increase the inci-
dence of y-glutamyltranspeptidase-positive foci of hepatocellular alteration (Pereira
etal., 1982).

In a two-stage initiation—promotion model of liver carcinogenesis, groups of four to
six female Sprague-Dawley rats, three weeks of age, received a single oral gavage dose
of 8 mg/kg bw NDEA followed one week later by an oral gavage dose of 25, 100, 200
or 400 mg/kg bw chloroform (purity, 99%) twice weekly for 11 consecutive weeks, at
which time the surviving animals were killed. These doses of chloroform were also admi-
nistered to groups that had not been initiated with NDEA. Chloroform increased the inci-
dence of adenosine-5’-triphosphatase-deficient, y-glutamyltranspeptidase-positive and
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glycogen-positive foci of hepatocellular alteration in the NDEA-initiated groups, but not
in the uninitiated groups (Deml & Oesterle, 1985, 1987).

In a rat model of gastrointestinal carcinogenesis, groups of 40 male Fischer 344 rats,
seven weeks of age, received a subcutaneous injection of 200 mg/kg bw 1,2-dimethyl-
hydrazine, followed seven days later by administration of chloroform (preservative-free
grade) at concentrations of 900 or 1800 mg/L in drinking-water for 39 weeks, at which
time all the surviving animals were killed. Survival was 98—100%. Chloroform produced
a statistically significant (p < 0.001) reduction in the incidence of gastrointestinal tract
tumours (including those of the stomach, duodenum, jejunum, caecum and colon); when
the incidence of colon tumours was analysed independently, it was significantly reduced
(p <0.001) at both doses (Daniel et al., 1989).

In a two-stage initiation—promotion model of liver carcinogenesis, groups of 11 or 12
male Fischer 344 rats weighing 150—160 g were subjected to a partial (67%) hepatectomy
followed 18 h later by a single oral gavage dose of either 0.5 mmol/kg bw NDEA in saline
or 2 mL/kg bw sterile saline. Two weeks after the hepatectomy, the groups were given
water containing 500 mg/L (ppm) phenobarbital or 1800 mg/L chloroform (preservative-
free high-performance liquid chromatography-grade), drinking-water containing both
phenobarbital at concentrations of 650, 700, 800 or 950 mg/L and chloroform at concen-
trations of 200, 400, 900 or 1800 mg/L, or distilled water alone, for the next 12 weeks, at
which time all the surviving animals were killed. Chloroform reduced the number of
v-glutamyltranspeptidase-positive and glutathione-S-transferase (placental form)-positive
foci of hepatocellular alteration in a dose-related manner (Reddy et al., 1992).

4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms

4.1 Absorption, distribution, metabolism and excretion
4.1.1 Humans

After inhalation of approximately 5 mg [33Cl]chloroform, ~80% of the chloroform
was found to have been absorbed (Morgan et al., 1970). Eight volunteers expired 18-67%
of an oral dose of 500 mg [!3C]chloroform (in capsules of olive oil) unchanged; in two
subjects, about half of the dose was eliminated in the expired air as !3CO,. The decline in
the concentration of chloroform in blood was described by a two-compartment model,
with initial and second-phase half-lives of 14 and 90 min, respectively, averaged over four
subjects (Fry et al., 1972).

The uptake and elimination of inhaled chloroform (2-2.5% v/v in air) by eight
patients during general anaesthesia was rapid, with an average blood concentration of
about 175 mg/L (Poobalasingham & Payne, 1978). Smith et al. (1973) reported that con-
centrations of 70-165 mg of chloroform per litre of blood produced adequate surgical
anaesthesia; at a concentration of 50 mg/L, patients became responsive again. One hour
after anaesthesia was terminated, the arterial chloroform concentration was 20-40 mg/L.
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Chloroform has been detected post mortem in tissue samples from various organs at
concentrations of 1-68 ug/kg wet tissue, the concentration in body fat being the highest
(McConnell et al., 1975). When subjects inhaled a mixture of oxygen/nitrogen (20/80)
containing less than 0.025 pg/L chloroform, traces up to 11 pg/h per subject were found
in expired air (Conkle et al., 1975).

After chloroform was applied to the forearm of male volunteers aged 23-36, and
exhaled air and urine were collected and analysed, absorption of chloroform was ~7.8%
after application of 50 pg in water and ~1.6% after application of 250 pg in ethanol. More
than 94% of the absorbed dose was excreted via the lungs between 15 min and 2 h after
dosing, 69 and 88% of which was CO, after application in ethanol and water, respectively
(Dick et al., 1995).

Cytochrome P450 (CYP) 2E1 was shown to be a major enzyme in the oxidation of
chloroform in human liver microsomes (Guengerich et al., 1991).

4.1.2  Experimental systems

Chloroform is rapidly absorbed and distributed to all organs, with relatively high
concentrations in nervous tissue (Von Oettingen, 1964). After intraduodenal injection of
[14C]chloroform to rats, 70% of the radiolabel was associated with unchanged chloroform
in the expired air and 4% with CO, after 18 h. In an experiment with tissue slices in vitro,
the liver and, to a much lesser extent, the kidney were the main organs in which CO, was
formed (Paul & Rubinstein, 1963). Mink et al. (1986) administered [!4C]chloroform by
intragastric intubation to fasted male Sprague-Dawley rats (100 mg/kg bw) and male
B6C3F, mice (150 mg/kg bw) and found that the majority of the compound was eliminated
in expired air through the lungs of both species within 8 h. The mice eliminated 40-81%
of the total dose as 4CO, and 5-26% as the parent compound, whereas the rats exhaled
4-18% as 14CO, and 41-67% as unmetabolized chloroform.

The blood concentrations in male Fischer 344 rats during 24-h dermal exposure to
pure chloroform peaked after 4-8 h at 52 pg/mL and remained constant for the duration
of the exposure (Morgan et al., 1991).

[14C]Chloroform in olive oil given periodically to mice, rats and monkeys (60 mg/kg
bw) was completely absorbed, since 93-98% of the radiolabel was recovered from
exhaled air, urine, faeces and the carcass. Most of the dose was excreted unchanged by
monkeys, as 14CO, by mice and as a mixture of the two by rats. Three metabolites were
detected in the urine of rats and mice, one of which was identified as urea (Brown, D.M.
et al., 1974; Taylor et al., 1974).

A study of the tissue distribution of chloroform in three strains of mice (CF/LP, CBA
and C57) by whole-body autoradiography after oral dosing with 60 mg/kg bw
[14C]chloroform showed the greatest amounts of radiolabel in liver and kidneys, with
significant amounts in the renal cortex but not the medulla of male mice. In female mice,
the highest levels of radiolabel were found in the liver, intestine and bladder with much
less in kidney (Taylor et al., 1974). No sex differences in renal binding were found in rats
or monkeys (Brown, D.M. et al., 1974).



CHLOROFORM 155

In male Wistar rats, the integrated area under the blood concentration—time curve after
oral administration of chloroform at 75 mg/kg bw in water was 8.7 times greater than after
administration in vegetable oil. In both cases, chloroform was well absorbed, peak blood
concentrations being reached approximately 6 min after administration; uptake from
aqueous solution gave rise to higher peak blood concentrations (Withey et al., 1983). In
male Fischer 344 rats, administration of chloroform in a low-dose volume (2 mL/kg bw)
of either corn oil or 2% emulphor:water did not appear to affect the absorption or tissue
dosimetry of chloroform; however, in B6C3F, mice treated with chloroform in a high-
dose volume (10 mL/kg bw) of the vehicle, these parameters were affected by the vehicle
used (Dix et al., 1997).

The fraction of the dose exhaled as unchanged chloroform did not increase
proportionately to that administered in either male Osborne-Mendel rats or male B6C3F,
mice exposed to 90, 360 or 1040 ppm [440, 1800 or 5100 mg/m3] or 10, 90 or 360 ppm
[49, 440 or 1800 mg/m3] [14C]chloroform for 6 h, respectively. #CO, was the major
metabolite exhaled. The data indicate metabolic saturation at the higher doses (Corley
etal., 1990).

The metabolism of chloroform has been extensively reviewed (Hathway, 1974;
Charlesworth, 1976; Pohl, 1979; Davidson et al., 1982). There is considerable evidence for
the metabolism of chloroform to phosgene (Mansuy et al., 1977; Pohl et al., 1977, 1979,
1980). The finding of 2-oxo-thiazolidine-4-carboxylic acid (4-carboxy-thiazolidine-2-one)
in incubates is strong evidence for the formation of phosgene, as the reactive metabolite
phosgene is formed by mixed-function oxidation of chloroform to trichloromethanol after
dehydrochlorination (Mansuy et al., 1977; Pohl et al., 1977, 1980). Phosgene reacts with
water to give CO, and HCI, which explains the presence of CO, as a metabolite in vivo in
a number of studies. Phosgene also reacts with tissue nucleophiles to form covalently
bound products (Mansuy et al., 1977; Pohl et al., 1980). In phenobarbital-treated rats, liver
necrosis was observed only with doses of chloroform high enough to decrease the concen-
tration of reduced glutathione in liver (Docks & Krishna, 1976). Chloroform depletes liver
glutathione by reacting with it (Pohl et al., 1980, 1981). Covalent binding of
[14C]chloroform-derived radiolabel to microsomal proteins in vitro was inhibited by
cysteine (Pohl et al., 1977).

Chloroform is metabolized to a greater extent in mice than in rats (Mink et al., 1986).
More covalent binding of ['4C]chloroform metabolites to liver and kidney proteins in vivo
was seen in B6C3F, mice than in Osborne-Mendel rats. The uptake of chloroform by male
B6C3F, mice in a closed chamber was more rapid than that by male Fischer 344 rats after
exposure to initial concentrations of chloroform ranging from 1000 to 5000 ppm [4900—
25000 mg/m3] and 103-2581 ppm [510-13 000 mg/m3], respectively (Corley etal.,
1990). This difference was attributed to the higher rate of chloroform metabolism in mice.

The metabolism of chloroform to phosgene in mouse kidney has been implicated as
the reactive pathway, as in the liver (Branchflower et al., 1984). Strain differences in
sensitivity to chloroform-induced nephrotoxicity correlate with the ability of the kidney
to metabolize chloroform. Chloroform metabolism in renal cortical slices from male, but
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not female, ICR mice was found to be responsible for the sensitivity of male mice to
chloroform-induced nephrotoxicity (Smith & Hook, 1983, 1984). Homogenates of kidney
from male DBA/2J mice metabolized chloroform twice as fast as those from C57BL/6J
mice (Pohl et al., 1984), and covalent binding of chloroform to renal microsomes was
much greater in male DBA mice than in male C57BL/6 mice, consistent with the
sensitivity of the DBA strain to chloroform-induced nephrotoxicity (Clemens et al., 1979).

Purified CYP 2El in the presence of liver microsomes prepared from acetone-
induced rats metabolized chloroform (Brady et al. 1989; Guengerich et al., 1991).

Testai and Vittozzi (1986) demonstrated that reductive biotransformation of chloro-
form takes place in rat microsomes in vitro and is dependent on inducible P450 enzymes.
Reductive metabolism was negligible with microsomes from uninduced animals. The
results of several investigations suggest that reductive metabolism of chloroform in vivo
would be significant only at high concentrations of chloroform (5 mmol/L) under very low
pO, (0-1%) and would be totally inhibited by the presence of higher concentrations of
oxygen (Luke et al., 1988; De Curtis et al., 1994; Gemma et al., 1996).

4.1.3 Comparison of humans and rodents

The metabolism of chloroform in human and rat (male Sprague-Dawley) liver micro-
somes in Vitro is similar. The kinetics in the two species were quite similar, but less total
irreversible binding was seen in human samples. Cysteine inhibited covalent binding of
chloroform metabolites to macromolecules in both human and rat microsomes (Cresteil
etal., 1979).

The metabolism of 4C[chloroform] in liver and kidney microsomes prepared from
male Fischer 344 rats, Osborne-Mendel rats, B6C3F, mice, Syrian golden hamsters and
humans was measured by trapping formed 4CO,. The order of the rate of [14C]chloroform
metabolism in liver microsomes was hamster > mouse > rat > human. Microsomes
prepared from the kidneys of the various species were less active than liver microsomes.
The metabolism of [!“C]chloroform in kidney microsomes was greatest in mice (B6C3F))
followed by hamster > rat > human, no activity being detected in human kidney micro-
somes (Corley et al. 1990). Amet et al. (1997) detected CYP 2E1 in human liver but not in
kidney.

Mice were exposed on day 11, 14 or 17 of gestation to [14C]chloroform for 10-min
in an all-glass chamber in which 100 uCi were mixed with maize oil and gently heated.
The radiolabel was observed to cross the placenta. In mid-gestation, the amniotic fluid
accumulated radiolabel from non-volatile metabolites, but chloroform itself did not accu-
mulate in fetal brain or other tissue. Radiolabel attached to non-volatile compounds
peaked in the fetus around 1 h after inhalation by the dam (Danielsson et al., 1986).

4.2 Toxic effects
4.2.1 Humans

Extensive exposure to chloroform is fatal to humans, rapid death being attributed to
cardiac arrest and delayed death to liver and kidney damage (Challen et al., 1958;
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Matsuki & Zsigmond, 1974). The symptoms of exposure to chloroform include respi-
ratory depression, coma, renal damage and liver damage as measured by elevated serum
enzyme levels (Storms, 1973). According to Royston (1925), chloroform was not toxic
to the fetus or newborn when administered to women during prolonged labour. Chloro-
form anaesthesia, under normal conditions, was found to induce minimal or no toxic
side-effects, even in young children (Whitaker & Jones, 1965).

4.2.2  Experimental systems

The acute toxicity of chloroform is species-, strain-, sex- and age-dependent. Thus,
the acute oral LDs, in young and older adult male Sprague-Dawley rats was 1300 and
1200 mg/kg bw, respectively whereas it was 440 mg/kg bw in 14-day-old animals
(Kimura et al., 1971). The LDy, of a single oral dose in male mice varied from 120 mg/kg
bw in DBA/2J mice to 490 mg/kg bw in C57BL/6]J mice (Hill et al., 1975). The dose that
caused a 50% incidence of acute neurological effects (ataxia, loss of coordination and
anaesthesia) was 480 mg/kg bw (Balster & Borzelleca, 1982).

Males of many mouse strains are susceptible to renal tubular necrosis, whereas
females are not similarly affected. The response to chloroform increased with the age of
the mice. Strains C3H, C3H,, A and HR were susceptible, and strains C57BL, C57L,
C57BR/cd and ST were resistant to exposure (Deringer et al., 1953).

Renal tubular injury has been observed in mice of a number of strains, including
B6C3F, (Larson et al., 1994a,b, 1996), DBA (Hill et al., 1975), ICR (Smith et al., 1983),
C57BL (Hill et al., 1975) and BDF, (Templin et al., 1996a, 1998), after oral or inhalational
exposure to chloroform. A number of studies indicate that male but not female mice are
susceptible to chloroform-induced nephrotoxicity (Eschenbrenner & Miller, 1945; Larson
et al., 1996; Templin et al., 1996a, 1998).

Male Sprague-Dawley rats were given 0, 1.2, 2.5, 3.1, 3.7 or 4.4 mmol/kg [0, 140,
300, 370, 440 or 530 mg/kg bw] chloroform in either corn oil or EL 620 emulphor
(10 mL/kg) and killed 48 h later. Toxicity to the kidney was evaluated by measuring
para-aminohippuric acid incorporation into renal cortical slices prepared from treated
rats. The nephrotoxicity appeared to be more severe in rats given chloroform in corn oil
(Raymond & Plaa, 1997). [The Working Group noted that the large volume of the vehicle
used may have influenced these results.

Liver damage was the cause of death of rats and mice after accidental long-term
exposure to and acute administration of chloroform (Doyle et al., 1967; Brown, B.R.
et al., 1974). Early dilatation of granular endoplasmic reticulum, with detachment of the
ribosomes, was observed in the livers of treated rats (Scholler, 1968). In rats, rabbits and
guinea-pigs exposed to 125, 250 or 425 mg/m3 chloroform in air and in dogs exposed to
125 mg/m3 for 7 h a day on five days a week for six months, higher mortality rates,
changes in organ weights and histopathological alterations in the liver and kidney were
observed; centrilobular granular degeneration was seen in rat liver. These effects
appeared to be reversible in rats exposed to 125 mg/m3 (Torkelson et al., 1976).
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Chloroform increases ornithine decarboxylase activity in Fischer 344 rats (Savage
etal., 1982, 1987) and male B6C3F, mice (Pereira et al., 1984). Ornithine decarboxylase
has been proposed to be a molecular marker for tumour promotion.

Various treatments that affect hepatic drug-metabolizing enzymes alter the hepato-
toxicity of chloroform, indicating that a metabolite of chloroform may be responsible for
the liver necrosis (McLean, 1970; Scholler, 1970). After administration of [!4C]-
chloroform, there was extensive, presumably covalent, binding of 14C to liver and kidney
proteins in male C57BL/6 mice. The livers of female mice showed similar amounts of
covalent binding and a similar degree of hepatic necrosis; the kidneys of female mice
appeared to be resistant to chloroform-induced necrosis and showed much less protein
binding (Tlett et al., 1973). In similar experiments, binding in the kidneys of mice of two
strains was related to their susceptibility to kidney lesions (Vesell et al., 1976). In mice,
covalent binding of chloroform to renal proteins correlated with the degree of renal
tubular necrosis (Ilett et al., 1973; Smith & Hook, 1983). Other factors, such as the avai-
lability of glutathione (Brown, B.R. et al., 1974), the concentration of cytochrome P450
and oxygen tension (Uehleke & Werner, 1975; Sipes et al., 1977), affected the extent of
covalent binding and of hepatic centrilobular damage.

Chloroform induced concentration-dependent cytotoxicity in male B6C3F, mouse and
Fischer 344 rat hepatocytes at concentrations greater than 1 mmol/L, which is the threshold
concentration for glutathione depletion. Cytochrome P450-dependent metabolism and
glutathione depletion, but not reductive metabolism, were found to be involved in the toxi-
city (Ammann et al., 1998).

Chloroform caused a sustained cytotoxic and regenerative cell proliferative response
in the livers of female B6C3F, mice under conditions of treatment by gavage similar to
those that produce cancer (corn oil, 10 mL/kg bw) (Larson et al., 1993, 1994a). Similar
total daily doses of chloroform administered in drinking-water at concentrations as high
as 1800 ppm [260 mg/kg bw] did not induce hepatocellular damage, cell proliferation or
liver tumours (Jorgenson et al., 1985; Larson et al., 1994a). A similar pattern of hepato-
cellular damage and regeneration was observed in B6C3F, mice given chloroform by
gavage or in the drinking-water (Pereira, 1994).

Male Fischer 344 rats were given oral doses of 0, 10, 34, 90 or 180 mg/kg bw per
day chloroform in corn oil for four days, or for five days a week for three weeks. A
second group of rats were given chloroform ad libitum in the drinking-water at concen-
trations of 0, 60, 200, 400, 900 or 1800 ppm [0, 6, 17-19, 32-33, 62-68, 57-110 mg/kg
bw per day] for four days or three weeks. Bromodeoxyuridine was administered via an
osmotic pump 3.5 days before necropsy, and the labelling index was evaluated immuno-
histochemically. Administration of chloroform by gavage caused more severe hepatic
and renal toxicity than exposure in the drinking-water, and regenerative proliferation in
the kidney and liver depended on the route of administration (Larson et al., 1995a). Male
and female Fischer 344 rats appear to be equally susceptible to chloroform-induced
hepatotoxic effects, but the nephrotoxic effects, including the proliferative response,
were more severe in females than in males (Larson et al., 1995a,b). Templin et al.
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(1996b) showed that male Fischer 344 and Osborne-Mendel rats have similar suscepti-
bility to chloroform-induced renal injury.

Female and male B6C3F, mice were exposed by inhalation to 0, 0.3, 2, 10, 30 or
90 ppm chloroform [0, 1.5, 9.8, 49, 150 or 440 mg/m3] for 6 h a day on seven days a
week for four days or for 3, 6 or 13 consecutive weeks. Additional groups were exposed
for five days a week for 13 weeks or exposed for six weeks and then examined at 13
weeks. Bromodeoxyuridine was administered via osmotic pumps implanted 3.5 days
before necropsy, and the labelling index was evaluated immunohistochemically.
Treatment-induced dose- and time-dependent histological lesions and increased labelling
indices were found only in the livers and nasal passages of female and male mice and in
the kidneys of male mice. Significant increases in the labelling index (cells in S-phase,
a measure of cell proliferation) were sustained in the group exposed to 90 ppm, and no
adverse effects were observed in mice exposed to 10 ppm (Larson et al., 1996).

Male and female Fischer 344 rats were exposed to 0, 2, 10, 30, 90 or 300 ppm [0,
9.8, 49, 150, 440 or 1500 mg/m3] chloroform for 6 h a day on seven days a week for four
days or for 3, 6 or 13 weeks. Additional groups were exposed for five days per week for
13 weeks. The primary target in Fischer 344 rats was the kidney, which showed a signi-
ficantly increased labelling index in the epithelial cells of the proximal tubules of the
cortex at concentrations of 30 ppm and above (seven days per week) and 90 ppm and
above (five days per week). A concentration-dependent response in the labelling index
in the kidney was found in both male and female rats. Hepatocyte alterations were seen
mainly in rats exposed to 300 ppm at all times and in those exposed to 90 ppm at later
times (Templin et al., 1996¢).

4.3 Reproductive and developmental effects
4.3.1 Humans
No data were available to the Working Group.

4.3.2  Experimental systems

The effects of chloroform on the development of rats, mice and rabbits have been
reviewed (Smith et al., 1986). Adverse clinical effects on the dams of each species and
some evidence of embryotoxic and fetotoxic effects (predominantly reduced fetal size
and weight and retarded skeletal ossification) were reported at the highest doses tested:
300 ppm for 7 h per day by inhalation and up to 400 mg/kg orally on days 6—15 of
gestation. Teratogenic effects were reported in rats and mice exposed by inhalation but
not in rats or rabbits treated by oral gavage. In one study, abnormal sperm were reported
in mice exposed by inhalation to 400 or 800 ppm for 4 h per day for five days (Land
etal., 1981).

Sprague-Dawley rats were exposed by inhalation to 0, 30, 100 or 300 ppm chloro-
form for 7 h per day on days 6—15 of gestation, and their fetuses were examined on day
20 of gestation for viability, growth and morphological appearance. All three doses
resulted in significantly reduced maternal body-weight gain, and this effect was marked
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in females at 300 ppm. Only 3/20 of females at this dose had viable fetuses at term,
compared with 88% of the controls. No effects on viability or body weight were noted in
the fetuses of dams at the two lower doses, but both viability and body weight were
considerably reduced at the high dose, as was crown—rump length. The crown-rump
length of fetuses of dams at the low dose was also reduced, and delayed skeletal ossifi-
cation and an increased incidence of fetuses with wavy ribs were seen. Fetuses of dams
at 100 ppm had increased incidences of absent or short tails, imperforate anus, sub-
cutaneous oedema and anomalies of the skull and sternum, with delayed ossification of
the sternebrae. The authors concluded that chloroform is not strongly teratogenic but
highly embryotoxic (Schwetz et al., 1974).

Groups of 15 Sprague-Dawley rats were exposed to 0, 100, 200 or 400 mg/kg bw
chloroform by gavage on days 6—15 of gestation, and their fetuses were examined on day
22. Maternal body-weight gain was decreased in all treated groups, and three females at
the high dose died. The relative liver weights were increased at all doses, while the
kidney weights were increased only in dams at the high dose. The only fetal effects were
a decrease in weight and increased incidences of runts, aberrations of the sternebrae and
interparietal malformations at the high dose. The last two effects were considered to be
indicative of fetotoxicity (Ruddick et al., 1983).

Male and female mice received 0 or 31 mg/kg bw per day chloroform in an
Emulphor-saline vehicle by oral gavage for 21 days before mating, throughout mating
(21 days or until a vaginal plug was detected) and throughout gestation and lactation. The
offspring in five control and five treated litters received the same doses daily beginning
on postnatal day 7 and continuing to the end of the study. No effects were reported on
offspring body weights or on a variety of neurobehavioural measures (righting reflex,
forelimb placing response, forepaw grasp, rooting reflex, cliff-drop aversion, auditory
startle response, bar-holding ability, eye opening, motor activity and passive avoidance
learning) (Burkhalter & Balster, 1979).

CF-1 mice were exposed to 0 or 100 ppm chloroform by inhalation for 7 h per day
on days 1-7, 6-15 or 8—15 of gestation, and their fetuses were examined on day 18 of
gestation for viability, growth and morphological appearance. Reduced body-weight gain
during the first few days of exposure was seen in all treated dams. Exposure on days 1-7
or 6—15 significantly reduced the percentage of females that maintained pregnancy. Fetal
body weights and crown—rump lengths were reduced in groups treated on days 1-7 or
8-15, and there was a significant increase in the incidence of cleft palate in the latter
group (Murray et al., 1979).

The reproductive effects of chloroform were evaluated in CD-1 mice in the conti-
nuous breeding protocol of the United States National Toxicology Program (Anon.,
1997). As reported in summary form, the mice were exposed to 0, 8, 20 or 50 mg/kg bw
per day by gavage, and males and females were maintained in breeding pairs throughout
the exposure. There were no reported treatment-related effects on the general health of
the parental generation (e.g. body and organ weights, clinical signs) or on their repro-
ductive function (e.g. numbers of litters produced, litter size or pup weight). Mating of
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control and high-dose offspring to produce an F, generation resulted in a higher fertility
index and larger litter sizes in the treated groups, while the relative liver weights were
increased in treated female offspring (F,), and the relative weight of the epididymides
was increased in treated F, males. All treated females showed some degree of hepato-
cellular degeneration, while individual cases of hepatitis and hepatocellular degeneration
were observed in males.

Sprague-Dawley rat embryos (12—15 somites) at day 10.5 of gestation were exposed
in whole-embryo culture to chloroform at concentrations of 0.53—3.7 pmol/mL for 40 h.
Concentrations of 2 umol/mL and higher retarded embryonic development. At the highest
concentration, yolk sac vascularity was reduced within 4 h of exposure; extensive cell
death was seen in the neuroepithelium after 16 h of culture (Brown-Woodman et al., 1998).

4.4 Genetic and related effects
4.4.1 Humans
No data were available to the Working Group.

4.4.2 Experimental systems (see Table 4 for references)

Chloroform did not induce prophage or SOS DNA repair in Escherichia coli in two
studies carried out in the presence and absence of exogenous metabolic activation. Weak
differential toxicity was observed in E. coli in one study with exogenous metabolic
activation, but another study gave negative results. A similar assay with Bacillus subtilis
showed a positive result in the absence of activation, but a second study again gave
negative results.

Chloroform did not cause forward mutations in Salmonella typhimurium and did not
cause reverse mutation in several studies in S. typhimurium strains TA100, TA135,
TA1537, TA1538 and TA98 and E. coli WP2 and WP2 uvrA in the presence or absence of
exogenous metabolic activation; two exceptions were positive responses in S. typhimurium
TA1535 transfected with rat glutathione S-transferase and in strain TA9S in the presence of
metabolic activation from mouse liver.

In lower eukaryotes, chloroform had mixed effects. In one study, it induced mitotic
gene conversion, mitotic crossing-over and reversion in the D7 strain of Saccharomyces
cerevisiae containing cytochrome P450-dependent monooxygenases and, in another
study, it induced deletions via intrachromosomal recombination. In contrast, no DNA
damage, mitotic gene conversion, mitotic crossing-over, reverse mutation or increase in
mitotic aneuploidy were observed in Saccharomyces cerevisiae in the presence or absence
of exogenous metabolic activation. In Aspergillus nidulans, chloroform did not induce
mitotic crossing-over, somatic segregation or gene mutation in the absence of metabolic
activation; aneuploidy was observed in one of two studies.

In two studies, chloroform did not induce sex-linked recessive lethal mutation in
Drosophila melanogaster.

Chloroform did not elicit DNA fragmentation in primary rat hepatocytes or DNA
repair in either mouse or rat hepatocytes, and it did not induce gene mutation at the hprt



Table 4. Genetic and related effects of chloroform

Test system Result* Dose” Reference
(LED or HID)
Without With
exogenous  exogenous
metabolic  metabolic
system system
Prophage induction, SOS repair, DNA strand breaks, cross-links or - - 0.05 uL/mL Thomson (1981)
related damage
Escherichia coli PQ37, SOS repair - - 3000 Le Curieux et al. (1995)
Escherichia coli pol A/W3110-P3478, differential toxicity - +) 250 ug/plate Rosenkranz et al. (1981)
(liquid suspension)
Escherichia coli rec strains, differential toxicity - - NR Green (1981)
Bacillus subtilis rec strains, differential toxicity + NT NR San Agustin &
Lim-Sylianco (1978)
Bacillus subtilis rec strains, differential toxicity - - 20 uL/plate Kada (1981)
Salmonella typhimurium, forward mutation - - 300 Skopek et al. (1981)
Salmonella typhimurium Ara forward mutation - — 9.6 umol/plate ~ Roldan-Arjona et al.
(1991); Roldan-Arjona &
Pueyo (1993)
Salmonella typhimurium TA100, TA98, TA1535, TA1537, TA1538, - - 5 mg/plate Simmon et al. (1977)
reverse mutation
Salmonella typhimurium TA100, TA98, TA1535, TA1537, TA1538, NT - 15 mg/plate Nestmann et al. (1980)
reverse mutation
Salmonella typhimurium TA100, TA98, TA1535, TA1537, TA1538, - — 3600 pg/plate Gocke et al. (1981)
reverse mutation
Salmonella typhimurium TA100, TA98, TA1537, reverse mutation - - 5000 pg/plate MacDonald (1981)
Salmonella typhimurium TA100, TA98, TA1535, TA1537, TA1538, - - 1000 pg/plate Van Abbé et al. (1982)
reverse mutation
Salmonella typhimurium TA100, reverse mutation (fluctuation test) - - 10 000 Le Curieux et al. (1995)
Salmonella typhimurium TA1535, reverse mutation - NT 0.3% v/v San Agustin &

Lim-Sylianco (1978)
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Table 4 (contd)

Test system Result* Dose” Reference
(LED or HID)
Without With
exogenous  exogenous
metabolic  metabolic
system system
Salmonella typhimurium TA98, TA1535, TA1537, reverse mutation - - 10 Gatehouse (1981)
Salmonella typhimurium TA1535, TA1537, TA1538, reverse mutation - - 10 000 pg/plate  Richold & Jones (1981)
Salmonella typhimurium TA1535 transfected with human GST gene, ) NT 226 Pegram et al. (1997)
reverse mutation
Salmonella typhimurium TA1537, reverse mutation - NT 0.05% v/v San Agustin &
. . @
Lim-Sylianco (1978) a5
Salmonella typhimurium TA98, reverse mutation - NT 0.02% v/v San Agustin & 8
Lim-Sylianco (1978) =~
Salmonella typhimurium TA98, reverse mutation NT + 0.2 mL/2000 Norpoth et al. (1980) %
cm’ %
Escherichia coli WP2 uvrA, reverse mutation - - 1000 Gatehouse (1981) Z
Escherichia coli WP2 uvrA, reverse mutation — - 10 000 pg/plate  Kirkland et al. (1981)
Escherichia coli WP2, reverse mutation — - 10 000 pg/plate  Kirkland et al. (1981)
Saccharomyces cerevisiae, gene conversion + NT 6400 Callen et al., (1980)
Saccharomyces cerevisiae, gene conversion - - 333 ug/plate Jagannath et al. (1981)
Saccharomyces cerevisiae, gene conversion - - 1000 Sharp & Parry (1981)
Saccharomyces cerevisiae, gene conversion NT - 3000 Zimmermann & Scheel
(1981)
Saccharomyces cerevisiae, homozygosis by mitotic recombination or + NT 6400 Callen et al. (1980)
gene conversion
Saccharomyces cerevisiae, homozygosis by mitotic recombination or - - 1000 Kassinova et al. (1981)
gene conversion
Aspergillus nidulans, genetic crossing-over - NT 5mL/20 L Crebelli et al. (1984)
Aspergillus nidulans, genetic crossing-over - NT 0.5% Gualandi (1984)
Saccharomyces cerevisiae, reverse mutation + NT 6400 Callen et al. (1980)
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Table 4 (contd)

Test system Result* Dose” Reference
(LED or HID)
Without With
€X0genous  exogenous
metabolic ~ metabolic
system system
Saccharomyces cerevisiae, reverse mutation - - 1111 Mehta & von Borstel
(1981)
Aspergillus nidulans, forward mutation - NT 0.5% Gualandi (1984)
Saccharomyces cerevisiae, aneuploidy - - 100 Parry & Sharp (1981)
Aspergillus nidulans, aneuploidy - NT SmL/20L Crebelli et al. (1984)
Aspergillus nidulans, aneuploidy + NT 0.16% v/v Crebelli et al. (1988)
Drosophila melanogaster, sex-linked recessive lethal mutations - 2975 Gocke et al. (1981)
Drosophila melanogaster, sex-linked recessive lethal mutations - 0.2% (adult Vogel et al. (1981)
feeding)
DNA strand breaks, cross-links or related damage, rat hepatocytes in vitro — NT 357 Sina et al. (1983)
Unscheduled DNA synthesis, rat hepatocytes in vitro - NT 1000 Althaus et al. (1982)
Unscheduled DNA synthesis, mouse hepatocytes in vitro - NT 1190 Larson et al. (1994c¢)
Gene mutation, Chinese hamster lung V79 cells, hprt locus in vitro - NT 2.5% gas x24h  Sturrock (1977)
Sister cromatid exchange, Chinese hamster cells in vitro - - 0.71% gas v/v White et al. (1979)
Sister chromatid exchange, Chinese hamster cells in vitro NT - 10 pug Perry & Thomson (1981)
Sister chromatid exchange, rat leukemia cells in vitro - + 119 Fujie et al. (1993)
Cell tranformation, SA7/Syrian hamster embryo cells + NT 0.25 Hatch et al. (1983)
mL/chamber
Unscheduled DNA synthesis, human lymphocytes in vitro - - 15000 Perocco & Prodi (1981)
Unscheduled DNA synthesis, human hepatocytes in vitro - NT 119 Butterworth et al. (1989)
Sister chromatid exchange, human lymphocytes in vitro NT - 400 Kirkland et al. (1981)
Sister chromatid exchange, human lymphocytes in vitro + NT 1190 Morimoto & Koizumi
(1983)
Chromosomal aberrations, human lymphocytes in vitro NT - 400 Kirkland et al. (1981)
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Table 4 (contd)

Test system Result Dose” Reference
(LED or HID)
Without With
exogenous  exogenous
metabolic  metabolic
system system
S. typhimurium TA1537, reverse mutation in urine from mice + 700 x 1 San Agustin &
Lim-Sylianco (1978)
Host-mediated assay, S. typhimurium TA1535 in mouse peritoneal cavity —— NG San Agustin &
Lim-Sylianco (1978)
Host-mediated assay, S. typhimurium TA1537 in mouse peritoneal cavity — + NG San Agustin &
Lim-Sylianco (1978)
Host-mediated assay, microbial cells in animal hosts - 800 ip x 1 Hellmér & Bolcsfoldi
(1992)
DNA strand breaks, cross-links or related damage, animal cells in vivo - 400 po Petzold & Swenberg
(1978)
DNA strand breaks, cross-links or related damage, animal cells in vivo - 480 po x 1 Kitchin & Brown (1989)
Unscheduled DNA synthesis, rat hepatocytes in vivo - 400 po Mirsalis et al. (1982)
Unscheduled DNA synthesis, mouse cells in vivo - 477 po x 1 Larson et al. (1994c)
Gene mutation, B6C3F1 lacl transgenic mice in vivo - 90 ppm 6 h/d Butterworth et al. (1998)
x180d
Sister chromatid exchange, animal cells in vivo + 50 po x4 Morimoto & Koizumi
(1983)
Micronucleus formation, mice in vivo +) 700 % 1 San Agustin &
Lim-Sylianco (1978)
Micronucleus formation, mice in vivo - 952 ipx2 Gocke et al. (1981)
Micronucleus formation, mice in vivo ? 1321ip Salamone et al. (1981)
Micronucleus formation, mice in vivo - 0.06 ml/kg ip Tsuchimoto & Matter
x2 (1981)
Micronucleus formation, rats (kidney) in vivo + 4 mmol/kg po Robbiano et al. (1998)
x 1
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Table 4 (contd)

Test system Result* Dose” Reference
(LED or HID)
Without With
exogenous  exogenous
metabolic ~ metabolic
system system
Micronucleus formation, other animals (newt) in vivo - 50 ug/mL Le Curieux et al. (1995)
Chromosomal aberrations, animal bone-marrow cells in vivo + 10 umol/kg ip Fujie et al. (1990)
X1
Chromosomal aberrations, animal bone-marrow cells in vivo + 1 mmol/kg po Fujie et al. (1990)
X5
Binding (covalent) to DNA in vitro NT - 0.8 Diaz Gomez & Castro
(1980a)
Binding (covalent) to DNA in vitro - + 95 Di Renzo et al. (1982)
Binding (covalent) to rat liver cell protein in vitro + NT 0.0008 Diaz Gomez & Castro
(1980b)
Binding (covalent) to DNA and RNA, mouse liver cells in vivo - 750 ip x 4 Diaz Gomez & Castro
(1980a)
Binding (covalent) to RNA or protein, rat liver cells in vivo + Sipx1 Diaz Gomez & Castro

(1980a)

*+, positive; (+), weakly positive; —, negative; NT, not tested; ?, inconclusive

PLED, lowest effective dose; HID, highest ineffective dose unless otherwise stated; in-vitro test, pg/mL; in-vivo test, mg/kg bw per day; NR, not

reported; ip, intraperitoneal; po, oral
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locus in Chinese hamster V79 cells in the absence of metabolic activation. No increase
in the frequency of sister chromatid exchange was detected, in the presence of a meta-
bolic system from rat liver, in two studies in Chinese hamster ovary cells. A modest but
significant increase in sister chromatid exchange frequency was induced by chloroform
in cultured rat erythroblastic leukaemia cells, but only in the presence of metabolic
activation, and it enhanced transformation of Syrian hamster embryo cells by SA7
adenovirus.

In single studies in cultured human lymphocytes, chloroform increased the frequency
of sister chromatid exchange in the absence of metabolic activation, but did not elicit DNA
repair with or without activation; it also did not induce chromosomal breakage or sister
chromatid exchange in the presence of activation. In cultures of primary human hepa-
tocytes, no DNA repair synthesis was observed after exposure to chloroform.

In a host-mediated assay in mice, chloroform was mutagenic in males but not in
females, and the response was weakly positive in S. typhimurium strain TA1537 but not
in strain TA1535; chloroform was inactive in another host-mediated assay in mice in
which the relative survival of E. coli k-12 uvrB/recA DNA repair-deficient strain was
measured in blood, liver, lungs, kidney and testes.

DNA fragmentation was not observed in the livers of rats given a single oral dose of
chloroform, and negative responses were obtained in in-vivo—in-vitro assays for DNA
repair in rat and mouse hepatocytes. No increase in lacl mutant frequency was seen in
the livers of female transgenic B6C3F, mice exposed to chloroform by inhalation for 180
days. Daily oral dosing of mice with chloroform for four successive days caused a signi-
ficant increase in sister chromatid exchange frequency in bone-marrow cells. Weak
induction of micronuclei in polychromatic erythrocytes was observed in chloroform-
treated mice in one study, whereas another study of micronucleus formation in mouse
bone marrow gave equivocal results and two studies gave negative results. A dose-
dependent increase in the frequency of chromosomal aberrations was detected in the
bone marrow of rats given a single intraperitoneal dose of chloroform or five successive
daily oral doses. A statistically significant increase in the induction of micronucleated
cells was observed in the proximal tubules of the kidneys of rats given a single oral dose
of chloroform. Micronuclei were not, however, induced in newts.

No covalent binding of reactive metabolites of chloroform to DNA or RNA was
observed in the livers of mice and rats injected intraperitoneally with [4C]chloroform or
in DNA exposed in vitro to [!4C]chloroform in the presence of a microsomal suspension
containing an NADPH-generating system or liver tissue slices. In contrast, [14C]chloro-
form bound covalently to calf thymus DNA after activation by hepatic microsomes from
phenobarbital-induced rats.

4.5 Mechanistic considerations

There is strong evidence that cytotoxicity is a critical component of the induction of
tumours in rodents by chloroform, since it has been shown that oxidative metabolism is
necessary for activation of this compound and correlates with cytotoxicity, regenerative
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cell proliferation and tumour response in the target cell population. The concordance
between these responses is strongest for hepatic and renal tumours in mice.

Chloroform-induced liver tumours have been observed in mice only after prolonged
exposure to cytotoxic bolus doses given by oral gavage and not after administration of the
same total daily dose in drinking-water. The incidence and severity of toxicity in the liver
and kidney have been related to the degree of covalent binding of oxidative metabolites
of chloroform to tissue proteins. The relationship between metabolism and toxicity is
exemplified by localization of covalent binding to protein in both liver and kidney and the
increases and decreases in toxic responses that result from pretreatment with inducers and
inhibitors of cytochrome P450 activity, respectively. There is a consistent association
between oxidative metabolism of chloroform, the pattern of covalent tissue binding and
toxic injury (Davidson et al., 1982). A strong dose-related correlation is also seen between
induction of hepatic cytotoxicity, a sustained increase in regenerative cell proliferation and
induction of liver tumours.

In the kidney of male mice, a strong correlation is also seen between the degree of oxi-
dative metabolism, renal cytotoxicity, compensatory cell regeneration and renal tubular
tumours. This correlation includes a strong concordance of these end-points with the sex
of the mice and genetic variability. For example, male DBA mice, a parental strain of
BDF, mice in which chloroform induces renal tumours, developed much more severe
renal injury than C57BL mice, in which chloroform does not induce renal tumours.

The evidence for a correlation between cytotoxicity, a sustained increase in regene-
rative cell proliferation and tumours is weakest in rat kidney and in the tumour-susceptible
Osborne-Mendel strain, which has not been investigated in depth; however, the observation
of sustained renal cell injury in a two-year bioassay with Osborne-Mendel rats that corre-
lated with tumour-inducing doses is consistent with induction of renal tumours via
cytotoxicity induced by high doses and compensatory cell proliferation.

Thus, with the high-dose regimens used in cancer bioassays, chloroform has been
shown to induce cytolethality and regenerative cell proliferation in the target organs for
cancer.

5. Summary of Data Reported and Evaluation

5.1 Exposure data

Occupational exposure to chloroform may occur during its production and use as a
solvent and chemical intermediate. The general population may be exposed as a result of
its presence in chlorinated drinking-water, ambient air and some foods.

5.2 Human carcinogenicity data

Two cohort studies of cancer and drinking-water quality were carried out in the
United States. One conducted in Maryland showed excess mortality from cancers of the
liver and breast in association with water chlorination, while that conducted in Iowa
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showed increased risks for cancers of the colon and lung and skin melanoma associated
with chloroform concentrations in drinking-water.

Eight case—control studies have been reported on bladder cancer in relation to chlori-
nated drinking-water in the United States. Significant results were obtained in five studies,
but there was little consistency in the risk pattern in subgroups defined by sex or surrogate
measures of chloroform intake. Significant increasing trends in the risk for bladder cancer
were seen in two studies. The study in Colorado showed increasing risk with years of expo-
sure to chlorinated water; the study in Iowa showed increasing risk with lifetime intake of
trihalomethanes (from drinking-water), but only in men and not in women.

Seven case—control studies addressed the risk for cancers of the large bowel in asso-
ciation with consumption of chlorinated water. In two of these studies, lifetime exposure
to trihalomethanes was assessed. Two studies showed significant associations with rectal
cancer. Overall, however, the results were inconsistent with regard to the subsite of the
large bowel and sex, and the quality of the studies varied widely.

Exposure to chloroform in the workplace was addressed in two case—control studies,
both of which had limited statistical power. The study on brain cancer gave negative
results. The other included a number of sites (but not the brain) and showed associations
with cancers of the prostate and lung, but no association was seen with bladder cancer.

The presence of various water chlorination by-products, including trihalomethanes,
is likely to be highly correlated. Although chloroform is the most ubiquitous, the other
by-products therefore may act as confounders in studies of water-mediated exposure. In
addition, important sources of chloroform other than drinking-water were ignored in the
majority of the studies.

Although the epidemiological evidence for an association between consumption of
chlorinated drinking-water and the risk for some cancers, particularly those of the
urinary bladder and rectum and possibly of the colon, seems to favour an interpretation
of mild excess, a causal inference cannot be made with regard to chloroform because of
incomplete control for confounding by other water impurities and other factors and lack
of concordance in the results for men and women. Use of surrogate indicators for
exposure to chloroform adds to the uncertainty.

5.3 Animal carcinogenicity data

Chloroform was tested for carcinogenicity in several experiments in mice, rats and
dogs. In three studies by oral administration and in one study by inhalation exposure in
mice, it produced renal tubular tumours and, in one study, hepatocellular tumours. In
three studies by oral administration in Osborne-Mendel rats, chloroform produced renal
tubule tumours. No increased incidence of tumours was observed in one study in dogs.

5.4 Other relevant data

Chloroform is metabolized by oxidative and reductive pathways. Under normal
conditions, oxidative metabolism is the major pathway, and reductive metabolism does
not play a significant role. Oxidative metabolism of chloroform results in the generation
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of phosgene, which either reacts with water to give carbon dioxide and hydrogen chloride
or binds covalently to tissue macromolecules. The formation of carbon dioxide as a meta-
bolite of chloroform has been shown in a number of studies in both rodents and humans
in vivo.

The metabolism of chloroform is more rapid in mice than in rats, and human tissues
(liver and kidney) have the lowest activity. CYP2E] is the predominant enzyme involved
in the metabolism of chloroform in both rodent and human tissues.

There is a consistent, tissue-, species-, strain- and sex-specific pattern in the rate of
metabolism, cytotoxicity and cell proliferation produced by chloroform in rodent liver
and kidney. Under the conditions of the high-dose regimens used in cancer bioassays in
which tumours are produced, chloroform induced cytotoxicity and regenerative cell
proliferation in the target organs for cancer. These findings are consistent with a mode of
action for tumorigenesis in the liver and kidney of rodents that involves cytotoxicity.

Chloroform has been tested for developmental toxicity in mice and rats by gavage
and inhalation. Fetal toxicity in the form of growth retardation has been observed in
several studies, concurrent with evidence of maternal toxicity. Malformations were
observed in one study in rats exposed by inhalation. In a continuous breeding study, no
reproductive effects were noted.

No data were available on the genetic and related effects of chloroform in humans.
There is weak evidence for the genotoxicity of chloroform in experimental systems in
vivo and in mammalian cells, fungi and yeast in vitro. It was not mutagenic to bacteria.

5.5 Evaluation
There is inadequate evidence in humans for the carcinogenicity of chloroform.
There is sufficient evidence in experimental animals for the carcinogenicity of
chloroform.

Overall evaluation
Chloroform is possibly carcinogenic to humans (Group 2B).
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This substance was considered by previous working groups, in 1982 (IARC, 1983) and
1987 (IARC, 1987). Since that time, new data have become available, and these have been
incorporated into the monograph and taken into consideration in the present evaluation.

1. Exposure Data

1.1 Chemical and physical data
1.1.1  Nomenclature
Chem. Abstr. Serv. Reg. No.: 1897-45-6
Deleted CAS Reg. Nos: 37223-69-1; 101963-73-9
Chem. Abstr. Name: 2,4,5,6-Tetrachloro-1,3-benzenedicarbonitrile
IUPAC Systematic Name: Tetrachloroisophthalonitrile
Synonyms: 1,3-Dicyanotetrachlorobenzene; tetrachlorobenzene-1,3-dicarbonitrile;
2,4,5,6-tetrachloro-1,3-dicyanobenzene; 2,4,5,6-tetrachloroisophthalonitrile; 2,4,5,6-
tetrachloro-1,3-isophthalonitrile

1.1.2  Structural and molecular formulae and relative molecular mass

CN
Cl Cl

Cl CN

cl
CsCI4N, Relative molecular mass: 265.91

1.1.3 Chemical and physical properties of the pure substance

(a) Description: White, crystalline solid (National Library of Medicine, 1998a)

(b) Boiling-point: 350°C (Lide, 1997)

(c) Melting-point: 250°C (Lide, 1997)

(d) Density: 1.7 g/cm?3 at 25°C (Lide, 1997)

(e) Solubility: Insoluble in water; slightly soluble in acetone and cyclohexane
(Lide, 1997)

(f) \olatility: Vapour pressure, < 1 Pa at 40°C (National Toxicology Program,
1991)

-183-
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(g) Octanol/water partition coefficient (P): log P, 2.90 (Hansch et al., 1995)
(h) Conversion factor: mg/m3 = 10.88 x ppm

1.2 Production and use

Chlorothalonil has been produced commercially since 1969 (WHO, 1996). Information
available in 1995 indicated that chlorothalonil was produced in China and Italy (Chemical
Information Services, 1995).

Chlorothalonil is used as an agricultural and horticultural fungicide, bactericide and
nematocide (Budavari, 1996). It is also used as a preservative in paints and adhesives
(National Toxicology Program, 1991).

1.3 Occurrence
1.3.1 Natural occurrence
Chlorothalonil is not known to occur naturally.

1.3.2  Occupational exposure

According to the 1981-83 National Occupational Exposure Survey (National Institute
for Occupational Safety and Health, 1998), approximately 63 000 workers in the United
States were potentially exposed to chlorothalonil. Occupational exposure to chlorothalonil
may occur during its production and during its use as a pesticide or preservative. Crop
workers may be exposed to chlorothalonil by dermal contact and inhalation of dust during
application and as a result of contact with treated foliage (National Library of Medicine,
1998a).

1.3.3  Environmental occurrence

Chlorothalonil has been detected in some raw agricultural commodities and foods in
several countries at concentrations of 0.001-7.5 mg/kg (WHO, 1996; National Library of
Medicine, 1998a).

Chlorothalonil has been found in surface water, groundwater and seawater (WHO,
1996; Cox, 1997; National Library of Medicine, 1998a).

The mean concentrations of chlorothalonil in indoor air samples have been reported
to range from 0.1 to 6.7 ng/m3 and those in outdoor air samples at the same locations
from 0.2 to 0.8 ng/m3 (National Library of Medicine, 1998a).

According to the Environmental Protection Agency Toxic Chemical Release Inventory
for 1987, 9600 kg chlorothalonil were released into the air and 110 kg were discharged into
water from manufacturing and processing facilities in the United States. By 1996, 7100 kg
were released into the air, 10 kg were discharged into water, and 760 kg were released onto
the land (National Library of Medicine, 1998b).

1.4 Regulations and guidelines

No occupational exposure limits have been proposed for chlorothalonil in workplace
air in the United States, and no international guidelines for chlorothalonil in drinking-
water have been established (WHO, 1993).



CHLOROTHALONIL 185

2. Studies of Cancer in Humans

No data were available to the Working Group.

3. Studies of Cancer in Experimental Animals

Previous evaluation

Chlorothalonil was tested in one experiment in both rats and mice by oral admini-
stration. It produced adenomas and adenocarcinomas of the renal tubular epithelium at
low incidence in male and female rats. No carcinogenic effect was found in mice (IARC,
1983).

New studies
Oral administration

Mouse: Groups of 60 male and 60 female CD-1 mice [age unspecified] were given
diets containing chlorothalonil at doses of 0, 125, 250 or 550 mg/kg bw per day for 24
months. Survival was unaffected by treatment. Chlorothalonil increased the incidence of
renal tubular tumours in male mice, but without a clear dose-response relationship, the
incidences being: control, 0/60; low dose, 6/60, intermediate dose, 4/60; and high-dose,
5/60. No renal tumours were seen in females. There was a close association between renal
tubular hyperplasia and renal tumour incidence in males, and a much lower incidence of
tubular hyperplasia in females. Animals of each sex showed increased incidences of
forestomach tumours, again with no clear dose-response relationship, the incidences
being: males—control, 0/60; low dose, 2/60; intermediate dose, 5/60; and high dose, 2/60;
females—control, 0/60; low dose, 2/60; intermediate dose, 4/60; and high dose, 5/59.
Forestomach tumours were associated with squamous-cell hyperplasia and hyperkeratosis
in all treated groups (Wilkinson & Killeen, 1996).

In a second study, male CD-1 mice were fed diets containing chlorothalonil at 1.6, 4.5,
21.3 and 91.3 mg/kg bw per day for two years. No renal tumours were observed, but there
was a slight increase in the incidence of forestomach tumours at the high dose. Dose-
related increases in the incidence of associated hyperplasia were seen, commencing at
21.3 mg/kg bw for the renal tubules and at 4.5 mg/kg bw for the forestomach lining
(Wilkinson & Killeen, 1996).

Rat: Groups of 60 male and 60 female Fischer 344 rats were given diets containing
chlorothalonil at 0, 40, 80 or 175 mg/kg bw per day for 27 months for males and for 30
months for females. Survival was unaffected by treatment. Chlorothalonil increased the
incidence of renal tubular tumours (adenomas and carcinomas) in a dose-related manner
at all doses in animals of each sex. The incidence of forestomach tumours (squamous-
cell papillomas and carcinomas) was also increased in males and females (Table 1). A
close association was seen between renal tubular hyperplasia and renal tumorigenicity
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Table 1. Incidences of primary tumours in Fischer 344 rats
exposed orally to chlorothalonil

Treatment Sex Animals with tumours
(mg/kg bw per day)
Kidney? Forestomach®
None M 0/60 0/60
40 7160 1/60
80 7/60 1/60
175 19/60 3/60
None F 0/60 0/60
40 3/60 1/60
80 6/60 2/60
175 23/60 7/60
None M 1/55 0/55
1.8 1/54 0/54
3.8 1/54 3/54
15 4/54 2/54
175 23/55 5/55
None F 0/55 1/55
1.8 0/54 1/54
3.8 0/55 2/55
15 0/53 5/53
175 32/55 9/55

From Wilkinson & Killeen (1996); no statistical analysis provided
& Renal tubular adenoma or carcinoma
b Squamous-cell papilloma or carcinoma

and between squamous-cell hyperplasia and forestomach tumorigenicity (Wilkinson &
Killeen, 1996).

In a second study, groups of 55 male and 55 female Fischer 344 rats received diets
containing chlorothalonil at doses of 0, 1.8, 3.8, 15 or 175 mg/kg bw for either 23-26
months (males) or 29 months (females). The incidence of renal tubular tumours and fore-
stomach tumours was increased at the high dose in animals of each sex (Table 1; Wilkinson
& Killeen, 1996).

4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms

4.1 Absorption, distribution, metabolism and excretion
411 Humans
No data were available to the Working Group.
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4.1.2 Experimental systems

The toxicokinetics of chlorothalonil in rats has been reviewed (Wilkinson &
Killeen, 1996). After oral administration, the amount of chlorothalonil absorbed is dose-
related. Thus, while approximately 30% of an administered dose of up to 50 mg/kg bw
was absorbed, absorption at higher doses decreased, being only 15% at 200 mg/kg bw.
Chlorothalonil reacts readily with glutathione, and glutathione conjugation is the
primary route of metabolism. The liver is the major organ for the conjugation of chloro-
thalonil with glutathione: 9 and 18 h after oral administration of 5000 mg/kg bw chloro-
thalonil to rats, hepatic glutathione was depleted by 20 and 40%, respectively. The
major urinary metabolites are trithiomonochloroisophthalonitrile and dithiomono-
chloroisophthalonitrile and the corresponding methylthio derivatives. The di- and tri-
glutathione conjugates of chlorothalonil formed in the liver may be secreted into the
bile, undergo enterohepatic circulation as intact glutathione conjugates or cysteine
conjugates, return to the liver for further processing and be transported directly to the
kidney, as demonstrated by their presence in blood. The chlorothalonil metabolites
arriving in the kidney consist of a mixture of di-and tri-glutathione conjugates, cysteine
S-conjugates and possibly some mercapturic acids. The glutathione conjugates are
completely cleaved in the proximal tubules by y-glutamyl transpeptidase and dipepti-
dases to the cysteine S-conjugates, which are subsequently cleaved by B-lyases to the
corresponding thiol derivatives. Since mercapturic acids have not been identified in the
urine, these compounds are probably deacetylated to the corresponding cysteine
S-conjugates, which may undergo bioactivation to a reactive thiol by B-lyase (Wilkinson
& Killeen, 1996).

A comparative study in rats, dogs and rhesus monkeys demonstrated that rats excrete
the largest amount of thiol-derived materials in the urine. During the first 24 h after oral
administration of chlorothalonil to rats, about 1.6% of the administered dose (50 mg/kg
bw) was excreted in the urine as di- and trithiol-derived metabolites. In contrast, rhesus
monkeys excreted less than 0.06% of the applied dose in the form of thiol derivatives
during the same time, and no thiol-derived metabolites were identified in the urine of
dogs (Savides et al., 1991).

4.2 Toxic effects
4.2.1 Humans

Contact dermatitis due to exposure to chlorothalonil was diagnosed over a period of
two years in three workers in greenhouses in which chlorothalonil was used (Bruynzeel
& van Ketel, 1986).

Contact urticaria was reported after diagnostic application of diluted chlorothalonil
(0.01% aqueous solution) to intact skin (Dannaker et al., 1993). The patient had expe-
rienced immediate respiratory reactions (tight chest and throat) after entering a nursery
greenhouse in which chlorothalonil and other pesticides had been applied. Chlorothalonil
was present at 300 ppm in the air, while the other pesticides were not detectable. Since the
patient showed skin reactions after direct application of chlorothalonil, but not after that of
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the other pesticides used in the nursery, chlorothalonil can be considered the cause of the
allergic reaction.

Patch tests for chlorothalonil were performed in two groups of field workers in banana
plantations in Panama: 39 workers with erythema-dyschromicum-perstans-like dermatitis
(ashy dermatitis) and 41 control workers without skin symptoms (Penagos et al., 1996).
Thirty-four (87%) of the 39 workers with dermatitis and none of the controls showed
positive reactions to chlorothalonil; the difference was highly significant. The group with
dermatitis did not have positive reactions to 16 additional pesticides used in the banana
plantations.

4.2.2  Experimental systems

Daily oral administration of approximately equimolar doses of chlorothalonil
(75 mg/kg bw per day) or the monoglutathione conjugate of chlorothalonil (150 mg/kg
bw per day) to male Fischer 344 rats over 90 days resulted in significantly increased
kidney weights and histopathological signs of nephrotoxicity: proximal tubular hyper-
plasia, tubular dilatation, vacuolar degeneration and interstitial fibrosis. The parent com-
pound also induced gross and microscopic changes in the forestomach, which were not
seen with the glutathione conjugate (Wilson et al., 1990).

Fischer 344 rats fed diets containing chlorothalonil at 175 mg/kg bw per day for up
to 91 days showed multifocal ulceration and erosion of the stomach mucosa, which sub-
sequently progressed to hyperplasia and hyperkeratosis. The first evidence of kidney
damage was seen on day 4, as marked vacuolization of the proximal tubular epithelial
cells; this was followed on day 14 by tubular hyperplasia (Wilkinson & Killeen, 1996).

Chlorothalonil administered in the diet of dogs at daily doses of up to 500 mg/kg bw
for 12 months did not induce proliferative or degenerative changes in the kidney
(Wilkinson & Killeen, 1996).

Incubation of hepatocytes from male Sprague-Dawley rats for up to 90 min with
0.1 mmol/L chlorothalonil reduced the non-protein sulfhydryl content to 13% that of
controls and stimulated lipid peroxidation, as evidenced by malondialdehyde production,
while cell viability was reduced to only 84% that of the controls. Chlorothalonil at
1 mmol/L reduced the non-protein sulfhydryl content of hepatocytes to 4.8% that of
controls and the cell viability to 14% that of controls. The cytotoxic effects on isolated
hepatocytes were probably directly associated with a reduction in non-protein sulfhydryls,
since addition of dithiothreitol prevented the cytotoxicity of chlorothalonil (Yamano &
Morita, 1995).

A comparative investigation in isolated Wistar rat hepatocytes of cytotoxicity and
induction of lipid peroxidation, as assessed by measuring the content of hydroperoxide
in phospholipid, showed chlorothalonil to be one of the most potent of 10 pesticides. At
1 mmol/L, chlorothalonil reduced survival to practically zero and increased the phospha-
tidylcholine hydroperoxide concentration by 23-fold when compared with controls, indi-
cating oxidative damage (Suzuki et al., 1997).
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Feeding diets containing chlorothalonil at doses of 125, 250 or 550 mg/kg bw per day
to CD1 mice for 24 months resulted in renal tubular tumours, cortical tubular degene-
ration and proximal tubular hyperplasia in males at all doses and a low incidence of the
non-neoplastic changes in female mice (Wilkinson & Killeen, 1996).

Male CD1 mice fed diets containing chlorothalonil at doses of 1.6, 4.5, 21.3 or
91.3 mg/kg bw per day for 24 months showed no renal tumours, but the incidence of
tubular hyperplasia was slightly increased at doses > 21.3 mg/kg bw per day. Forestomach
tumours were found at the highest dose, and dose-related increases in hyperplasia and
hyperkeratosis of the forestomach epithelium were observed at doses > 4.5 mg/kg bw per
day (Wilkinson & Killeen, 1996).

4.3 Reproductive and developmental effects
No data were available to the Working Group.

4.4 Genetic and related effects
441 Humans
No data were available to the Working Group.

4.4.2 Experimental systems (see Table 2 fo