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NOTE TO THE READER

The term ‘carcinogenic risk’ in the JARC Monographs series is taken to mean that an agent is
capable of causing cancer. The Monographs evaluate cancer hazards, despite the historical presence
of the word ‘risks’ in the title.

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. Similarly, identification of cancer sites with
sufficient evidence or limited evidence in humans should not be viewed as precluding the possibility
that an agent may cause cancer at other sites.

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 carcinogenic risk
of an agent to humans is encouraged to make this information available to the Section of IARC
Monographs, 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 Section of IARC Monographs, so that
corrections can be reported in future volumes.
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PREAMBLE

The Preamble to the JARC Monographs describes the objective and scope of the programme,
the scientific principles and procedures used in developing a Monograph, the types of
evidence considered and the scientific criteria that guide the evaluations. The Preamble
should be consulted when reading a Monograph or list of evaluations.

A. GENERAL PRINCIPLES AND
PROCEDURES

1.  Background

Soon after IARC was established in 1965,
it received frequent requests for advice on
the carcinogenic risk of chemicals, including
requests for lists of known and suspected human
carcinogens. It was clear that it would not be
a simple task to summarize adequately the
complexity of the information that was avail-
able, and IARC began to consider means of
obtaining international expert opinion on this
topic. In 1970, the TARC Advisory Committee on
Environmental Carcinogenesis recommended °...
that a compendium on carcinogenic chemicals
be prepared by experts. The biological activity
and evaluation of practical importance to public
health should be referenced and documented.’
The TARC Governing Council adopted a resolu-
tion concerning the role of IARC in providing
government authorities with expert, inde-
pendent, scientific opinion on environmental
carcinogenesis. As one means to that end, the
Governing Council recommended that IARC
should prepare monographs on the evaluation

of carcinogenic risk of chemicals to man, which
became the initial title of the series.

In the succeeding years, the scope of the
programme broadened as Monographs were
developed for groups of related chemicals,
complex mixtures, occupational exposures, phys-
ical and biological agents and lifestyle factors. In
1988, the phrase ‘of chemicals’ was dropped from
the title, which assumed its present form, JARC
Monographs on the Evaluation of Carcinogenic
Risks to Humans.

Through the Monographs programme, IARC
seeks to identify the causes of human cancer. This
is the first step in cancer prevention, which is
needed as much today as when IARC was estab-
lished. The global burden of cancer is high and
continues to increase: the annual number of new
cases was estimated at 10.1 million in 2000 and
is expected to reach 15 million by 2020 (Stewart
& Kleihues, 2003). With current trends in demo-
graphics and exposure, the cancer burden has
been shifting from high-resource countries to
low- and medium-resource countries. As a result
of Monographs evaluations, national health agen-
cies have been able, on scientific grounds, to take
measures to reduce human exposure to carcino-
gens in the workplace and in the environment.
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The criteria established in 1971 to evaluate
carcinogenic risks to humans were adopted by the
Working Groups whose deliberations resulted in
the first 16 volumes of the Monographs series.
Those criteria were subsequently updated by
further ad hoc Advisory Groups (IARC, 1977,
1978, 1979, 1982, 1983, 1987, 1988, 1991; Vainio
et al., 1992; IARC, 2005, 2006).

The Preamble is primarily a statement of
scientific principles, rather than a specification
of working procedures. The procedures through
which a Working Group implements these prin-
ciples are not specified in detail. They usually
involve operations that have been established
as being effective during previous Monograph
meetings but remain, predominantly, the prerog-
ative of each individual Working Group.

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 evaluations of
evidence on the carcinogenicity of a wide range
of human exposures. The Monographs represent
the first step in carcinogen risk assessment, which
involves examination of all relevant information
to assess the strength of the available evidence
that an agent could alter the age-specific inci-
dence of cancer in humans. The Monographs may
also indicate where additional research efforts
are needed, specifically when data immediately
relevant to an evaluation are not available.

In this Preamble, the term ‘agent’ refers to
any entity or circumstance that is subject to
evaluation in a Monograph. As the scope of the
programme has broadened, categories of agents
now include specific chemicals, groups of related
chemicals, complex mixtures, occupational or
environmental exposures, cultural or behav-
ioural practices, biological organisms and phys-
ical agents. This list of categories may expand
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as causation of, and susceptibility to, malignant
disease become more fully understood.

A cancer ‘hazard’ is an agent that is capable
of causing cancer under some circumstances,
while a cancer ‘risk’ is an estimate of the carcino-
genic effects expected from exposure to a cancer
hazard. The Monographs are an exercise in evalu-
ating cancer hazards, despite the historical pres-
ence of the word ‘risks’ in the title. The distinction
between hazard and risk is important, and the
Monographs identify cancer hazards even when
risks are very low at current exposure levels,
because new uses or unforeseen exposures could
engender risks that are significantly higher.

In the Monographs, an agent is termed
‘carcinogenic’ if it is capable of increasing the
incidence of malignant neoplasms, reducing
their latency, or increasing their severity or
multiplicity. The induction of benign neoplasms
may in some circumstances (see Part B, Section
3a) contribute to the judgement that the agent is
carcinogenic. The terms ‘neoplasm’ and ‘tumour’
are used interchangeably.

The Preamble continues the previous usage
of the phrase ‘strength of evidence’ as a matter of
historical continuity, although it should be under-
stood that Monographs evaluations consider
studies that support a finding of a cancer hazard
as well as studies that do not.

Some epidemiological and experimental
studies indicate that different agents may act at
different stages in the carcinogenic process, and
several different mechanisms may be involved.
The aim of the Monographs has been, from their
inception, to evaluate evidence of carcinogenicity
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,
1991; Vainio et al., 1992; IARC, 2005, 2006; see
also Part B, Sections 4 and 6). As mechanisms
of carcinogenesis are elucidated, IARC convenes
international scientific conferences to determine
whether a broad-based consensus has emerged
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on how specific mechanistic data can be used
in an evaluation of human carcinogenicity. The
results of such conferences are reported in IARC
Scientific Publications, which, aslong as they still
reflect the current state of scientific knowledge,
may guide subsequent Working Groups.

Although the Monographs have emphasized
hazard identification, important issues may also
involve dose-response assessment. In many
cases, the same epidemiological and experi-
mental studies used to evaluate a cancer hazard
can also be used to estimate a dose-response
relationship. A Monograph may undertake to
estimate dose-response relationships within
the range of the available epidemiological data,
or it may compare the dose-response informa-
tion from experimental and epidemiological
studies. In some cases, a subsequent publication
may be prepared by a separate Working Group
with expertise in quantitative dose-response
assessment.

The Monographs are used by national and
international authorities to make risk assess-
ments, formulate decisions concerning preven-
tive measures, provide effective cancer control
programmes and decide among alternative
options for public health decisions. The evalu-
ations of IARC Working Groups are scientific,
qualitative judgements on the evidence for or
against carcinogenicity provided by the available
data. These evaluations represent only one part of
the body of information on which public health
decisions may be based. Public health options
vary from one situation to another and from
country to country and relate to many factors,
including different socioeconomic and national
priorities. Therefore, no recommendation is given
with regard to regulation or legislation, which
are the responsibility of individual governments
or other international organizations.

3. Selection of agents for review

Agents are selected for review on the basis
of two main criteria: (a) there is evidence of
human exposure and (b) there is some evidence
or suspicion of carcinogenicity. Mixed exposures
may occur in occupational and environmental
settings and as a result of individual and cultural
habits (such as tobacco 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 carcinogenic effect in humans or exper-
imental animals.

The scientific literature is surveyed for
published data relevant to an assessment of
carcinogenicity. Ad hoc Advisory Groups
convened by JARCin 1984, 1989, 1991, 1993, 1998
and 2003 made recommendations as to which
agents should be evaluated in the Monographs
series. Recent recommendations are available
on the Monographs programme web site (http:/
monographs.iarc.fr). IARC may schedule other
agents for review as it becomes aware of new
scientific information or as national health agen-
cies identify an urgent public health need related
to cancer.

As significant new data become available on
an agent for which a Monograph exists, a re-eval-
uation may be made at a subsequent meeting, and
anew Monograph published. In some cases it may
be appropriate to review only the data published
since a prior evaluation. This can be useful for
updating a database, reviewing new data to
resolve a previously open question or identifying
new tumour sites associated with a carcinogenic
agent. Major changes in an evaluation (e.g. a new
classification in Group 1 or a determination thata
mechanism does not operate in humans, see Part
B, Section 6) are more appropriately addressed
by a full review.
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4. Data for the Monographs

Each Monograph reviews all pertinent epide-
miological studies and cancer bioassays in exper-
imental animals. Those judged inadequate or
irrelevant to the evaluation may be cited but not
summarized. If a group of similar studies is not
reviewed, the reasons are indicated.

Mechanistic and other relevant data are also
reviewed. A Monograph does not necessarily
cite all the mechanistic literature concerning
the agent being evaluated (see Part B, Section
4). Only those data considered by the Working
Group to be relevant to making the evaluation
are included.

With regard to epidemiological studies,
cancer bioassays, and mechanistic and other rele-
vant data, only reports that have been published
or accepted for publication in the openly available
scientific literature are reviewed. The same publi-
cation requirement applies to studies originating
from IARC, including meta-analyses or pooled
analyses commissioned by IARC in advance of
a meeting (see Part B, Section 2¢). Data from
government agency reports that are publicly
available are also considered. Exceptionally,
doctoral theses and other material that are in
their final form and publicly available may be
reviewed.

Exposure data and other information on an
agent under consideration are also reviewed. In
the sections on chemical and physical proper-
ties, on analysis, on production and use and on
occurrence, published and unpublished sources
of information may be considered.

Inclusion of a study does not imply accept-
ance 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 each study description (see Part B).
The reasons for not giving further consideration
to an individual study also are indicated in the
square brackets.
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5. Meeting participants

Five categories of participant can be present
at Monograph meetings.

(a) The Working Group

The Working Group is responsible for the
critical reviews and evaluations that are devel-
oped during the meeting. The tasks of Working
Group Members 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 mecha-
nisms of carcinogenesis; and (vi) to make an
overall evaluation of the carcinogenicity of the
exposure to humans. Working Group Members
generally have published significant research
related to the carcinogenicity of the agents being
reviewed, and IARC uses literature searches to
identify most experts. Working Group Members
are selected on the basis of (a) knowledge and
experience and (b) absence of real or apparent
conflicts of interests. Consideration is also given
to demographic diversity and balance of scien-
tific findings and views.

(b) Invited Specialists

Invited Specialists are experts who also have
critical knowledge and experience but have
a real or apparent conflict of interests. These
experts are invited when necessary to assist in
the Working Group by contributing their unique
knowledge and experience during subgroup and
plenary discussions. They may also contribute
text on non-influential issues in the section on
exposure, such as a general description of data
on production and use (see Part B, Section 1).
Invited Specialists do not serve as meeting chair



Preamble

or subgroup chair, draft text that pertains to the
description or interpretation of cancer data, or
participate in the evaluations.

(c) Representatives of national and
international health agencies

Representatives of national and interna-
tional health agencies often attend meetings
because their agencies sponsor the programme
or are interested in the subject of a meeting.
Representatives do not serve as meeting chair or
subgroup chair, draft any part of a Monograph,
or participate in the evaluations.

(d) Observers with relevant scientific
credentials

Observers with relevant scientific credentials
may be admitted to a meeting by JARC in limited
numbers. Attention will be given to achieving a
balance of Observers from constituencies with
differing perspectives. They are invited to observe
the meeting and should not attempt to influence
it. Observers do not serve as meeting chair or
subgroup chair, draft any part of a Monograph,
or participate in the evaluations. At the meeting,
the meeting chair and subgroup chairs may grant
Observers an opportunity to speak, generally
after they have observed a discussion. Observers
agree to respect the Guidelines for Observers at
IARC Monographs meetings (available at http:/
monographs.iarc.fr).

(e) ThelARC Secretariat

The TARC Secretariat consists of scientists
who are designated by IARC and who have rele-
vant expertise. They serve as rapporteurs and
participate in all discussions. When requested by
the meeting chair or subgroup chair, they may
also draft text or prepare tables and analyses.

Before an invitation is extended, each poten-
tial participant, including the IARC Secretariat,
completes the WHO Declaration of Interests

to report financial interests, employment and
consulting, and individual and institutional
research support related to the subject of the
meeting. IARC assesses these interests to deter-
mine whether there is a conflict that warrants
somelimitationon participation. Thedeclarations
are updated and reviewed again at the opening
of the meeting. Interests related to the subject of
the meeting are disclosed to the meeting partic-
ipants and in the published volume (Cogliano
et al., 2004).

The names and principal affiliations of
participants are available on the Monographs
programme web site (http://monographs.iarc.fr)
approximately two months before each meeting.
It is not acceptable for Observers or third parties
to contact other participants before a meeting or
to lobby them at any time. Meeting participants
are asked to report all such contacts to IARC
(Cogliano et al., 2005).

All participants are listed, with their prin-
cipal affiliations, at the beginning of each volume.
Each participant who is a Member of a Working
Group serves as an individual scientist and not as
arepresentative of any organization, government
or industry.

6. Working procedures

A separate Working Group is responsible
for developing each volume of Monographs. A
volume contains one or more Monographs, which
can cover either a single agent or several related
agents. Approximately one year in advance of
the meeting of a Working Group, the agents to
be reviewed are announced on the Monographs
programme web site (http://monographs.iarc.fr)
and participants are selected by IARC staft in
consultation with other experts. Subsequently,
relevant biological and epidemiological data are
collected by IARC from recognized sources of
information on carcinogenesis, including data
storage and retrieval systems such as PubMed.
Meeting participants who are asked to prepare
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preliminary working papers for specific sections
are expected to supplement the IARC literature
searches with their own searches.

Industrial associations, labour unions
and other knowledgeable organizations may
be asked to provide input to the sections on
production and use, although this involvement
is not required as a general rule. Information on
production and trade is obtained from govern-
mental, trade and market research publications
and, in some cases, by direct contact with indus-
tries. Separate production data on some agents
may not be available for a variety of reasons (e.g.
not collected or made public in all producing
countries, production is small). Information 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 to prepare
preliminary working papers. The working papers
are compiled by IARC staff and sent, before
the meeting, to Working Group Members and
Invited Specialists for review.

The Working Group meets at IARC for seven
to eight days to discuss and finalize the texts and
to formulate the evaluations. The objectives of the
meeting are peer review and consensus. During
the first few days, four subgroups (covering expo-
sure data, cancer in humans, cancer in experi-
mental animals, and mechanistic and other
relevant data) review the working papers, develop
ajoint subgroup draft and write summaries. Care
is taken to ensure that each study summary is
written or reviewed by someone not associated
with the study being considered. During the last
few days, the Working Group meets in plenary
session to review the subgroup drafts and develop
the evaluations. As a result, the entire volume is
the joint product of the Working Group, and
there are no individually authored sections.
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IARC Working Groups strive to achieve a
consensus evaluation. Consensus reflects broad
agreement among Working Group Members, but
not necessarily unanimity. The chair may elect
to poll Working Group Members to determine
the diversity of scientific opinion on issues where
consensus is not readily apparent.

After the meeting, the master copy is verified
by consulting the original literature, edited and
prepared for publication. The aim is to publish
the volume within six months of the Working
Group meeting. A summary of the outcome is
available on the Monographs programme web
site soon after the meeting.

B. SCIENTIFIC REVIEW AND
EVALUATION

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 comparison. The Working
Group may conduct additional analyses of the
published data and use them in their assessment
of the evidence; the results of such supplemen-
tary analyses are given in square brackets. When
an important aspect of a study that directly
impinges on its interpretation should be brought
to the attention of the reader, a Working Group
comment is given in square brackets.

The scope of the IARC Monographs
programme has expanded beyond chemicals to
include complex mixtures, occupational expo-
sures, physical and biological agents, lifestyle
factors and other potentially carcinogenic expo-
sures. Over time, the structure of a Monograph
has evolved to include the following sections:

Exposure data
Studies of cancer in humans
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Studies of cancer in experimental animals
Mechanistic and other relevant data
Summary

Evaluation and rationale

In addition, a section of General Remarks at
the front of the volume discusses the reasons the
agents were scheduled for evaluation and some
key issues the Working Group encountered
during the meeting.

This part of the Preamble discusses the types
of evidence considered and summarized in each
section of a Monograph, followed by the scientific
criteria that guide the evaluations.

1. Exposure data

Each Monograph includes general infor-
mation on the agent: this information may
vary substantially between agents and must be
adapted accordingly. Also included is informa-
tion on production and use (when appropriate),
methods of analysis and detection, occurrence,
and sources and routes of human occupational
and environmental exposures. Depending on the
agent, regulations and guidelines for use may be
presented.

(a) General information on the agent

For chemical agents, sections on chemical
and physical data are included: the Chemical
Abstracts Service Registry Number, the latest
primary name and the IUPAC systematic name
are recorded; other synonyms are given, but the
listis not necessarily comprehensive. Information
on chemical and physical properties that are rele-
vant to identification, occurrence and biological
activity is included. A description of technical
products of chemicals includes trade names,
relevant specifications and available informa-
tion 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.

For biological agents, taxonomy, structure
and biology are described, and the degree of
variability is indicated. Mode of replication,
life cycle, target cells, persistence, latency, host
response and clinical disease other than cancer
are also presented.

For physical agents that are forms of radiation,
energy and range of the radiation are included.
For foreign bodies, fibres and respirable particles,
size range and relative dimensions are indicated.

For agents such as mixtures, drugs or lifestyle
factors, a description of the agent, including its
composition, is given.

Whenever appropriate, other information,
such as historical perspectives or the description
of an industry or habit, may be included.

(b) Analysis and detection

An overview of methods of analysis and
detection of the agent is presented, including
their sensitivity, specificity and reproducibility.
Methods widely used for regulatory purposes
are emphasized. Methods for monitoring human
exposure are also given. No critical evaluation
or recommendation of any method is meant or

implied.

(c) Production and use

The dates of first synthesis and of first
commercial production of a chemical, mixture
or other agent are provided when available; for
agents that do not occur naturally, this informa-
tion 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 when available. In addition, methods
of synthesis used in past and present commercial
production and different methods of production,
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which may give rise to different impurities, are
described.
Thecountrieswherecompaniesreportproduc-
tion of the agent, and the number of companies
in each country, are identified. Available data
on production, international trade and uses are
obtained for representative regions. 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 applications, 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.

(d) Occurrence and exposure

Information on the occurrence of an agent in
the environment is obtained from data derived
from the monitoring and surveillance of levels
in occupational environments, air, water, soil,
plants, foods and animal and human tissues.
When available, data on the generation, persis-
tence and bioaccumulation of the agent are
also included. Such data may be available from
national databases.

Data that indicate the extent of past and
present human exposure, the sources of expo-
sure, the people most likely to be exposed and
the factors that contribute to the exposure are
reported. Information is presented on the range
of human exposure, including occupational and
environmental exposures. This includes relevant
findings from both developed and developing
countries. Some of these data are not distrib-
uted widely and may be available from govern-
ment reports and other sources. In the case of
mixtures, industries, occupations or processes,
information is given about all agents known to
be present. For processes, industries and occupa-
tions, a historical description is also given, noting
variations in chemical composition, physical
properties and levels of occupational exposure

16

with date and place. For biological agents, the
epidemiology of infection is described.

(e)  Regulations and guidelines

Statements concerning regulations and
guidelines (e.g. occupational exposure limits,
maximal levels permitted in foods and water,
pesticide registrations) are included, but they
may not reflect the most recent situation, since
such limits are continuously reviewed and modi-
fied. 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 vaccination
and therapy, are described.

2. Studies of cancer in humans

This section includes all pertinent epidemio-
logical studies (see Part A, Section 4). Studies of
biomarkers are included when they are relevant
to an evaluation of carcinogenicity to humans.

(a) Types of study considered

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

Cohort and case—control studies relate indi-
vidual exposures under study to the occurrence of
cancer in individuals and provide an estimate of
effect (such as relative risk) as the main measure
of association. Intervention studies may provide
strong evidence for making causal inferences,
as exemplified by cessation of smoking and the
subsequent decrease in risk for lung cancer.

In correlation studies, the units of inves-
tigation are usually whole populations (e.g. in
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particular geographical areas or at particular
times), and cancer frequency is related to a
summary measure of the exposure of the popu-
lation to the agent under study. In correlation
studies, individual exposure is not documented,
which renders this kind of study more prone to
confounding. In some circumstances, however,
correlation studies may be more informative
than analytical study designs (see, for example,
the Monograph on arsenic in drinking-water;
IARC, 2004).

In some instances, case reports and case series
have provided important information about the
carcinogenicity of an agent. These types of study
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
and case series usually lack complete ascertain-
ment of cases in any population, definition or
enumeration of the population at risk and esti-
mation of the expected number of cases in the
absence of exposure.

The uncertainties that surround the interpre-
tation of case reports, case series 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, these
types of study may add materially to the judge-
ment that a causal relationship exists.

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

(b) Quality of studies considered

It is necessary to take into account the
possible roles of bias, confounding and chance
in the interpretation of epidemiological studies.

Bias is the effect of factors in study design or
execution that lead erroneously to a stronger or
weaker association than in fact exists between an
agent and disease. Confounding is a form of bias
that occurs when 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. The role of chance is
related to biological variability and the influence
of sample size on the precision of estimates of
effect.

In evaluating the extent to which these factors
have been minimized in an individual study,
consideration is given to several aspects of design
and analysis as described in the report of the
study. For example, when suspicion of carcino-
genicity arises largely from a single small study,
careful consideration is given when interpreting
subsequent studies that included these data in
an enlarged population. Most of these consider-
ations 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.

First, 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.

Second, the authors should have taken into
account — in the study design and analysis —
other variables that can influence the risk of
disease and may have been related to the expo-
sure 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 or may not be more appropriate than
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those with national rates. Internal comparisons
of frequency of disease among individuals at
different levels of exposure are also desirable in
cohort studies, since they minimize the potential
for confounding related to the difference in risk
factors between an external reference group and
the study population.

Third, 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 inves-
tigated 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. These methods have
been reviewed for case-control studies (Breslow
& Day, 1980) and for cohort studies (Breslow &

Day, 1987).

(c) Meta-analyses and pooled analyses

Independent epidemiological studies of the
same agent may lead to results that are difficult
to interpret. Combined analyses of data from
multiple studies are a means of resolving this
ambiguity, and well conducted analyses can be
considered. There are two types of combined
analysis. The first involves combining summary
statistics such as relative risks from individual
studies (meta-analysis) and the second involves
a pooled analysis of the raw data from the
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individual studies (pooled analysis) (Greenland
1998).

The advantages of combined analyses are
increased precision due to increased sample
size and the opportunity to explore potential
confounders, interactions and modifying effects
that may explain heterogeneity among studies
in more detail. A disadvantage of combined
analyses is the possible lack of compatibility of
data from various studies due to differences in
subject recruitment, procedures of data collec-
tion, methods of measurement and effects of
unmeasured co-variates that may differ among
studies. Despite these limitations, well conducted
combined analyses may provide a firmer basis
than individual studies for drawing conclusions
about the potential carcinogenicity of agents.

ITARC may commission a meta-analysis or
pooled analysis that is pertinent to a particular
Monograph (see Part A, Section 4). Additionally,
as a means of gaining insight from the results of
multiple individual studies, ad hoc calculations
that combine data from different studies may
be conducted by the Working Group during the
course of a Monograph meeting. The results of
such original calculations, which would be speci-
fied in the text by presentation in square brackets,
might involve updates of previously conducted
analyses that incorporate the results of more
recent studies or de-novo analyses. Irrespective
of the source of data for the meta-analyses and
pooled analyses, it is important that the same
criteria for data quality be applied as those that
would be applied to individual studies and to
ensure also that sources of heterogeneity between
studies be taken into account.

(d) Temporal effects

Detailed analyses of both relative and abso-
lute risks in relation to temporal variables, such
as age at first exposure, time since first expo-
sure, duration of exposure, cumulative expo-
sure, peak exposure (when appropriate) and
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time since cessation of exposure, are reviewed
and summarized when available. Analyses of
temporal relationships may be useful in making
causal inferences. In addition, 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 mech-
anisms of carcinogenesis.

(e)  Use of biomarkers in epidemiological
studies

Biomarkers indicate molecular, cellular or
other biological changes and are increasingly
used in epidemiological studies for various
purposes (IARC, 1991; Vainio et al., 1992; Toniolo
etal., 1997; Vineis et al., 1999; Buffler et al., 2004).
These may include evidence of exposure, of early
effects, of cellular, tissue or organism responses,
of individual susceptibility or host responses,
and inference of a mechanism (see Part B, Section
4b). This is a rapidly evolving field that encom-
passes developments in genomics, epigenomics
and other emerging technologies.

Molecular epidemiological data that identify
associations between genetic polymorphisms
and interindividual differences in susceptibility
to the agent(s) being evaluated may contribute
to the identification of carcinogenic hazards to
humans. If the polymorphism has been demon-
strated experimentally to modify the functional
activity of the gene product in a manner that is
consistent with increased susceptibility, these
data may be useful in making causal inferences.
Similarly, molecular epidemiological studies that
measure cell functions, enzymes or metabolites
that are thought to be the basis of susceptibility
may provide evidence that reinforces biological
plausibility. It should be noted, however, that
when data on genetic susceptibility originate from
multiple comparisons that arise from subgroup
analyses, this can generate false-positive results
and inconsistencies across studies, and such
data therefore require careful evaluation. If the

known phenotype of a genetic polymorphism
can explain the carcinogenic mechanism of the
agent being evaluated, data on this phenotype
may be useful in making causal inferences.

(f)  Criteria for causality

After the quality of individual epidemiolog-
ical studies of cancer has been summarized and
assessed, a judgement is made concerning the
strength of evidence that the agent in question
is carcinogenic to humans. In making its judge-
ment, the Working Group considers several
criteria for causality (Hill, 1965). A strong asso-
ciation (e.g. a large relative risk) is more likely
to indicate causality than a weak association,
although it is recognized that estimates of effect
of small magnitude do not imply lack of causality
and may be important if the disease or exposure
is common. Associations that are replicated in
several studies of the same design or that use
different epidemiological approaches or under
different circumstances of exposure are more
likely to represent a causal relationship than
isolated observations from single studies. If there
are inconsistent results among investigations,
possible reasons are sought (such as differences in
exposure), and results of studies that are judged
to be of high quality are given more weight than
those of studies that are judged to be methodo-
logically less sound.

If the risk increases with the exposure, this is
considered to be a strong indication of causality,
although the absence of a graded response is not
necessarily evidence against a causal relation-
ship. The demonstration of a decline in risk after
cessation of or reduction in exposure in indi-
viduals or in whole populations also supports a
causal interpretation of the findings.

Several scenarios may increase confidence in
a causal relationship. On the one hand, an agent
may be specific in causing tumours at one site or
of one morphological type. On the other, carcino-
genicity may be evident through the causation of
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multiple tumour types. Temporality, precision
of estimates of effect, biological plausibility and
coherence of the overall database are considered.
Data on biomarkers may be employed in an
assessment of the biological plausibility of epide-
miological observations.

Although rarely available, results from rand-
omized trials that show different rates of cancer
among exposed and unexposed individuals
provide particularly strong evidence for causality.

When several epidemiological studies show
little or no indication of an association between
an exposure and cancer, a judgement may be
made that, in the aggregate, they show evidence
of lack of carcinogenicity. Such a judgement
requires first that the studies meet, to a suffi-
cient degree, the standards of design and anal-
ysis 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 methodologically sound should
(a) be consistent with an estimate of effect of
unity for any observed level of exposure, (b) when
considered together, provide a pooled estimate of
relative risk that is at or near to unity, and (c)
have a narrow confidence interval, due to suffi-
cient population size. Moreover, no individual
study nor the pooled results of all the studies
should show any consistent tendency that the
relative risk of cancer increases with increasing
level of exposure. It is important to note that
evidence of lack of carcinogenicity obtained
from several epidemiological studies can apply
only to the type(s) of cancer studied, to the dose
levels reported, and to the intervals between first
exposure and disease onset observed in these
studies. Experience with human cancer indicates
that the period from first exposure to the devel-
opment of clinical cancer is sometimes longer
than 20 years; latent periods substantially shorter
than 30 years cannot provide evidence for lack of
carcinogenicity.
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3. Studies of cancer in
experimental animals

Allknown human carcinogens that have been
studied adequately for carcinogenicity in exper-
imental animals have produced positive results
in one or more animal species (Wilbourn et al.,
1986; Tomatis et al., 1989). For several agents
(e.g. aflatoxins, diethylstilbestrol, solar radiation,
vinyl chloride), carcinogenicity in experimental
animals was established or highly suspected
before epidemiological studies confirmed their
carcinogenicity in humans (Vainio et al., 1995).
Although this association cannot establish that
all agents that cause cancer in experimental
animals also cause cancer in humans, it is biolog-
ically plausible that agents for which there is suffi-
cient evidence of carcinogenicity in experimental
animals (see Part B, Section 6b) also present a
carcinogenic hazard to humans. Accordingly, in
the absence of additional scientific information,
these agents are considered to pose a carcino-
genic hazard to humans. Examples of additional
scientific information are data that demonstrate
that a given agent causes cancer in animals
through a species-specific mechanism that does
not operate in humans or data that demonstrate
that the mechanism in experimental animals
also operates in humans (see Part B, Section 6).

Consideration is given to all available long-
term studies of cancer in experimental animals
with the agent under review (see Part A, Section
4). In all experimental settings, the nature and
extent of impurities or contaminants present in
the agent being evaluated are given when avail-
able. Animal species, strain (including genetic
background where applicable), sex, numbers per
group, age at start of treatment, route of expo-
sure, dose levels, duration of exposure, survival
and information on tumours (incidence, latency,
severity or multiplicity of neoplasms or prene-
oplastic lesions) are reported. Those studies in
experimental animals that are judged to be irrel-
evant to the evaluation or judged to be inadequate
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(e.g. too short a duration, too few animals, poor
survival; see below) may be omitted. Guidelines
for conducting long-term carcinogenicity exper-
iments have been published (e.g. OECD, 2002).

Other studies considered may include: exper-
iments in which the agent was administered in
the presence of factors that modify carcinogenic
effects (e.g. initiation—-promotion studies, co-car-
cinogenicity studies and studies in genetically
modified animals); studies in which the end-point
was not cancer but a defined precancerous lesion;
experiments on the carcinogenicity of known
metabolites and derivatives; and studies of
cancer in non-laboratory animals (e.g. livestock
and companion animals) exposed to the agent.

For studies of mixtures, consideration is
given to the possibility that changes in the
physicochemical properties of the individual
substances may occur during collection, storage,
extraction, concentration and delivery. Another
consideration is that chemical and toxicological
interactions of components in a mixture may
alter dose—response relationships. The relevance
to human exposure of the test mixture adminis-
tered in the animal experiment is also assessed.
This may involve consideration of the following
aspects of the mixture tested: (i) physical and
chemical characteristics, (ii) identified constitu-
ents that may indicate the presence of a class of
substances and (iii) the results of genetic toxicity
and related tests.

The relevance of results obtained with an
agent that is analogous (e.g. similar in structure
or of a similar virus genus) to that being evalu-
ated is also considered. Such results may provide
biological and mechanistic information that is
relevant to the understanding of the process of
carcinogenesis in humans and may strengthen
the biological plausibility that the agent being
evaluated is carcinogenic to humans (see Part B,
Section 2f).

(@) Qualitative aspects

An assessment of carcinogenicity involves
several considerations of qualitative importance,
including (i) the experimental conditions under
which the test was performed, including route,
schedule and duration of exposure, species,
strain (including genetic background where
applicable), sex, age and 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.

Considerations of importance in the inter-
pretation and evaluation 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 monitored adequately,
particularly in inhalation experiments; (iii)
whether the doses, duration of treatment and
route of exposure were appropriate; (iv) whether
the survival of treated animals was similar to
that of controls; (v) whether there were adequate
numbers of animals per group; (vi) whether
both male and female animals were used; (vii)
whether animals were allocated randomly to
groups; (viii) whether the duration of observa-
tion was adequate; and (ix) whether the data were
reported and analysed adequately.

When benign tumours (a) occur together
with and originate from the same cell type as
malignant tumours in an organ or tissue in a
particular study and (b) appear to represent a
stage in the progression to malignancy, they are
usually combined in the assessment of tumour
incidence (Huff et al., 1989). The occurrence of
lesions presumed to be preneoplastic may in
certain instances aid in assessing the biological
plausibility of any neoplastic response observed.
If an agent induces only benign neoplasms that
appear to be end-points that do not readily
undergo transition to malignancy, the agent
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should nevertheless be suspected of being
carcinogenic and requires further investigation.

(b) Quantitative aspects

The probability that tumours will occur
may depend on the species, sex, strain, genetic
background and age of the animal, and on the
dose, route, timing and duration of the exposure.
Evidence of an increased incidence of neoplasms
with increasing levels of exposure strengthens
the inference of a causal association between the
exposure and the development of neoplasms.

The form of the dose-response relationship
canvarywidely,dependingontheparticularagent
under study and the target organ. Mechanisms
such as induction of DNA damage or inhibition
of repair, altered cell division and cell death rates
and changes in intercellular communication
are important determinants of dose-response
relationships for some carcinogens. Since many
chemicals require metabolic activation before
being converted to their reactive intermediates,
both metabolic and toxicokinetic 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 rela-
tionship (Hoel et al., 1983; Gart et al., 1986),
as could saturation of processes such as DNA
repair. The dose-response relationship can also
be affected by differences in survival among the
treatment groups.

(c) Statistical analyses

Factors considered include the adequacy of
the information given for each treatment group:
(i) number of animals studied and number exam-
ined histologically, (ii) 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 tech-
niques refined for this purpose (Peto et al., 1980;
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Gart et al., 1986; Portier & Bailer, 1989; Bieler &
Williams, 1993). The choice of the most appro-
priate statistical method requires consideration
of whether or not there are differences in survival
among the treatment groups; for example,
reduced survival because of non-tumour-re-
lated mortality can preclude the occurrence of
tumours later in life. When detailed information
on survival is not available, comparisons of the
proportions of tumour-bearing animals among
the effective number of animals (alive at the time
the first tumour was discovered) can be useful
when significant differences in survival occur
before tumours appear. The lethality of the
tumour also requires consideration: for rapidly
fatal tumours, the time of death provides an indi-
cation of the time of tumour onset and can be
assessed using life-table methods; non-fatal or
incidental tumours that do not affect survival can
be assessed using methods such as the Mantel-
Haenzel test for changes in tumour prevalence.
Because tumour lethality is often difficult to
determine, methods such as the Poly-K test that
do not require such information can also be used.
When results are available on the number and
size of tumours seen in experimental animals
(e.g. papillomas on mouse skin, liver tumours
observed through nuclear magnetic resonance
tomography), other more complicated statistical
procedures may be needed (Sherman et al., 1994;
Dunson et al., 2003).

Formal statistical methods have been devel-
opedtoincorporatehistorical controldataintothe
analysis of data from a given experiment. These
methods assign an appropriate weight to histor-
ical and concurrent controls on the basis of the
extent of between-study and within-study vari-
ability: less weight is given to historical controls
when they show a high degree of variability, and
greater weight when they show little variability. It
is generally not appropriate to discount a tumour
response that is significantly increased compared
with concurrent controls by arguing that it falls
withintherangeofhistoricalcontrols, particularly




Preamble

when historical controls show high between-
study variability and are, thus, of little relevance
to the current experiment. In analysing results
for uncommon tumours, however, the anal-
ysis may be improved by considering historical
control data, particularly when between-study
variability is low. Historical controls should be
selected to resemble the concurrent controls as
closely as possible with respect to species, gender
and strain, as well as other factors such as basal
diet and general laboratory environment, which
may affect tumour-response rates in control
animals (Haseman et al., 1984; Fung et al., 1996;
Greim et al., 2003).

Although meta-analyses and combined anal-
yses are conducted less frequently for animal
experiments than for epidemiological studies
due to differences in animal strains, they can be
useful aids in interpreting animal data when the
experimental protocols are sufficiently similar.

4. Mechanistic and other relevant
data

Mechanistic and other relevant data may
provide evidence of carcinogenicity and also
help in assessing the relevance and importance
of findings of cancer in animals and in humans.
The nature of the mechanistic and other rele-
vant data depends on the biological activity of
the agent being considered. The Working Group
considers representative studies to give a concise
description of the relevant data and issues that
they consider to be important; thus, not every
available study is cited. Relevant topics may
include toxicokinetics, mechanisms of carcino-
genesis, susceptible individuals, populations and
life-stages, other relevant data and other adverse
effects. When data on biomarkers are informa-
tive about the mechanisms of carcinogenesis,
they are included in this section.

These topics are not mutually exclusive; thus,
the same studies may be discussed in more than

one subsection. For example, a mutation in a
gene that codes for an enzyme that metabolizes
the agent under study could be discussed in the
subsections on toxicokinetics, mechanisms and
individual susceptibility if it also exists as an
inherited polymorphism.

(a) Toxicokinetic data

Toxicokinetics refers to the absorption,
distribution, metabolism and elimination of
agents in humans, experimental animals and,
where relevant, cellular systems. Examples of
kinetic factors that may affect dose-response
relationships include uptake, deposition, bioper-
sistence and half-life in tissues, protein binding,
metabolic activation and detoxification. Studies
that indicate the metabolic fate of the agent
in humans and in experimental animals are
summarized briefly, and comparisons of data
from humans and animals are made when
possible. Comparative information on the rela-
tionship between exposure and the dose that
reaches the target site may be important for the
extrapolation of hazards between species and in
claritying the role of in-vitro findings.

(b) Data on mechanisms of carcinogenesis

To provide focus, the Working Group
attempts to identify the possible mechanisms by
which the agent may increase the risk of cancer.
For each possible mechanism, a representative
selection of key data from humans and experi-
mental systems is summarized. Attention is given
to gaps in the data and to data that suggests that
more than one mechanism may be operating.
The relevance of the mechanism to humans is
discussed, in particular, when mechanistic data
are derived from experimental model systems.
Changes in the affected organs, tissues or cells
can be divided into three non-exclusive levels as
described below.
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(i)  Changes in physiology

Physiological changes refer to exposure-re-
lated modifications to the physiology and/or
response of cells, tissues and organs. Examples
of potentially adverse physiological changes
include mitogenesis, compensatory cell division,
escape from apoptosis and/or senescence, pres-
ence of inflammation, hyperplasia, metaplasia
and/or preneoplasia, angiogenesis, alterations in
cellular adhesion, changes in steroidal hormones
and changes in immune surveillance.

(i) Functional changes at the cellular level

Functional changes refer to exposure-re-
lated alterations in the signalling pathways used
by cells to manage critical processes that are
related to increased risk for cancer. Examples
of functional changes include modified activ-
ities of enzymes involved in the metabolism
of xenobiotics, alterations in the expression
of key genes that regulate DNA repair, altera-
tions in cyclin-dependent kinases that govern
cell cycle progression, changes in the patterns
of post-translational modifications of proteins,
changes in regulatory factors that alter apoptotic
rates, changes in the secretion of factors related
to the stimulation of DNA replication and tran-
scription and changes in gap—junction-mediated
intercellular communication.

(i)  Changes at the molecular level

Molecular changes refer to exposure-related
changes in key cellular structures at the molec-
ular level, including, in particular, genotoxicity.
Examples of molecular changes include forma-
tion of DNA adducts and DNA strand breaks,
mutations in genes, chromosomal aberrations,
aneuploidy and changes in DNA methylation
patterns. Greater emphasis is given to irreversible
effects.

The use of mechanistic data in the identifi-
cation of a carcinogenic hazard is specific to the
mechanism being addressed and is not readily
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described for every possible level and mechanism
discussed above.

Genotoxicity data are discussed here to illus-
trate the key issues involved in the evaluation of
mechanistic data.

Tests for genetic and related effects are
described in view of the relevance of gene muta-
tion and chromosomal aberration/aneuploidy
to carcinogenesis (Vainio et al., 1992; McGregor
et al., 1999). The adequacy of the reporting of
sample characterization is considered and, when
necessary, commented upon; with regard to
complex mixtures, such comments are similar
to those described for animal carcinogenicity
tests. The available data are interpreted critically
according to the end-points detected, which
may include DNA damage, gene mutation, sister
chromatid exchange, micronucleus formation,
chromosomal aberrations and aneuploidy. The
concentrations employed are given, and mention
is made of whether the use of an exogenous
metabolic system in vitro affected the test result.
These data are listed in tabular form by phyloge-
netic classification.

Positive results in tests using prokaryotes,
lower eukaryotes, insects, plants and cultured
mammalian cells suggest that genetic and related
effects could occur in mammals. Results from
such tests may also give information on the types
of genetic effect produced and on the involve-
ment of metabolic activation. Some end-points
described are clearly genetic in nature (e.g. gene
mutations), while others are associated with
genetic effects (e.g. unscheduled DNA synthesis).
In-vitro tests for tumour promotion, cell transfor-
mation and gap-junction intercellular commu-
nication 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. Critical appraisals of these tests
have been published (Montesano et al., 1986;
McGregor et al., 1999).

Genetic or other activity manifest in humans
and experimental mammals is regarded to be of
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greater relevance than that in other organisms.
The demonstration that an agent can induce
gene and chromosomal mutations in mammals
in vivo indicates that it may have carcinogenic
activity. 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 that
rules out the carcinogenicity of agents that act
through other mechanisms (e.g. receptor-medi-
ated effects, cellular toxicity with regenerative
cell division, peroxisome proliferation) (Vainio
et al., 1992). Factors that may give misleading
results in short-term tests have been discussed
in detail elsewhere (Montesano et al., 1986;
McGregor et al., 1999).

When there is evidence that an agent acts by
a specific mechanism that does not involve geno-
toxicity (e.g. hormonal dysregulation, immune
suppression, and formation of calculi and other
deposits that cause chronic irritation), that
evidence is presented and reviewed critically in
the context of rigorous criteria for the operation
of that mechanism in carcinogenesis (e.g. Capen
et al., 1999).

For biological agents such as viruses,
bacteria and parasites, other data relevant to
carcinogenicity may include descriptions of the
pathology of infection, integration and expres-
sion of viruses, and genetic alterations seen in
human tumours. Other observations that might
comprise cellular and tissue responses to infec-
tion, immune response and the presence of
tumour markers are also considered.

For physical agents that are forms of radia-
tion, other data relevant to carcinogenicity may
include descriptions of damaging effects at the
physiological, cellular and molecular level, as
for chemical agents, and descriptions of how
these effects occur. ‘Physical agents’ may also be
considered to comprise foreign bodies, such as

surgical implants of various kinds, and poorly
soluble fibres, dusts and particles of various
sizes, the pathogenic effects of which are a result
of their physical presence in tissues or body
cavities. Other relevant data for such materials
may include characterization of cellular, tissue
and physiological reactions to these materials
and descriptions of pathological conditions
other than neoplasia with which they may be
associated.

(c) Other data relevant to mechanisms

A description is provided of any structure-
activity relationships that may be relevant to an
evaluation of the carcinogenicity of an agent, the
toxicological implications of the physical and
chemical properties, and any other data relevant
to the evaluation that are not included elsewhere.

High-output data, such as those derived
from gene expression microarrays, and high-
throughput data, such as those that result from
testing hundreds of agents for a single end-point,
pose a unique problem for the use of mecha-
nistic data in the evaluation of a carcinogenic
hazard. In the case of high-output data, there is
the possibility to overinterpret changes in indi-
vidual end-points (e.g. changes in expression in
one gene) without considering the consistency of
that finding in the broader context of the other
end-points (e.g. other genes withlinked transcrip-
tional control). High-output data can be used in
assessing mechanisms, but all end-points meas-
ured in a single experiment need to be considered
in the proper context. For high-throughput data,
where the number of observations far exceeds
the number of end-points measured, their utility
for identifying common mechanisms across
multiple agents is enhanced. These data can be
used to identify mechanisms that not only seem
plausible, but also have a consistent pattern of
carcinogenic response across entire classes of
related compounds.
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(d) Susceptibility data

Individuals, populations and life-stages may
have greater or lesser susceptibility to an agent,
based on toxicokinetics, mechanisms of carcino-
genesis and other factors. Examples of host and
genetic factors thataffectindividual susceptibility
include sex, genetic polymorphisms of genes
involved in the metabolism of the agent under
evaluation, differences in metabolic capacity due
to life-stage or the presence of disease, differ-
ences in DNA repair capacity, competition for
or alteration of metabolic capacity by medica-
tions or other chemical exposures, pre-existing
hormonal imbalance that is exacerbated by a
chemical exposure, a suppressed immune system,
periods of higher-than-usual tissue growth or
regeneration and genetic polymorphisms that
lead to differences in behaviour (e.g. addiction).
Such data can substantially increase the strength
of the evidence from epidemiological data and
enhance the linkage of in-vivo and in-vitro labo-
ratory studies to humans.

(e} Data on other adverse effects

Data on acute, subchronic and chronic
adverse effects relevant to the cancer evaluation
are summarized. Adverse effects that confirm
distribution and biological effects at the sites of
tumour development, or alterations in physi-
ology that could lead to tumour development, are
emphasized. Effects on reproduction, embryonic
and fetal survival and development are summa-
rized briefly. The adequacy of epidemiological
studies of reproductive outcome and genetic
and related effects in humans is judged by the
same criteria as those applied to epidemiological
studies of cancer, but fewer details are given.
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5. Summary

This section is a summary of data presented
in the preceding sections. Summaries can be
found on the Monographs programme web site
(http://monographs.iarc.fr).

(a) Exposure data

Data are summarized, as appropriate, on
the basis of elements such as production, use,
occurrence and exposure levels in the work-
place and environment and measurements in
human tissues and body fluids. Quantitative
data and time trends are given to compare
exposures in different occupations and environ-
mental settings. Exposure to biological agents is
described in terms of transmission, prevalence
and persistence of infection.

(b) Cancerin humans

Results of epidemiological studies pertinent
to an assessment of human carcinogenicity are
summarized. When relevant, case reports and
correlation studies are also summarized. The
target organ(s) or tissue(s) in which an increase in
cancer was observed is identified. Dose-response
and other quantitative data may be summarized
when available.

(c) Cancer in experimental animals

Data relevant to an evaluation of carcino-
genicity in animals are summarized. For each
animal species, study design and route of admin-
istration, it is stated whether an increased inci-
dence, reduced latency, or increased severity
or multiplicity of neoplasms or preneoplastic
lesions were observed, and the tumour sites are
indicated. If the agent produced tumours after
prenatal exposure or in single-dose experiments,
this is also mentioned. Negative findings, inverse
relationships, dose-response and other quantita-
tive data are also summarized.
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(d) Mechanistic and other relevant data

Data relevant to the toxicokinetics (absorp-
tion, distribution, metabolism, elimination) and
the possible mechanism(s) of carcinogenesis (e.g.
genetic toxicity, epigenetic effects) are summa-
rized. In addition, information on susceptible
individuals, populations and life-stages is
summarized. This section also reports on other
toxic effects, including reproductive and devel-
opmental effects, as well as additional relevant
data that are considered to be important.

6. Evaluation and rationale

Evaluations of the strength of the evidence for
carcinogenicity arising from human and exper-
imental animal data are made, using standard
terms. The strength of the mechanistic evidence
is also characterized.

It is recognized that the criteria for these
evaluations, described below, cannot encompass
all of the factors that may be relevant to an eval-
uation of carcinogenicity. In considering all of
the relevant scientific data, the Working Group
may assign the agent to a higher or lower cate-
gory than a strict interpretation of these criteria
would indicate.

These categories refer only to the strength of
the evidence that an exposure is carcinogenic
and not to the extent of its carcinogenic activity
(potency). A classification may change as new
information becomes available.

An evaluation of the degree of evidence is
limited to the materials tested, as defined phys-
ically, 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 the degree of evidence.

(a) Carcinogenicity in humans

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 expo-
sure to the agent 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. A statement that
there is sufficient evidence is followed by a sepa-
rate sentence that identifies the target organ(s) or
tissue(s) where an increased risk of cancer was
observed in humans. Identification of a specific
target organ or tissue does not preclude the
possibility that the agent may cause cancer at
other sites.

Limited evidence of carcinogenicity:

A positive association has been observed
between exposure to the agent 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 humans
are known to encounter, which are mutually
consistent in not showing a positive association
between exposure to the agent and any studied
cancer at any observed level of exposure. The
results from these studies alone or combined
should have narrow confidence intervals with an
upper limit close to the null value (e.g. a relative
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risk of 1.0). Bias and confounding should be ruled
out with reasonable confidence, and the studies
should have an adequate length of follow-up. A
conclusion of evidence suggesting lack of carcino-
genicity 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 evidence related
to carcinogenicity in specific organs or tissues.

When the available epidemiological studies
pertain to a mixture, process, occupation or
industry, the Working Group seeks to identify
the specific agent 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.

(b) Carcinogenicity in experimental
animals

Carcinogenicity in experimental animals
can be evaluated using conventional bioassays,
bioassays that employ genetically modified
animals, and other in-vivo bioassays that focus
on one or more of the critical stages of carcino-
genesis. In the absence of data from conventional
long-term bioassays or from assays with neoplasia
as the end-point, consistently positive results in
several models that address several stages in the
multistage process of carcinogenesis should be
considered in evaluating the degree of evidence
of 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 and an increased incidence of malignant
neoplasms or of an appropriate combination
of benign and malignant neoplasms in (a) two
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or more species of animals or (b) two or more
independent studies in one species carried out
at different times or in different laboratories or
under different protocols. An increased incidence
of tumours in both sexes of a single species in a
well conducted study, ideally conducted under
Good Laboratory Practices, can also provide
sufficient evidence.

A single study in one species and sex 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, or when there
are strong findings of tumours at multiple sites.

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 carcinogenicity
is restricted to a single experiment; (b) there are
unresolved questions regarding the adequacy
of the design, conduct or interpretation of the
studies; (c) the agent increases the incidence
only of benign neoplasms or lesions of uncer-
tain neoplastic potential; or (d) the evidence
of carcinogenicity is restricted to studies that
demonstrate only promoting activity in a narrow
range of tissues or organs.

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 quantitative
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 is not carcino-
genic. A conclusion of evidence suggesting lack
of carcinogenicity is inevitably limited to the
species, tumour sites, age at exposure, and condi-
tions and levels of exposure studied.
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(c)  Mechanistic and other relevant data

Mechanistic and other evidence judged to be
relevant to an evaluation of carcinogenicity and
of sufficient importance to affect the overall eval-
uation is highlighted. This may include data on
preneoplastic lesions, tumour pathology, genetic
and related effects, structure-activity relation-
ships, metabolism and toxicokinetics, physico-
chemical parameters and analogous biological
agents.

The strength of the evidence that any carcino-
genic effect observed is due to a particular mech-
anism is evaluated, using terms such as ‘weak’,
‘moderate’ or ‘strong’. The Working Group then
assesses whether that particular mechanism is
likely to be operative in humans. The strongest
indications that a particular mechanism oper-
ates in humans derive from data on humans
or biological specimens obtained from exposed
humans. The data may be considered to be espe-
cially 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
compounds may be kept from human use solely
on the basis of evidence of their toxicity and/or
carcinogenicity in experimental systems.

The conclusion that a mechanism operates
in experimental animals is strengthened by
findings of consistent results in different experi-
mental systems, by the demonstration of biolog-
ical plausibility and by coherence of the overall
database. Strong support can be obtained from
studies that challenge the hypothesized mecha-
nism experimentally, by demonstrating that the
suppression of key mechanistic processes leads
to the suppression of tumour development. The
Working Group considers whether multiple
mechanisms might contribute to tumour devel-
opment, whether different mechanisms might
operate in different dose ranges, whether sepa-
rate mechanisms might operate in humans and

experimental animals and whether a unique
mechanism might operate in a susceptible group.
The possible contribution of alternative mecha-
nisms must be considered before concluding
that tumours observed in experimental animals
are not relevant to humans. An uneven level of
experimental support for different mechanisms
may reflect that disproportionate resources
have been focused on investigating a favoured
mechanism.

For complex exposures, including occupa-
tional 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 mate-
rials tested in experimental systems are related
to those to which humans are exposed.

(d) Overall evaluation

Finally, the body of evidence is considered
as a whole, to reach an overall evaluation of the
carcinogenicity of the agent to humans.

An evaluation may be made for a group of
agents that have been evaluated by the Working
Group. In addition, when supporting data indi-
cate that other related agents, for which thereis no
direct evidence of their capacity to induce cancer
in humans or in animals, may also be carcino-
genic, a statement describing the rationale for
this conclusion is added to the evaluation narra-
tive; an additional evaluation may be made for
this broader group of agents if the strength of the
evidence warrants it.

The agent is described according to the
wording of one of the following categories, and
the designated group is given. The categorization
of an agent is a matter of scientific judgement that
reflects the strength of the evidence derived from
studies in humans and in experimental animals
and from mechanistic and other relevant data.
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Group 1: The agent is carcinogenic to
humans.

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

Group 2.

This category includes agents for which, at
one extreme, the degree of evidence of carcino-
genicity 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 are assigned to either Group 2A (probably
carcinogenic to humans) or Group 2B (possibly
carcinogenic to humans) on the basis of epidemi-
ological and experimental evidence of carcino-
genicity and mechanistic and other relevant data.
The terms probably carcinogenic and possibly
carcinogenic have no quantitative significance
and are used simply as descriptors of different
levels of evidence of human carcinogenicity, with
probably carcinogenic signifying a higher level of
evidence than possibly carcinogenic.

Group 2A: The agent is probably
carcinogenic to humans.

This category is used when there is limited
evidence of carcinogenicity in humans and suffi-
cient evidence of carcinogenicity in experimental
animals. In some cases, an agent may be clas-
sified in this category when there is inadequate
evidence of carcinogenicity in humans and suffi-
cient evidence of carcinogenicity in experimental
animals and strong evidence that the carcino-
genesis is mediated by a mechanism that also
operates in humans. Exceptionally, an agent may
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be classified in this category solely on the basis of
limited evidence of carcinogenicity in humans. An
agent may be assigned to this category if it clearly
belongs, based on mechanistic considerations, to
a class of agents for which one or more members
have been classified in Group 1 or Group 2A.

Group 2B: The agent is possibly
carcinogenic to humans.

This category is used for agents 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 suffi-
cient evidence of carcinogenicity in experimental
animals. In some instances, an agent for which
there is inadequate evidence of carcinogenicity
in humans and less than sufficient evidence of
carcinogenicity in experimental animals together
with supporting evidence from mechanistic and
other relevant data may be placed in this group.
An agent may be classified in this category solely
on the basis of strong evidence from mechanistic
and other relevant data.

Group 3: The agent is not classifiable as
to its carcinogenicity to humans.

This category is used most commonly for
agents for which the evidence of carcinogenicity
is inadequate in humans and inadequate or
limited in experimental animals.

Exceptionally, agents for which the evidence
of carcinogenicity is inadequate in humans but
sufficient in experimental animals may be placed
in this category when there is strong evidence
that the mechanism of carcinogenicity in exper-
imental animals does not operate in humans.

Agents that do not fall into any other group
are also placed in this category.

An evaluation in Group 3 is not a determi-
nation of non-carcinogenicity or overall safety.
It often means that further research is needed,
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especially when exposures are widespread or
the cancer data are consistent with differing
interpretations.

Group 4: The agent is probably not
carcinogenic to humans.

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

group.

(e) Rationale

The reasoning that the Working Group used
to reach its evaluation is presented and discussed.
This section integrates the major findings from
studies of cancer in humans, studies of cancer
in experimental animals, and mechanistic and
other relevant data. It includes concise state-
ments of the principal line(s) of argument that
emerged, the conclusions of the Working Group
on the strength of the evidence for each group
of studies, citations to indicate which studies
were pivotal to these conclusions, and an expla-
nation of the reasoning of the Working Group
in weighing data and making evaluations. When
there are significant differences of scientific
interpretation among Working Group Members,
a brief summary of the alternative interpreta-
tions is provided, together with their scientific
rationale and an indication of the relative degree
of support for each alternative.
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GENERAL REMARKS

This one-hundred-and-fifteenth volume of the IARC Monographs contains evaluations
of the carcinogenic hazard to humans of seven industrial chemicals (N,N-dimethyl-
formamide, 2-mercaptobenzothiazole, hydrazine, tetrabromobisphenol A, 1-bromo-
propane, 3-chloro-2-methylpropene, and N,N-dimethyl-p-toluidine) to which workers
or the general population are or can be potentially exposed. All seven agents were
accorded high or medium priority for evaluation in the IARC Monographs programme
by an Advisory Group that met in 2014 (Straif et al., 2014). 3-Chloro-2-methylpropene
was evaluated previously in Volume 63 of the IJARC Monographs (IARC, 1995) as not classifi-
able as to its carcinogenicity to humans (Group 3). Hydrazine was evaluated previously as
possibly carcinogenic to humans (Group 2B) and N,N-dimethylformamide as not classifi-
able as to its carcinogenicity to humans (Group 3) in Volume 71 of the IARC Monographs
(IARC, 1999). Since the previous evaluations, new data have become available. A summary
of the findings of this volume appears in The Lancet Oncology (Grosse et al., 2016).

High production volume chemicals Isoniazid

and exposure measurement data Hydrazine is a metabolite of isonicotinic

Four “high production volume” chemi-
cals (IN,N-dimethyl-p-toluidine, 2-mercapto-
benzothiazole, tetrabromobisphenol A, and
N,N-dimethylformamide) were evaluated. The
Working Group noted that for two of these
(N,N-dimethyl-p-toluidine and 2-mercaptoben-
zothiazole) no data on exposure measurement
were available in occupational settings or the
general population.

Data on exposure measurement were also
lacking for two other chemicals evaluated in the
present volume (3-chloro-2-methylpropene and
hydrazine).

acid hydrazide (isoniazid), which was evaluated
in Supplement 7 of the JARC Monographs as not
classifiable as to its carcinogenicity to humans
(Group 3) (IARC, 1987). Data on hydrazine and
its metabolites from studies on isoniazid and
isoniazid metabolites are included in Section 4
of the monograph on hydrazine, but isoniazid
was not re-evaluated.
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Disruption of the thyroid hormone
pathway

The regulation of thyroid hormone action
is perhaps more complex than the regulation
of action of other hormones that act on nuclear
receptors. This is because the predominant
hormone in the blood, thyroxine (T,), must
be actively transported across membranes. In
the central nervous system, T, must be taken
up by glial cells, converted to T,, and then be
transported to neurons (Bernal et al., 2015).
The conversion of T, to T, itself represents another
regulated step in the control of thyroid hormone
action. This complexity is difficult to account
for when considering the impact of environ-
mental chemicals such as tetrabromobisphenol A
on thyroid hormone action. In addition, the effect
of chemicals on the thyroid hormone receptor
itself probably depends on the receptor isoform
(TRa or TRP), as well as the DNA motif to which
it is bound (Gilbert et al., 2012). This is impor-
tant because the measures of thyroid “disrup-
tion” in humans are a measure of hormone levels
in the blood, which may not faithfully capture
the impact of chemical exposures on thyroid
hormone action (Bansal et al., 2014). Moreover,
while the concentration of thyroid hormone
in the blood is maintained within a relatively
narrow range under normal conditions, there
is significant variation among individuals in
the set-point around which hormone levels are
maintained (Andersen et al., 2002, 2003). Thus
it is to be expected that there will be variation
between studies - in humans and in vitro —
employing different cell lines, different receptor
isoforms, and different strategies for evaluating
theimpact ofa particular chemical on the thyroid
system. Finally, and because disruption of path-
ways involving the thyroid hormone receptor
is closely associated with the development of
specific cancers (Rosen & Privalsky, 2011), the
effects of chemical exposures on thyroid hormone
receptor should not be ignored.
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Evaluation of data on the
mechanisms of cancer

In its evaluation of data on mechanisms of
carcinogenesis, the Working Group used the
procedures first introduced in Volume 112 of
the IJARC Monographs for assessing the strength
of evidence with respect to 10 key characteris-
tics of carcinogens (Smith et al., 2016) and for
reviewing data from large-scale toxicity testing
programmes (IARC, 2017).
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1-BROMOPROPANE

1. Exposure Data

1.1 ldentification of the agent

1.1.1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 106-94-5

Chem. Abstr. Serv. Name: Propane, 1-bromo
IUPAC Systematic Name: 1-Bromopropane
Synonyms: 1-Propyl bromide; n-propyl
bromide

Acronyms: 1BP; nPB.

1.1.2 Structural and molecular formulae, and
relative molecular mass

H,
C CH;
/NS
Br C
H,

Molecular formula: C,H Br
Relative molecular mass: 122.99

1.1.3 Chemical and physical properties of the
pure substance

Description: Colourless to pale yellow liquid
with a strong, characteristic sweet odour
(Merck index, 2013)

Boiling point: 71 °C at 760 mm Hg (Merck
index, 2013)

Melting point: =110 °C (Merck index, 2013)
Density: 1.353 at 20 °C (Merck index, 2013)
Vapour density: 4.25 (air = 1) (HSDB, 2016)
Solubility: Poorly soluble in water (2.45 mg/L
at 20 °C) (HSDB, 2016); soluble in acetone,

ethanol, ether, benzene, chloroform and
carbon tetrachloride (HSDB, 2016)

Volatility: Vapour pressure, 110.8 mm Hg at
20 °C (HSDB, 2016)

Stability: Will not polymerize (HSDB, 2016)
Reactivity:  Incompatible ~with  strong
oxidizing agents, acids and alkalis, alkali
metals and finely powdered aluminium
(GESTIS, 2015)

Flammability: Neat (pure) solvent, highly
flammable liquid and vapour; hazardous
when heated or exposed to flame or oxidizers
(HSDB, 2016)

Flash point: —10 °C (GESTIS, 2015)

Auto-ignition temperature: 490 °C (HSDB
2016)

Decomposition: ~Combustion  by-product
emits hydrogen bromide (HSDB, 2016)

Octanol/water partition coefficient: log K ,,
2.10 (HSDB, 2016)

Conversion factor (at 25 °C, 760 mm Hg):
1 ppm = 5.03 mg/m?.
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1.1.4 Impurities

Production of commercial-grade 1-bromo-
propane produces low levels of a contam-
inant  (0.1-0.2%),  2-bromopropane  (i.e.
isopropyl bromide; Chem. Abstr. Serv. Reg.
No. 75-26-3). Contemporary manufacturing
processes, however, result in < 0.1% 2-bromo-
propane contamination in neat 1-bromopropane
solvents (Boekelheide et al., 2004; HSDB, 2016).

1.2 Production and use
1.2.1 Production

(a)  Manufacturing process

1-Bromopropane is produced by treating
n-propanol with bromide in the presence of
sulfuric acid; once the propanol is unstable,
hydrobromicacid isadded and n-propyl bromide
is flashed from the hot mixture. The resultant
product is condensed, neutralized and fraction-
ated. The procedure can be modified by using
bromine (gas) together with a reducing agent
such as sulfur, sulfur dioxide, phosphorus, or
sodium borohydride (Kirk-Othmer, 1978).

(b)  Production volume

In 2001, the United Nations Environment
Programme (UNEP) projected that manufac-
ture and use of 1-bromopropane would expand
because it was being marketed to replace
ozone-depleting solvents with high produc-
tion volume for a range of applications in Asia
(China, Japan, and the Republic of Korea),
Europe (France, Germany, and the United
Kingdom) and the USA (UNEP, 2001). Global
production was estimated to be 20 000-30 000
tonnes in 2007 (UNEP, 2010), but specific
volumes produced in each country were not
available. The United States Environmental
Protection Agency (EPA) reported in 2006
that national aggregate production was > 1-10
million pounds [>450-4500 tonnes] (EPA, 2010).
In 2011, the EPA listed the national production
volume as > 15.3 million pounds [~7000 tonnes]
(EPA, 2012).
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1.2.2 Use

1-Bromopropane is a solvent for fats, waxes
and resins and is primarily used as a chemical
intermediate in the production of pesticides,
quaternary ammonium compounds, flavours
and fragrances, and pharmaceuticals in closed
processes (N'TP, 2013). In the mid-to-late 1990s,
1-bromopropane was introduced as a non-toxic,
fast-drying solvent that does not leave surface
residue for cleaning metals, plastics, and optical,
electrical and electronic components (N'TP, 2011;
NIOSH, 2013). It was marketed as a substitute
solvent for ozone-depleting and other solvents
such as trichloroethylene, tetrachloroethylene
(perchloroethylene) and methylene chloride.
1-Bromopropane is used for vapour degreasing
and immersion cleaning, liquid and spray adhe-
sive applications, fabric dry cleaning, and aerosol
spray products (Blando et al., 2010; NTP, 2013).

1.3 Measurement and analysis

1.3.1 Detection and quantification
(a)  Air monitoring

A fewmethods thatare available for analysing
1-bromopropane in air are described in Table 1.1.
In 2003, the United States National Institute for
Occupational Safety and Health (NIOSH) issued
a validated analytical method for 1-bromopro-
pane in air (NIOSH, 2003a), which prescribes
adsorption on activated charcoal, desorption
with carbon disulfide (CS,) and analysis by
gas chromatography with flame ionization
detection; the limit of detection for NIOSH
method 1025 is 1 pg using a 12 L air sample.
Occupational Safety and Health Administration
(OSHA) method 1017 collects 1-bromopropane
on activated charcoal but uses CS, (99%) and
N,N-dimethylformamide for desorption and gas
chromatography with electron capture detec-
tion; it is fully validated with a quantitative limit
of 5.9 pg/m? for a 12 L air sample (OSHA, 2014).




1- Bromopropane

Table 1.1 Selected methods of analysis for 1-bromopropane and biomarkers of exposure

Sample method Sample preparation Assay Limit of Reference
method detection

1-Bromopropane in air

NIOSH 1025 Active collection on activated charcoal; flow rate, GC/FID 1ug NIOSH (2003a)
0.01-0.2 L/min (12 L); CS, desorption

OSHA 1017 Active collection on activated charcoal; flow rate, 0.05 GC/ECD 5.9 pg/m? OSHA (2014)
L/min (12 L); CS,/DMF, 99:1 (v/v) desorption

OSHA PV2061 Active collection on activated charcoal; flow rate, 0.1 GC/FID 37 pg/m? OSHA (1999)
L/min (12 L); CS, desorption

IRSST 333-1 Active collection on activated charcoal; flow rate, 0.2 ~ GC/FID 54 ug IRSST (2015)
L/min (5 L); desorption NR

NR Diffusive sampler; carbon cloth KF-1500; CS, GC 0.1 ppm Kawai et al. (2001
desorption

NR Diffusive sampler; CS, desorption GC/EID 0.13 ppm  Ichihara et al. (2004a)

1-Bromopropane in urine

NR Headspace collection; 5 mL urine into 20 mL vial; GC 2 ug/L Kawai et al. (2001
heated at 60 °C for 60 min

NR Headspace collection; 5 mL urine into 20 mL vial; GC/EID 0.5 ng/L Ichihara et al. (2004a)
heated at 42 °C for 15 min; Tenax GC trap

Bromide ion in urine

NR 48 h, 7 interval composite specimens; nitric acid ICP/MS 100 pg/L Allain et al. (1990),
rinsed bottles; stored below —60 °C Hanley et al. (2006,

2010)

AcPrCys in urine

NR Solid phase extraction (C18) column; methanol/water =~ LC/ESI-MS  0.01 ug/L  Hanley et al. (2009)
(40:60) wash; acetone elution Cheever et al. (2009)

NR 1 mL urine in 1 mL ammonium formate buffer; pH LC/MS-MS 2 ug/L Eckert & Goen (2014)
adjusted to 2.4-2.6 with formic acid

NR Urine dissolved in NaOH; mixed in ethanol; acidiied = LC/MS-MS NR Valentine et al. (2007)
to pH 3 with H,PO,; ethyl acetate extraction; column
chromatography with 2% methanol in ethyl acetate

GSPrCys adducts

NR Urine dissolved in NaOHj; stirred with LC/MS-MS 2.5 pmol Valentine et al. (2007)

1-bromopropane in ethanol; pH adjusted to 3 with
HCI; washed with ice water and ethanol

AcPrCys, N-acetyl-S-(n-propyl)-L-cysteine; CS,, carbon disulfide; DMF, N,N-dimethylformamide; ECD, electron capture detection; EID,
electron ionization detector; ESI, electrospray ionization; FID, flame ionization detector; GC, gas chromatography; GSPrCys, globin-
S-propylcysteine; HCI, hydrochloric acid; H,PO, phosphoric acid; ICP/MS, inductively coupled plasma/mass spectrometry; LC, liquid
chromatography; LC/MS-MS, liquid chromatography-tandem mass spectrometry; MS, mass spectrometry; NaOH, sodium hydroxide; NR,

not reported
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(b) Biomarkers

Table 1.1 also contains details for labo-
ratory methods of analysis of 1-bromo-
propane and biomarkers of exposure that
include 1-bromopropane in urine, bromide ion
in urine, and 1-bromopropane metabolites:
N-acetyl-S-(n-propyl)-L-cysteine (AcPrCys) and
S-propylcysteine adducts on globin in urine.

Using high-performance liquid chromato-
graphy with mass spectrometry, Cheever et al.
(2009) isolated several mercapturic acid conju-
gates from highly exposed workers who used
1-bromopropane spray adhesives, the most
abundant of which was propyl mercapturic acid
(i.e. AcPrCys). AcPrCys was also associated with
lower exposure to l-bromoproopane among
workers exposed to vapour degreasing solvents
(Hanley et al., 2010). AcPrCys is more sensitive
and specific than bromide because non-occupa-
tional exposure to bromide could occur from diet
and medications (Hanley et al., 2009). Valentine
et al. (2007) studied the utility of globin-S-
propylcysteine (GSPrCys) and AcPrCys as
biomarkers of exposure to 1-bromopropane in
the urine of workers exposed at a factory
producing 1-bromopropane. A significant
increase in GSPrCys was found in workers
exposed to 1-bromopropane compared with
controls, and urinary AcPrCys levels increased
with increased levels of exposure to 1-bromo-
propane in the air, supporting the hypoth-
esis that these biomarkers can potentially be
used to evaluate the exposure of humans to
1-bromopropane.

1.4 Occurrence and exposure

1.4.1 Natural occurrence

1-Bromopropane was detected qualitatively
in six species of marine algae that produce it
naturally (HSDB, 2016).
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1.4.2 Environmental occurrence

Fugitive emissions of 1-bromopropane from
industrial and commercial settings are possible
from manufacturer, formulator and user sites and
from aerosol products used by public consumers.
No quantitative data for 1-bromopropane meas-
ured in the environment were available to the
Working Group.

1.4.3 Occupational exposures

Several studies of occupational exposure were
available in the literature that describes data on
human exposure to 1-bromopropane reported
from industrial and commercial facilities
(Table 1.2). Occupational exposure may occur
by inhalation and dermal absorption (NIOSH
2009; Frasch et al., 2011a; NTP, 2013), particu-
larly if the skin is occluded (Frasch et al., 2011b).
Dermal exposure can be a significant source of
1-bromopropane absorption and most common
glove and chemical protective materials do not
provide adequate skin protection (Hanley et al.,
2009, 2010; NIOSH, 2013). Facilities reported
in the literature include: (a) chemical manu-
facturing; (b) spray adhesives in foam cushion
fabricators; (c) vapour and immersion cleaning
activities; (d) aerosol products; and (e) commer-
cial dry cleaning.

(a)  Chemical manufacturing

Using passive (diffusion) monitoring,
exposure to 1-bromopropane ranging from
non-detectable to 170 ppm were reported in
chemical manufacturing facilities in China
(Ichihara et al., 2004a, b, 2006).

In another chemical manufacturer in China,
the exposures determined by passive air samplers
(activated carbon cloth) ranged from 0.07 to
106 ppm for women, and from 0.06 to 115 ppm
for men (Li et al., 2010).

In an adhesives manufacturing facility,
Hanley et al. (2010) reported on urinary bromide
and AcPrCys concentrations (mg/g creatinine)
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1- Bromopropane

among workers who directly used 1-bromo-
propane or were indirectly exposed by working
in adjacent vicinities. Worker exposures ranged
from 0.26 to 19 ppm for those employees directly
using 1-bromopropane and from 0.07 to 1.6 ppm
for those that did not use 1-bromopropane. The
geometric mean (GM) for two consecutive days
of air monitoring was 3.8 ppm and 0.33 ppm
for users and non-users of 1-bromopropane,
respectively.

(b)  Spray adhesives in foam cushions

Several publications were available for
1-bromopropane spray adhesives used in
foam-fabricating plants where seat cushions
were assembled. Adhesive is applied to foam and
cloth using compressed air spray guns. Once
the foam parts are glued, the workers used bare
hands to align and press the pieces together and
shape edges; hence skin contact contributed to
the absorbed dose for sprayers.

At a foam cushion plant where 1-bromo-
propane spray adhesives were used, 1-bromo-
propane exposure concentrations ranged from
60 to 261 ppm, as estimated by passive sampling;
the mean exposure was 133 ppm (Ichihara et al.
2002).

The NIOSH conducted health hazard evalua-
tion (HHE)siteinvestigationsatthreeindependent
foam fabricating facilities (NIOSH, 2002a, b,
2003b) which included initial and follow-up site
surveys. At the first plant (NIOSH, 2003b), the
initial mean concentration of 1-bromopropane
was 81 ppm for sprayers and other workers in
spraying areas (range, 18-254 ppm); the mean
for sprayers was 108 ppm. Some minor main-
tenance was performed on the general ventila-
tion system before the return survey. Although
the GM exposure to 1-bromopropane was
lowered for all exposed jobs combined (GM, 46
ppm; 7.2-281 ppm), the exposures of sprayers
remained essentially the same (mean, 101 ppm;
range, 38-280 ppm) because no local exhaust
ventilation was installed at their work stations.

Theinitial exposure levels to 1-bromopropane
atthe second plant (NIOSH, 2002a) were 170 ppm
(GM) and ranged from 60 to 381 ppm. Differences
in mean exposure were found between depart-
ments (i.e. covers, 197 ppm; assembly, 170 ppm;
saw, 117 ppm). After implementing engineering
controls (i.e. spray booth enclosures, local and
general ventilation improvements), the follow-up
evaluation showed a substantial reduction in the
exposures of workers to 1-bromopropane with a
mean of 19 ppm (range, 1.2-58 ppm).

The initial exposures of sprayers to 1-bromo-
propane at the third foam cushion factory
(NIOSH, 2002b) ranged from 41 to 143 ppm,
with a GM of 66 ppm. This facility also made
modifications to local and general exhaust venti-
lation and exposures to 1-bromopropane were
substantially reduced at the follow-up survey
(mean, 16.6 ppm; range, 8.8-32 ppm).

Start-of- and end-of-work week blood and
urine samples were collected from 41 and
22 workers at two facilities where 1-bromo-
propane spray adhesives were used for foam
cushion fabrication (Toraason et al., 2006).
Bromide was measured in the blood and urine
as a biomarker of exposure. Overall, the air
concentrations of 1-bromopropane ranged
from 0.2 to 271 ppm at facility A and from 4
to 27 ppm at facility B, and the highest expo-
sures were measured in workers classified as
sprayers. 1-Bromopropane concentrations were
statistically significantly correlated with indi-
vidual blood and urine bromide concentrations.
Serum and urine bromide levels of up to 43.5
and 595.4 mg/dL, respectively, were measured
for sprayers.

Majersik et al. (2007) published a case study
of six patients who worked at a foam cushion
factory where glue containing 1-bromopropane
was sprayed. The mean exposure to 1-bromo-
propane at this plant was 130 ppm (range,
91-176 ppm) collected over a 7-hour sampling
period. Serum bromide levels were elevated
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(107 mg/dL), ranging from 44 to 170 mg/dL
(reference, 0-40 mg/dL).

Hanley et al. (2006, 2009) conducted an
exposure assessment study using air sampling
and measurement of urinary metabolites at
two facilities using 1-bromopropane adhesives
to construct polyurethane foam seat cush-
ions. Complete 48-hour urine specimens were
obtained from 30 workers on two consecu-
tive days and were collected into composite
samples representing three time intervals: at
work, after work, but before bedtime, and upon
awakening. GM breathing zone concentrations
of 1-bromopropane were 92 ppm for adhesive
sprayers and 11 ppm for other jobs. For sprayers,
urinary bromide concentrations ranged from
77 to 542 mg/g creatinine at work, from 58 to
308 mg/g creatinine after work and from 46
to 672 mg/g creatinine in wake-up samples.
Pre-week urinary bromide concentrations for
sprayers were substantially higher than those
for the non-sprayers and controls, with GMs
of 102, 31, and 3.8 mg mg/g creatinine, respec-
tively. Correlation of 48-hour urinary bromide
with exposure to 1-bromopropane was statisti-
cally significant (r2 = 0.89) for all jobs combined.
The GM AcPrCys concentrations were 41 mg/g
creatinine (P < 0.05) for sprayers, 10 mg/g creati-
nine (P < 0.01) for non-sprayers and 0.024 mg/g
creatinine for controls.

(c)  Vapour degreasing and immersion
cleaning

In a Japanese painting workshop that
used 1-bromopropane to clean parts, Kawai
et _al. (2001) evaluated the concentrations of
1-bromopropanein theairusing passive samplers.
The GM was 1.42 ppm with a maximum concen-
tration of 27.8 ppm.

Hanley et al. (2010) measured the levels
of 1-bromopropane in the air and those of
bromide and AcPrCys in the urine and found
GM breathing zone concentrations of 2.6 and
0.31 ppm for workers near degreasers and
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those furthest from degreasers, respectively.
Urinary metabolites (mg/g creatinine) showed
the same trend, with higher levels observed in
workers near degreasers (48-hour GM bromide,
8.9 versus 3.7; 48-hour GM AcPrCys, 1.7 versus
0.13, respectively).

In a metal-cleaning facility, 1-bromopropane
concentrations ranged from 353 to 663 ppm,
with a mean of 553 ppm, and an elevated level
of 58 pg/mL serum bromide was found in one
worker (normal level, < 5 pg/mL) (Samukawa
et al., 2012).

The mean 1-bromopropane concentra-
tion above a degreasing tank used for cleaning
golf clubs was 129 ppm (range, 97-189 ppm).
Levels of AcPrCys, collected 1-26 days after
exposure were reported to range from 0.17 to
2.7 mg/g when normalized with creatinine
(Wang et al., 2015).

(d) Aerosol products

Aerosol spray products are typically used
intermittently for short periods and spray emis-
sions often are not regulated by engineering
controls (N'TP, 2013). In a study to assess expo-
sures from aerosol cleaning, 1-bromopropane
concentrations ranged from 8.5 to 23.5 ppm
(Mirza et al., 2000).

In aerosol samples from eight exposed
workers, the full-shift concentration of 1-bromo-
propane ranged from 5 to 30 ppm (EPA, 2002).

(e)  Drycleaning

NIOSH (2008) conducted an evaluation
at four dry-cleaning shops in the USA. At one
facility, exposure to 1l-bromopropane was
40 ppm for the machine operator and 17 ppm
for the cashier clerk. At the other dry-cleaning
shops, partial shift exposures to 1-bromopropane
were 7.2 (209 minutes), 11 (163 minutes) and
160 (241 minutes) ppm for the operators typi-
cally working in the laundry room, and 1.5 (212
minutes) and 2.4 (246 minutes) ppm for cashiers
working in the front of the store.
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Blando et al. (2010) conducted follow-up
investigations at the same four dry-cleaning
laundries. The concentrations of 1-bromo-
propane were in the range of non-detectable
to 55 ppm for operators in the laundries and
0.6-22 ppm for cashier clerks.

1.4.4 Exposure of the general population

No data were available to the Working Group.

1.5 Regulations and guidelines

The State of California Department of
Industrial Relations has promulgated an 8-hour
time-weighted average (TWA) permissible
exposure limit for 1-bromopropane of 5 ppm
[25 mg/m?] with a skin notation (CA DIR, 2009).
The state of California has also listed 1-bromo-
propane as a developmental hazard under
proposition 65 of the California Clean Water
Act (CA EPA, 2008). The Canadian Ministry
of Health issued an 8-hour TWA occupational
exposure limit for 1-bromopropane of 10 ppm
[~50 mg/m?] (GESTIS, 2015). In 2012, the Japan
Society for Occupational Health proposed to set
an occupational exposure limit for 1-bromopro-
pane of 0.5 ppm (2.5 mg/m?) (JSOH, 2015). In
2013, the American Conference of Governmental
Industrial Hygienists adopted a TWA threshold
limit value of 0.1 ppm short-term exposure limit
with an A3 note “known animal carcinogen with
unknown relevance to humans” (HSDB, 2016).
In the 13th Report on Carcinogens, the United
States National Toxicology Program (NTP) clas-
sified 1-bromopropane as “reasonably anticipated
to be a human carcinogen” (N'TP, 2013).

In November 2012, in accordance with Article
57 and 59 of the European Committee regula-
tion 1907/2006, the European Chemical Agency
identified 1-bromopropane as a substance of
very high concern due to the risk of reproductive
toxicity (ECHA, 2012). The European Chemical
Bureau has labelled 1-bromopropane as H360FD

“may damage fertility or the unborn child”, H319
“causes serious eye irritation”, H315 “causes skin
irritation”, H373 “may cause damage to organs
from prolonged and repeated exposures”, H335
“may cause irritation” and H336 “may cause
drowsiness or dizziness” (ECHA, 2016).

2. Cancer in Humans

No data were available to the Working Group.

3. Cancer in Experimental Animals

See Table 3.1

3.1

Inhalation

Mouse

One well-conducted good laboratory practice
study evaluated the carcinogenicity of 1-bromo-
propane (NTP, 2011). Groups of 50 male and
50 female B6C3F, mice (age, 5-6 weeks) were
exposedbyinhalationto 1-bromopropane (purity,
> 99.9%) at a dose of 0, 62.5, 125, or 250 ppm for
6 hours and 10 minutes per day on 5 days per
week for 105 weeks. No effect on survival or body
weights was observed.

In females, treatment with 1-bromopropane
resulted in a significant increase in the incidence
of lung alveolar/bronchiolar adenoma or carci-
noma (combined) at all doses: 1/50 controls, 9/50
at62.5 ppm (P =0.010 by the pairwise Poly-3 test),
8/50 at 125 ppm (P = 0.016 by the pairwise
Poly-3 test), and 14/50 at 250 ppm (P < 0.001
by the pairwise Poly-3 test). Statistical analysis
detected a positive dose-related trend in the
incidence of lung alveolar/bronchiolar adenoma
or carcinoma (combined) using the Poly-3 test
(P <0.001). Treatment with 1-bromopropane at a
dose of 250 ppm also significantly increased the
incidence of lung alveolar/bronchiolar adenoma:
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1/50 controls, 6/50 at 62.5 ppm, 4/50 at 125 ppm
and 10/50 at 250 ppm (P = 0.006 by the pair-
wise Poly-3 test). Statistical analysis detected
a positive dose-related trend using the Poly-3
test (P = 0.007). At doses of 62.5 and 125 ppm,
1-bromopropane significantly increased the inci-
dence of lung alveolar/bronchiolar carcinoma:
0/50 controls, 7/50 at 62.5 ppm (P = 0.009 by the
pairwise Poly-3 test), 5/50 at 125 ppm (P = 0.031
by the pairwise Poly-3 test) and 4/50 at 250 ppm.

Treatment with 1-bromopropane did not
result in significant increases in tumour inci-
dence, unusual tumours, or early-onset tumours
in males. [The strengths of this study included
the large numbers of animals, compliance with
good laboratory practice, the evaluation of
multiple dose levels and a duration of exposure
that involved most of the lifespan.]

3.2 Rat

Inhalation

One well-conducted good laboratory prac-
tice study evaluated the carcinogenicity of
1-bromopropane (N'TP, 2011). Groups of 50 male
and 50 female Fischer 344/N rats (age, 5-6
weeks) were exposed by inhalation to 1-bromo-
propane (purity, > 99.9%) at a dose of 0, 125, 250,
or 500 ppm for 6 hours and 10 minutes per day
on 5 days per week for 105 weeks. Survival was
significantly decreased in male rats exposed to
500 ppm. No effect on body weights was observed.

In males, treatment with 1-bromopropane
significantly increased the incidence of skin
tumours (keratoacanthoma, basal cell adenoma,
basal cell carcinoma and squamous cell carci-
noma combined) at all doses: 1/50 controls, 7/50
at 125 ppm (P = 0.028 by the pairwise Poly-3 test),
9/50 at 250 ppm (P = 0.006 by the pairwise Poly-3
test), and 10/50 at 500 ppm (P = 0.002 by the
pairwise Poly-3 test). Statistical analysis detected
a positive dose-related trend using the Poly-3
test (P = 0.003). The incidence of this combina-
tion of skin tumours in historical controls was
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19/349 (range, 0-10%) in inhalation studies and
97/1398 (range, 0-20%) in all studies. At doses of
250 and 500 ppm, 1-bromopropane significantly
increased the incidence of skin keratoacanthoma:
0/50 controls, 3/50 at 125 ppm, 6/50 at 250 ppm
(P = 0.012 by the pairwise Poly-3 test), and 6/50
at 500 ppm (P = 0.010 by the pairwise Poly-3 test).
Statistical analysis detected a positive dose-re-
lated trend using the Poly-3 test (P = 0.008). The
incidence of skin keratoacanthoma in historical
controls was 10/349 (range, 0-8%) in inhalation
studies and 66/1398 (range, 0-16%) in all studies.
At doses of 250 and 500 ppm, 1-bromopropane
significantly increased the incidence of skin
keratoacanthoma or squamous cell carcinoma
(combined): 1/50 controls, 4/50 at 125 ppm, 6/50
at 250 ppm (P = 0.044 by the pairwise Poly-3
test) and 8/50 at 500 ppm (P = 0.009 by the pair-
wise Poly-3 test). Statistical analysis detected
a positive dose-related trend using the Poly-3
test (P = 0.006). The incidence of this combina-
tion of skin tumours in historical controls was
11/349 (range, 0-8%) in inhalation studies and
74/1398 (range, 0-16%) in all studies. The inci-
dence of basal cell carcinoma was 0/50 controls,
2/50 at 125 ppm, 1/50 at 250 ppm and 2/50 at
500 ppm; that of squamous cell carcinoma was
1/50 controls, 1/50 at 125 ppm, 0/50 at 250 ppm,
and 2/50 at 500 ppm. 1-Bromopropane also
induced a non-significant increase in the inci-
dence of large intestine (rectum or colon)
adenoma: 0/50 controls, 0/50 at 125 ppm, 2/50
at 250 ppm, and 1/50 at 500 ppm. Although not
statistically significant, this increase equalled
or exceeded that observed in male historical
controls (0/349 in inhalation studies and 2/1398
in all studies; range, 0-2%). Statistical analysis
did not detect a positive dose-related trend. A
significant increase in the incidence of malig-
nant mesothelioma of the epididymis was also
observed: 0/50 controls, 2/50 at 125 ppm, 2/50 at
250 ppm, and 4/50 at 500 ppm (P = 0.046 by the
pairwise Poly-3 test). Statistical analysis detected
a positive dose-related trend using the Poly-3 test
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(P = 0.031). The incidence of malignant meso-
thelioma in historical controls was 5/349 (range,
0-6%) in inhalation studies, and 35/1398 (range,
0-6%) in all studies. The incidence of pancreatic
islet cell adenoma or carcinoma (combined) was
also significantly increased: 3/50 controls, 10/50
at 125 ppm (P = 0.031 by the pairwise Poly-3
test), 9/50 at 250 ppm (P = 0.043 by the pairwise
Poly-3 test), and 8/50 at 500 ppm. Statistical anal-
ysis did not detect a positive dose-related trend.
The incidence of this combination of pancre-
atic islet cell tumours in historical controls was
37/349 (range, 6-18%) in inhalation studies, and
119/1394 (range, 0-18%) in all studies. A signifi-
cant increase in the incidence of pancreatic islet
cell adenoma was also observed at all doses:
0/50 controls, 5/50 at 125 ppm (P = 0.029 by the
pairwise Poly-3 test), 4/50 at 250 ppm (P = 0.050
by the pairwise Poly-3 test), and 5/50 at 500 ppm
(P = 0.019 by the pairwise Poly-3 test). Statistical
analysis detected a positive dose-related trend
using the Poly-3 test (P = 0.043). The incidence
of pancreatic islet cell adenoma in historical
controls was 20/349 (range, 0-12%) in inhala-
tion studies, and 90/1394 (range, 0-14%) in all
studies.

In females, treatment with 1-bromopropane
resulted in an increase in the incidence of large
intestine (rectum or colon) adenoma at all doses:
0/50 controls, 1/50 at 125 ppm, 2/50 at 250 ppm,
and 5/50 at 500 ppm (P = 0.018 by the pairwise
Poly-3 test). Although statistically significant only
at 500 ppm, this increase equalled or exceeded
that observed in female historical controls (0/350
in inhalation studies; 3/1350 (range, 0-2%) in all
studies). Statistical analysis detected a positive
dose-related trend in the incidence of large intes-
tine (rectum or colon) adenoma using the Poly-3
test (P =0.004). 1-Bromopropane also resulted in
a non-significant positive trend (P = 0.050) in the
incidence of skin tumours (squamous cell papil-
loma, keratoacanthoma, basal cell adenoma and
basal cell carcinoma combined): 1/50 controls,
1/50 at 125 ppm, 1/50 at 250 ppm, and 4/50 at

500 ppm. Although not statistically significant,
the incidence in the high-dose group exceeded
that observed in historical controls (2/350
(range, 0-2%) in inhalation studies; 16/1350
(range, 0-6%) in all studies). The incidence of
basal cell carcinoma was 0/50 controls, 0/50 at
125 ppm, 0/50 at 250 ppm, and 1/50 at 500 ppm.
[The strengths of this study included the large
numbers of animals, compliance with good labo-
ratory practice, the evaluation of multiple dose
levels and a duration of exposure that involved
most of the lifespan.]

4, Mechanistic and Other
Relevant Data

Data on the toxicokinetics and genotoxicity
of 1-bromopropane in humans and experi-
mental animals have been reviewed (N'TP, 2013).
Sections 4.1 and 4.2 present a summary of the
most relevant information.

4.1 Absorption, distribution,

metabolism, excretion

4.1.1 Humans

(a)  Absorption, distribution, and excretion

Exposure to 1-bromopropane in humans
is liable to occur by inhalation or dermal
contact, and it has been demonstrated that
1-bromopropane undergoes absorption by both
routes in humans (Hanley et al., 2006; Cheever
et al., 2009).

In a study addressing the absorption charac-
teristics of 1-bromopropane, human epidermal
membranes (collected from Caucasian female
donors undergoing elective surgical proce-
dures) were subjected in vitro to different expo-
sure scenarios using neat 1-bromopropane or
a saturated aqueous solution. The compound
was readily absorbed, although the absorption
potential depended upon the type and duration
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of exposure. Losses due to evaporation were
approximately two orders of magnitude greater
than dermal absorption (Frasch et al., 2011a).

No data on the distribution of 1-bromo-
propane in humans were available to the Working
Group.

Limited information was available regarding
the excretion of 1-bromopropane in humans.
Studies of exposed workers have reported the
presence of non-metabolized 1-bromopropane
in the urine (Kawai et al., 2001; Ichihara et al.,
2004a). These studies found a significant corre-
lation between the levels of 1-bromopropane in
the urine and the levels of exposure to 1-bromo-
propane in the air. Bromide ion was also excreted
but the high background levels from dietary and
pharmaceutical sources represent a confounding
factor.

(b) Metabolism

1-Bromopropane metabolites have been
detected in the urine of occupationally exposed
humans. The major metabolite is AcPrCys, the
concentration of which increases with increasing
ambient exposure levels (Hanley et al., 2009,
2010). Several other mercapturate conjugates
have been identified, including N-acetyl-S-(n-
propyl)-L-cysteine-S-oxide, = N-acetyl-S-(2-
carboxyethyl)-L-cysteine, and N-acetyl-S-(3-
hydroxy-n-propyl)-L-cysteine (Cheever et al.,
2009; Hanley et al., 2009). A proposed phase I
metabolite is 3-bromopropanoic acid (B'Hymer
& Cheever, 2004; Mathias et al., 2012).

Conjugates of oxidative metabolites identi-
fied in experimental animals (see Section 4.1.2b)
do not appear to have been reported in humans.

4.1.2 Experimental systems

(@)  Absorption, distribution, and excretion

Studies in rats and mice have demonstrated
that 1-bromopropane is well absorbed after inha-
lation (Ishidao et al., 2002; Garner et al., 2006),
intraperitoneal administration (Jones & Walsh,
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1979) or oral exposure (Lee et al., 2010). When
male Wistar rats were exposed to 1-bromo-
propane vapour at doses of either 700 ppm (for
6 hours per day for 1 day or 4 or 12 weeks) or
1500 ppm (for 6 hours per day on 5 days per
week for 3 or 4 weeks), the blood concentration
of the compound decreased linearly in a time-de-
pendent manner and was below the limit of
detection 0.7 hours after the end of the exposure
(Ishidao et al., 2002).

One study reported the distribution of
[“C]1-bromopropane in rats and mice in exhaled
air, urine and faeces that were collected at various
time points following intravenous adminis-
tration. The radioactivity recovered totalled
83-103%, with the largest fractions accounting
for volatile organic compounds (25-71%), carbon
dioxide (10-31%) and urine (13-23%). The radio-
activity recovered from the total carcass (2-6%)
and the faeces (< 1-4%) was comparatively negli-
gible. Data for recovery from individual tissues
were not presented, with the exception of some
limited information for the liver. The liver/blood
radioactivity ratios (approximately 3) were
similar in both species, regardless of the dose
(Garner et al., 2006).

After intraperitoneal administration of a
single dose of 200 mg/kg bw of [“C]1-bromo-
propane in rats, 60% was exhaled unchanged
within 4 hours, and only trace amounts were
detected in the exhaled air after that time-point.
Exhaled carbon dioxide accounted for only 1.4%
of the total dose and approximately 45% of the
metabolized dose was excreted in the urine after
100 hours (Jones & Walsh, 1979).

In contrast to humans, the urinary excretion
of non-metabolized 1-bromopropane does not
appear to have been reported in rodents.

(b) Metabolism

The metabolism of 1-bromopropane has been
investigated in several studies in experimental
animals.
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In-vivo studies have been conducted in
rats and mice exposed by inhalation and oral,
subcutaneous or intraperitoneal administration
(Jones & Walsh, 1979; Garner et al., 2006, 2007;
Valentine et al., 2007). The four urinary mercap-
turates identified in exposed humans were also
found in experimental animals and additional
urinary metabolites were detected in animals,
although differences in the metabolite profile
were noted. This may result from differences in
the routes of administration, species specificities
or detection methodologies. Figure 4.1 presents
an overview of the metabolite structures that
have been identified following inhalation and
oral administration and include brominated and
debrominated phase I metabolites, and phase II
conjugates.

Some of the reactive species that have
been identified in vivo or have been postulated,
including  2,3-epoxy-1-propanol  (glycidol),
a-bromohydrin, and 1,2-epoxypropane
(propylene oxide), are genotoxic (see Section
4.2.3).

Several debrominated metabolites of
1-bromopropane were identified in studies in
vitro with rat liver microsomes, but were not
detected in vivo (reviewed in NTP, 2013).

Most of the 1-bromopropane metabolites
that have been identified are formed from oxida-
tion reactions and glutathione (GSH) conju-
gation. Evidence that cytochrome P450 (CYP)
2E1 contributes significantly to the metabolism
of 1-bromopropane was presented in a study in
which Cyp2el-- (knockout) and wildtype mice
were exposed to the compound by inhalation
for 6 hours (Garner et al., 2007). Compared with
their wildtype counterparts, the elimination
half-life was much longer in the knockout mice
(3.2 versus 1.3 hours), the ratio of GSH conju-
gation to 2-hydroxylation increased fivefold
and the urinary concentration of N-acetyl-S-
(2-hydroxypropyl)cysteine was reduced by
approximately 50%. A study in which rats were
exposed to 1-bromopropane by inhalation and

intravenous injection confirmed that the clear-
ance of 1-bromopropane is saturable and that
elimination is not only highly dependent on CYP
but also on GSH-dependent metabolism (Garner
& Yu, 2014).

4.2 Mechanisms of carcinogenesis

The evidence on the "key characteristics" of
carcinogens (Smith et al., 2016) - concerning
whether 1-bromopropane induces oxidative
stress and chronic inflammation, is immunosup-
pressive, is genotoxic, and modulates receptor-
mediated effects - is summarized below.

4.2.1 Oxidative stress

(a) Humans

The detection of wurinary N-acetyl-S-
propylcysteine indicated that 1-bromopropane
induced GSH conjugation (Valentine et al., 2007;
Hanleyetal., 2009, 2010; Mathias et al., 2012), but
did not directly signify the induction of oxidative
stress.

(b)  Experimental systems

Studies of urinary metabolites in experi-
mental animals have revealed mercapturates
derived from 1-bromopropane conjugated with
GSH (Grenby & Young, 1959, 1960; Barnsley,
1966; Barnsley et al., 1966; Jones & Walsh 1979;
Garner et al., 2006). An in-vitro study showed
that 1-bromopropane is oxidized by liver micro-
somes, resulting in the production of metab-
olites including propene, 1,2-epoxypropane,
and 1,2-propanediol (Tachizawa et al., 1982).
The addition of GSH to the incubation mixture
yielded S-propyl GSH, and S-hydroxyl propyl
GSH. [The Working Group noted that the
above studies showed that 1-bromopropane or
its oxidized metabolites can be conjugated with
GSH, which might result in an increase in oxida-
tive stress through the depletion of GSH.]
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Fig. 4.1 Metabolism of 1-bromopropane in rodents and humans
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A decrease in GSH was observed in the
liver of mice 12 hours after a single oral dose of
200-1000 mg/kg body weight (bw) of 1-bromo-
propane (Lee et al., 2005, 2007), in the spleen of
the mice after a single oral dose of 1000 mg/kg
bw of 1-bromopropane (Lee et al., 2007), in the
cerebral cortex of rats after daily oral adminis-
tration of 200-800 mg/kg bw of 1-bromopropane
for 12 days (Zhong et al., 2013; Guo et al., 2015),
and in the cerebrum, cerebellum, and brainstem
of rats after inhalation exposure to 800 ppm of
1-bromopropane for 7 days or 12 weeks (Wang
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et al., 2002, 2003). In contrast, an increase in
GSH was observed in the spinal cord of rats
after inhalation exposure to 200-800 ppm of
1-bromopropane for 7 days or 12 weeks (Wang
et al., 2002, 2003).

The ratio of GSH to oxidized GSH was
decreased in the liver after inhalation exposure
for 28 days of C57BL/6] or BALB/cA mice to 50
ppm of 1-bromopropane and BALB/cA mice to
110 ppm of 1-bromopropane (Liu et al., 2009),
and in the cerebral cortex of rats following
oral administration of 100-800 mg/kg bw of
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1-bromopropane for 12 days (Zhong et al., 2013;
Guo et al., 2015). The level of oxidized GSH did
not change in the cerebrum, cerebellum or spinal
cord ofratsexposedbyinhalation to200-800 ppm
of 1-bromopropane for 7 days (Wang et al., 2002),
but was increased in the cerebrum of rats after
12 weeks of inhalation exposure to 800 ppm of
1-bromopropane (Wang et al., 2003).

Several studies have indicated lipid perox-
idation, protein affected by lipid peroxidation
and protein carbonylation induced by exposure
to 1-bromopropane. Malondialdehyde (MDA)
levels were significantly increased in the liver
of mice after a single oral administration of
1-bromopropane ata dose of 500 and 1000 mg/kg
bw (Lee et al., 2005), or after inhalation exposure
to 300 ppm of 1-bromopropane for 28 days in
Nrf2-null mice (Liu et al., 2010). Thiobarbituric
acid-reactive substances were significantly
increased in the liver of mice after a single oral
dose of 1-bromopropane at 1000 mg/kg bw,
and this increase was enhanced significantly by
pretreatment with phenobarbital (Leeetal.,2010).
The level of lipid peroxide in the liver micro-
somes was significantly increased after 8 weeks
of exposure by inhalation to 1-bromopropane at
doses of 300 and 1800 ppm in female rats, and
at 1800 ppm in male rats (Kim et al., 1999a).
Exposure by inhalation for 4 weeks to 1-bromo-
propane increased thiobarbituric acid-reac-
tive substances at doses of 400-1000 ppm, and
protein carbonyl and reactive oxygens species at
doses of 800-1000 ppm in the cerebellum of rats
(Subramanian et al., 2012). The levels of MDA (at
adose of 800 mg/kgbw), MDA-modified proteins
(at a dose of 800 mg/kg bw) and 4-hydroxy-
2-nonenal-modified proteins (at doses of
200-800 mg/kg bw) (Zhong et al., 2013) and
those of N-epsilon-hexanoyl-lysin-modified
proteins (at doses of 200-800 mg/kg bw), and
4-hydroxy-2-nonenal-modified proteins (at doses
of 100-800 mg/kg bw) (Guo et al., 2015) were
increased in the cerebral cortex of rats after oral
administration of 1-bromopropane for 12 days.

Male Fischer 344 rats were exposed by inhalation
to 1-bromopropane at doses of 0, 400, or 1000
ppm for 8 hours per day, on 7 days per week for
4 weeks (Huang et al., 2012). Hippocampal reac-
tive oxygen species and protein carbonyl were
increased significantly. Matrix-assisted laser-
desorption ionization time-of-flight mass spec-
trometry identified 10 individual proteins with
increased carbonyl modification.

Two studies have investigated the role of
GSH depletion and lipid peroxidation in the
mechanism of hepatotoxicity. Male ICR mice
that received a single oral dose of 200, 500, or
1000 mg/kg bw of 1-bromopropane had increased
serum alanine amino transferase and aspartate
amino transferase activities, decreased GSH
content and increased levels of S-propyl GSH
conjugate in theliver 12 hours after the treatment.
The GSH conjugate was maximally increased
6 hours after treatment with 1000 mg/kg bw of
1-bromopropane in parallel with the decrease in
GSH content. MDA increased dose-dependently
12 hours after the treatment (Lee et al., 2005).
Groups of 24 male Nrf2-null mice and 24 wild-
type mice were exposed byinhalation to 1-bromo-
propane at doses of 0, 100, or 300 ppm for 8 hours
per day for 28 days (Liu et al., 2010). Nrf2-null
mice had higher levels of MDA, a higher ratio of
oxidized GSH to the reduced form of GSH and
lower total GSH content than wildtype mice. The
constitutive level and the increase in the ratio
per exposure level of GSH S-transferase (GST)
activity were lower in the liver of Nrf2-null mice
thanthatofwildtypemice. Nrf2-nullmice showed
greater areas of necrosis in the liver compared
with wildtype mice. The level of MDA in the liver
was only increased by the dose of 300 ppm in
Nrf2-null mice, but did not change in wildtype
mice at any exposure level. [The Working Group
noted that these two studies suggested that treat-
ment with 1-bromopropane induced hepato-
toxicity and lipid peroxidation through GSH
depletion due to the formation of GSH conju-
gates in the liver of mice.]
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A proteomic study suggested a change in the
expression levels of proteins related to immunity
in the brain hippocampus of rats. Male Fischer
344 rats were exposed by inhalation to 1-bromo-
propane at doses of 0, 400, or 1000 ppm for 8
hours per day for 1 or 4 weeks (Huang et al.,
2011). Changes in the expression level of proteins
related to immunity and the response to stress,
including the upregulation of glucose-regu-
lated protein 78, heatshock protein 60, GSTA3
and GSTP1 and the downregulation of protein
DJ-1 (also known as Parkinson disease protein
7), were observed. [The Working Group inter-
preted the results to be consistent with effects on
oxidative stress.]

4.2.2 Chronic inflammation and
immunosuppression

(a)  Humans

No data were available to the Working Group.

(b)  Experimental systems
(i) In vivo

Male and female Fischer 344/N rats exposed
by inhalation to 1-bromopropane (at doses of
125, 250, or 500 ppm) for 2 years demonstrated
chronic inflammation in the nose and larynx at
several doses (Morgan et al., 2011; NTP, 2011).
Chronic inflammation of the lung was also
observed in females exposed to 500 ppm. In the
trachea, an increased incidence of chronic active
inflammation was observed in all exposed groups
of females, and in males exposed to 500 ppm.
Inflammatory lesions with Splendore-Hoeppli
material were present primarily in the nose and
skin of male and female rats, indicating that
1-bromopropane caused immunosuppression.

Significant decreases in the spleen immuno-
globulin M response to sheep erythrocytes were
observed in mice (at doses of 125-500 ppm) and
rats (at a dose of 1000 ppm) after exposure to
1-bromopropane for 10 weeks. Total spleen cells
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and T cells were significantly decreased after
4 weeks of exposure in mice and rats (Anderson
et al., 2010).

A single oral administration of 1-bromo-

propane to female mice suppressed the
immune response, including the number
of antibody-forming cells per spleen

(at doses of 200-1000 mg/kg bw), anti-
body-forming cells per spleen cell (at doses of
500-1000 mg/kg bw), and CD4+ IL-2+ cells per
spleen (at doses of 200-1000 mg/kg bw) in
response to concanavalin A (Lee et al., 2007).

(i) Invitro

Serial studies have shown that exposure to
1-bromopropane at doses of 1-10 pM produced
inducible nitric oxide synthases, interleukin-1p,
interleukin-6 and tumour necrosis factor-a
(Han et al, 2008) and upregulated cyclo-
oxygenase-2 (Han et al., 2012) through nuclear
factor-kB in a murine macrophage cell line. In
contrast, exposure to 1-bromopropane inhibited
the DNA-binding activity of nuclear factor-xB
(Yoshida et al., 2007) and decreased brain-de-
rived neurotrophic factor mRNA expression in
murine astrocytes (Yoshida et al., 2009) [but
these data on astrocytes should be interpreted
carefully because the concentration of 1-bromo-
propane was very high (0.1 or 1 mM)].

4.2.3 Genetic and related effects
See Table 4.1 and Table 4.2

(a) Humans

S-Propylcysteine haemoglobin adducts were
measured in 26 Chinese female factory workers
exposed to 1-bromopropane by inhalation and
possibly by skin contact. The controls were
age-matched workers (n = 32) from a Chinese
beer factory. Exposure levels ranged from 0.34 to
49.2 ppm for the workers who gave blood samples
and from 0 to 170.54 ppm for the workers who
gave urine samples. A significant increase in
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S-propylcysteine adducts was observed in the
haemoglobin of exposed workers (1.52 pmol/
mg globin) compared with the controls (0.11
pmol/mg globin). In addition, the level of urinary
AcPrCys increased with increasing exposure
concentrations (Valentine et al., 2007).

The comet assay was used to assess DNA
damage (strand breaks) in the peripheral
blood leukocytes from 64 workers (18 men and
46 women) exposed occupationally to 1-bromo-
propane at two facilities in the USA that used
spray adhesives containing 1-bromopropane.
Because no unexposed population was avail-
able, the workers were divided into groups with
higher exposure (sprayer) and lower exposure
(non-sprayers). Overall, the exposures ranged
from 0.2 to 271 ppm in one facility and from 4 to
27 ppm in the other facility, with workers clas-
sified as sprayers having the highest exposures.
The TWA concentrations of 1-bromopropane
were significantly correlated with blood and
urine bromide concentrations. No significant
differences in DNA damage in leukocytes were
observed between the workers with high expo-
sure (sprayers) and low exposure (no-sprayers).
At the facility with the higher exposures, a paired
analysis between the end- and start-of-the-week
values indicated that non-sprayers had signifi-
cantlyincreased comet tail moments and sprayers
had significantly increased comet tail moment
dispersion coeflicients. Although not statistically
significant, all of the other associations between
the 1-bromopropane exposure indices and DNA
damage were positive, with the exception of the
end-of-work-week urinary bromide. A marginal
correlation was found between DNA damage
and GSTMI-positive genotypes (Toraason et al.,
2006). [The Working Group noted the small
number of subjects and the lack of controls. This
study provided some evidence that exposure
to 1-bromopropane induces DNA damage in
humans.]

When assessed in vitro, DNA damage (comet
assay) was significantly increased in human

leukocytes exposed to 1 mM 1-bromopropane
for 8 hours. Under the same conditions, apop-
tosis was significantly induced at 10-fold lower
concentrations of 1-bromopropane (Toraason
et al., 2006).

(b)  Experimental systems

In rodents exposed in vivo, 1-bromopropane
did not increase micronucleus formation in
peripheral blood erythrocytes (NTP, 2011) or
cause dominant lethal mutations (Saito-Suzuki
et al., 1982; Yu et al., 2008). [However, the domi-
nant lethal mutation assay is generally regarded
as relatively insensitive for the detection of muta-
genic agents.]

Although 1-bromopropane did not induce
mutations in bacteria under standard assay
conditions (N'TP, 2011), it did induce mutations
in bacteria in both the presence and absence of
exogenous mammalian metabolic activation in
the only reported study, the design of which was
appropriate for testing a highly volatile chemical
(Barber et al., 1981).

Reactive metabolites cause genotoxic effects
in vitro, including DNA adduct formation, muta-
tions and DNA or chromosome damage. Glycidol
and propylene oxide cause cytogenetic effects
in vivo and are carcinogenic in experimental
animals (Stolzenberg & Hine, 1979, 1980; IARC,
1994, 2000).

4.2.4 Receptor-mediated effects

(a) Humans

One epidemiological study suggested
that exposure to 1-bromopropane affected
thyroid-stimulating hormone or follicular-stim-
ulating hormone in female workers. A significant
increasing trend in thyroid-stimulating hormone
with exposure levels from 0.07 to 106.4 ppm and
a significant increasing trend in thyroid-stim-
ulating hormone and follicular-stimulating
hormone with cumulative exposure levels from
2 to 3618 ppm x months were shown in 60 female
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workers exposed to 1-bromopropane (Li et al.,
2010).

(b)  Experimental systems

Two studies investigated the reproductive
toxicity and endocrine effects of 1-bromopropane
in male and female rats (Ichihara et al., 2000a;
Yamada et al., 2003). Exposure to 1-bromopro-
pane (200, 400 and 800 ppm for 12 weeks) signif-
icantly decreased the weight of seminal vesicles,
whichisknown to reflectblood testosteronelevels,
in male rats. The weight of the pituitary glands
was decreased by 400 and 800 ppm and failure
of spermiation, shown by an increase in retained
sperm at post-spermiation stages, also suggested
endocrineeffects (Ichiharaetal.,2000a). In female
rats, 1-bromopropane increased the disruption
of estrous cycles and also decreased antral and
growing follicles in the ovary but not primordial
follicles. The levels of luteinizing hormone and
follicle-stimulating hormone were not altered
in females exposed to 1-bromopropane at a dose
of 800 ppm for 7 weeks or at doses of 200 and
400 ppm for 12 weeks (Yamada et al., 2003).

4.2.5 Altered cell proliferation or death

(a)  Humans

No data were available to the Working Group.

(b)  Experimental systems

Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labelling-positive
granular cells (Subramanian et al., 2012) and
pyknotic shrinkage in the cytoplasm of Purkinje
cells (Ohnishi et al., 1999; Mohideen et al., 2013)
and nuclei of granular cells (Mohideen et al.,
2013) in the cerebellum have been reported in
rats exposed to 1-bromopropane by inhalation at
high doses of 1000-1500 ppm. Exposure of rats to
1-bromopropane at doses of 800-1000 ppm also
suppressed neurogenesis in the dentate gyrus
(Zhang et al., 2013). Exposure of rats to 1-bromo-
propane by inhalation increased phosphorylation
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of 14-3-3-0 protein in the hippocampus (at a
dose of 1000 ppm for 4 weeks), which is related
to apoptosis signalling, increased mitochondrial
Bax (at a dose of 1000 ppm for 1 week or doses
of 400-1000 ppm for 4 weeks), decreased cyto-
solic Bax (at doses of 400-800 ppm for 4 weeks),
decreased mitochondrial cytochrome ¢ and
increased cytosolic cytochrome c (at a dose of
1000 ppm for 1 week or doses of 400-1000 ppm
for 4 weeks) (Huang et al., 2015).

4.3 Data relevant to comparisons
across agents and end-points

High-throughput screening data generated
by the Toxicity Testing in the 21st Century
(Tox21) and Toxicity Forecaster (ToxCast™)
research programmes of the government of the
USA (Kavlock et al., 2012; Tice et al., 2013) were
considered in the assessment of the seven chem-
icals reviewed in the present volume of IARC
Monographs (1-bromopropane, 2-mercapto-
benzothiazole,  3-chloro-2-methylpropene,
N,N-di-methylformamide, N,N-dimethyl-p-
toluidine, hydrazine and tetrabromobisphenol
A). The EPA has systematically analysed concen-
tration-response sample-assay pairs from
ToxCast and Tox21. The resulting concentra-
tion-response models and bioactivity deter-
mination have been publicly released via the
interactive Chemical Safety for Sustainability
ToxCast Dashboard (EPA, 2015a, b). Summary
matrix files, the ToxCast data analysis pipeline R
package and a connected database (invitrodb_v1)
are also available (EPA, 2015c¢). The ToxCast data
analysis pipeline R package and the associated
database enable access to all of the underlying
concentration-response data, the analysis deci-
sion logic and methods, concentration-response
model outputs, bioactivity determination, and
bioactivity caution flags.

The Tox21 and ToxCastresearch programmes
have tested more than 8000 and 1800 chemicals,
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respectively. ToxCast specifically has tested
1000 chemicals across the full assay battery in
conjunction with ToxCast Phase I and II. The
remaining 800 chemicals were tested as part
of an endocrine profiling effort that resulted
in a subset of assays being tested. For the seven
chemicals in the current Volume, no testing
data were available for two, one was tested only
in Tox21 assay components and the remaining
four chemicals were tested in both ToxCast and
Tox21 assays.

Data on the current publicly released ToxCast
assay battery, including the Tox21 assays run
at the National Institutes of Health, comprise
821 assay end-points derived from 558 assay
components (i.e. readouts) and 342 assays (i.e.
experiments). The 342 assays were sourced from
seven vendors or collaborators spanning diverse
technological and biological space, including
over 300 gene targets. Approximately half of
the final assay end-points were analysed from
biochemical (cell-free) assay formats and the
remainder from cell-based or zebrafish larvae.
The biochemical assays have no xenobiotic
metabolism capacity, while the cell-based
assays have a variable biotransformation capa-
bility varying from very limited to moderate.
Chemical effects requiring biotransforma-
tion to active metabolites may be missed in
some or all of the in-vitro assays. Relatively
uniform testing concentration ranges were
used, from low nanomolar up to approximately
100-200 uM. Compoundswithaverylowrelative
molecular mass generally have only low affinity
for biomolecular interactions due to limited free
energy for binding (Hopkins et al., 2004). Hence
in-vitro screening at the concentrations used in
ToxCast and Tox21 may be insufficient to detect
molecular receptor-type interactions. These
compounds with a very low relative molec-
ular mass may also have high vapour pressure,
which could lead to loss of the sample during
testing and thus a failure to reach effective active
concentrations.

The Tox21 and ToxCast in-vitro assays were
selected tocoverabroadrange of potential toxicity
mechanisms and are not specifically focused on
carcinogenesis. Therefore, the Working Group
of the JARC Monographs Volume 112 mapped
the 821 assay end-points available at that time to
the key characteristics of known human carcin-
ogens (IARC, 2014). The consensus assignments
resulted in 263 assay end-points mapped to
seven of 10 key characteristics (IARC, 2017).
Additional assay end-points have been included
in Tox21 and ToxCast data since that deter-
mination. These were reviewed and 18 further
assay end-points were added to the mapped key
characteristics resulting in a total of 281. The
assay end-points used, the bioactivity determi-
nation, and the mapping to key characteristics
is included as supplementary material to JARC
Monographs Volume 115 (IARC, 2018). The key
characteristics listing and the number of assays
included are briefly described below.

1. Is electrophilic or can be metabolically acti-
vated - 81 assay end-points consisting of
CYP biochemical activity assays including
aromatase;

2. Isgenotoxic— 14 assay end-points consisting of
cellular TP53 induction and DNA repair-sen-
sitive cellular assays;

3. Alters DNA repair or causes genomic insta-
bility - 0 assay end-points;

4. Induces epigenetic alterations - 18 assay
end-points including biochemical assays
targeting histone deacetylases and other
enzymes that modify chromatin as well as
cellular transcription factor assays involved
in epigenetic regulation;

5. Induces oxidative stress — 34 assay end-points,
all cellular assays, targeting nuclear eryth-
roid-related factor 2/antioxidant response
element (NRF2/ARE), other stress-related
transcription factors and protein upregula-
tion in response to reactive oxygen species;
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6. Induces chronic inflammation - 48 assay
end-points measuring protein expression
levels in primary human cells in complex
environments;

Is immunosuppressive — 0 assay end-points;

8. Modulates receptor-mediated effects — 143
assay end-points targeting nuclear recep-
tors (including aromatic hydrocarbon
receptor, AhR) in cellular assays for transac-
tivation, receptor dimerization and nuclear
translocation as well as biochemical radi-
oligand-binding assays and coregulatory
recruitment assays;

9. Causes immortalization — 0 assay end-points;

10. Alters cell proliferation, cell death or nutrient
supply — 157 assay end-points measuring
cytotoxicity by a wide variety of assay formats
in cell lines, primary human cells and devel-
oping zebrafish larvae.

The assay end-point groupings were not
intended to serve as definitive linkages to
carcinogenic outcomes but to provide insight
into the bioactivity profile of a chemical high-
lighting its potential to interact with or disrupt
targets biologically associated with cancer.
The specific assays tested, the mapping to the
key characteristics of carcinogens and the
bioactivity determination can be found in
the Supplementary Material (IARC, 2018). A
summary of potentially significant outcomes for
1-bromopropane and other chemicals evaluated
in the present volume are outlined below.

4.3.1 Specific effects across the “key
characteristics” based on data from
high-throughput screening in vitro

(a)  3-Chloro-2-methylpropene
This compound was not tested.

(b)  N,N-Dimethyl-p-toluidine
This compound was not tested.
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(c) 1-Bromopropane

This compound was tested as part of the
Tox21 programme, but not in ToxCast assays,
and was inactive in all 179 bioassays with the
exception of a single testing in an assay for
TP53 activation. However, a parallel cell viability
test was positive, confounding the results, and
four other tests of the TP53 activation assay gave
negative results for 1-bromopropane. No chem-
ical quality control information was available for
the tested sample due to the current unavaila-
bility of appropriate detection methods for this
structure. [The Working Group noted that the
chemical has a fairly low relative molecular mass
(122.99). In addition, 1-bromopropane has a
vapour pressure of 13.3 kPa at 18 °C (1LO, 2004),
which may be sufficiently high to allow vaporiza-
tion during testing and loss of the sample. Thus,
the ability to detect bioactivity in the Tox21
assays may have been limited.]

(d) 2-Mercaptobenzothiazole

Analysis of 2-mercaptobenzothiazole
included bioactivity data from high-throughput
screening assays from Tox21 and ToxCast. It was
tested across the full assay suite of ToxCast and
Tox21 with data for 887 assay end-points. The
analytical quality control of the tested sample
showed the intended structure was present and
purity was > 90%.

1. Is electrophilic or can be metabolically
activated: 2-mercaptobenzothiazole was tested
in 11 assay end-points and found active in six,
all of which were CYP inhibition assays. This
activity does not necessarily demonstrate that
the chemical generates electrophilic products
upon CYP-mediated metabolism, but does
support that 2-mercaptobenzothiazole can be a
promiscuous CYP substrate and/or inhibitor.

2. Is genotoxic: 2-mercaptobenzothiazole
was tested in nine assay end-points related to
genotoxicity and was found to be active in none.

4. Induces epigenetic alterations:
2-mercaptobenzothiazole was active in two of
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10 assay end-points, both of which were tran-
scription factor assays (DNA binding) thatlacked
high confidence in epigenetic activity due to lack
of validity with reference chemicals.

5. Induces oxidative stress: 2-mercapto-
benzothiazole was active in three of 16 assay
end-points mapped to oxidative stress, two assays
for NRF2/ARE activation and one for nuclear
respiratory factor 1.

6. Induces chronic inflammation:
2-mercaptobenzothiazole was tested in 45 assay
end-points mapped to chronic inflammation and
was active in none.

8. Modulates receptor-mediated effects:
2-mercaptobenzothiazole was active in 13 of 93
assay end-points mapped to receptor-mediated
effects. It had the most pronounced activity
towards the peroxisome proliferator-activated
receptors (PPARs), in particular PPARy, and
AhR.

10. Alters cell proliferation, cell death or
nutrient supply: 2-mercaptobenzothiazole was
active in 7 of 67 assay end-points.

Overall, 2-mercaptobenzothiazole was very
weakly cytotoxic, did not show evidence of
genotoxicity but did inhibit CYP activities and
show signs of inducing oxidative stress. It was
notably active as a modulator of nuclear receptor
activity, in particular AhR and PPARs, and was
active in 47 of 636 assays not mapped to cancer
end-points. Notably, it induced developmental
abnormalities in zebrafish larvae in two different
assays including morphological effects linked
to AhR activity, jaw and snout malformations
(Prasch et al., 2003). It also modulated steroid
biosynthesis pathways in H295R human adreno-
cortical carcinoma cells.

(e)  N,N-Dimethylformamide

N,N-Dimethylformamide was tested in
36 Tox21 and 865 ToxCast assay end-points and
had no bioactivity. Although one sample showed
bioactivity for four ToxCast end-points (reti-
noid X receptor a, retinoid X receptor [, nuclear

receptor-related factor-1, and peroxisome prolif-
eration response element y), a second sample of
N,N-dimethylformamide showed no bioactivity
in these assays. No analytical quality control of
the tested sample for ToxCast and Tox21 was
presented because no structure detection method
wasavailableat the time ofanalysis. [The Working
Group noted that the low relative molecular mass
of N,N-dimethylformamide (73.1) as well as the
limited biotransformation capacity of the assays
may have made the detection of activity in the
ToxCast and Tox21 assays unlikely.]

(f)  Hydrazine sulfate

Hydrazine sulfate was tested in 182 Tox21
bioassaysand the multiplexed transcription factor
activation assays in ToxCast (135 end-points).
It was marginally active in the Tox21 AHR
reporter gene assay (concentration at half-max-
imal activity, AC,;, 48 uM), but was inactive in
the ToxCast AhR end-point in the Attagene tran-
scription factor assay platform. [The Working
Group interpreted this as only very weak
evidence of possible AhR activity.] The only other
ToxCast active call was a very marginal activity
(AC,,, 58 uM) in downregulation of NRF2, an
assay end-point of undetermined significance
in the downregulation direction. No analytical
quality control of the tested sample for ToxCast
and Tox21 was presented because no structure
detection method was available at the time. [The
Working Group noted that the molecular weight
of hydrazine is low (32 g/mol) and that minimal
biotransformation was present in the assays,
probably limiting the ability to detect any poten-
tial activity of hydrazine.]

(g) Tetrabromobisphenol A

Tetrabromobisphenol A was tested across the
full assay suite of ToxCast and Tox21 with data
available for 836 assay end-points. The analytical
quality control of the tested sample showed the
intended structure was present and purity was
greater than 90%.
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Specific effects across seven of the 10 key char-
acteristics based on data from high-throughput
screening in vitro were:

1. Is electrophilic or can undergo metabolic
activation: tetrabromobisphenol A was tested in
31 assay end-points and was found to be active
in three - the inhibition of CYP2C9, CYP2C19
and CYP19 (aromatase), the latter of which regu-
lates the conversion of androgens to estrogens.
This activity is consistent with the inhibition of
enzyme activity, possibly by acting as a substrate
of the CYPs, but is not necessarily indicative of
activation.

2. Is genotoxic: tetrabromobisphenol A was
tested in nine assay end-points related to geno-
toxicity and was found to be active in six (five
were repeated testing over time of the same assay
end-point, the other was from a different assay
technology), all of which were related to the acti-
vation of TP53 in human hepatoma HepG2 cells.
[The Working Group noted that TP53 activation
can occur in response to a variety of cell stress in
addition to DNA damage.]

4. Induces epigenetic alterations:
tetrabromobisphenol A was active in four of 11
assay end-points, all of which were transcrip-
tion factor activation end-points mapped to the
DNA-binding subcategory. [The Working Group
noted that these end-points have not been vali-
dated extensively with reference compounds for
epigenetic alterations.]

5. Induces oxidative stress: tetrabromo-
bisphenol A was active in eight of 18 assay
end-points mapped to oxidative stress. The eight
active assay end-points were all stress-related
genes, in particular the NRF2/ARE pathway
together with the heatshock response factor,
metal response factor and the endoplasmic retic-
ulum stress response.

6. Induces chronic inflammation:
tetrabromobisphenol A was tested in 45 assay
end-points mapped to chronic inflammation
and was active in none. Most of these assays used
primary human cell lines with clear evidence of
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cytotoxicity, potentially confounding the results
for inflammatory responses.

8. Modulates  receptor-mediated  effects:
tetrabromobisphenol A was active in 24 of 93
assay end-points mapped to receptor-mediated
effects. Strong evidence of activity was found
for the PPARYy receptor as well as activity for
the androgen receptor, glucocorticoid receptor,
farnesyl X receptor and the xenobiotic receptor
PXR. Tetrabromobisphenol A was determined
to be inactive as an estrogen receptor agonist or
antagonist using a model combining results from
18 estrogen receptor pathway assay end-points
(Judson et al., 2015).

10. Alters cell proliferation, cell death or
nutrient supply: tetrabromobisphenol A was
active in 37 of 73 assay end-points mapped to
this category and was the highest-ranked chem-
ical among all chemicals evaluated in the JARC
Monographs with ToxCast data (195 total). The
majority of the active end-points were for cyto-
toxicity in cell lines and primary human cells.
It was also active in several end-points mapped
to cell cycle as well as those mapped to mito-
chondrial toxicity by loss of mitochondria
membrane potential.

Overall, tetrabromobisphenol A demon-
strated strong cytotoxic effects that may have
confounded the results from other end-points.
It activated several stress pathways, in particular
the oxidative stress pathway. It was also a promis-
cuous nuclear receptor modulator with higher
potency towards PPARy than other receptors,
but also active for steroid hormone receptors and
the xenobiotic receptor PXR. In assay end-points
not currently mapped to the key characteristics
of carcinogens, tetrabromobisphenol A disrupted
steroidogenesis in H295R human adrenal corti-
cocarcinoma cells through the upregulation of
progesterone and hydroxyprogesterone.

4.4 Susceptibility to cancer

No data were available to the Working Group.
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4.5 Other adverse effects

4.5.1 Neurotoxicity

(a)  Humans

The major adverse effect of 1-bromopropane
identified in humansis neurotoxicity, which affects
the peripheral nerves and the central nervous
system. After repetitive exposure to 1-bromo-
propane atlevels of up to several hundred parts per
million, workers showed a disability in walking
and reported paresthesia or anaesthesia mainly in
the lower limbs. Sensory and motor conduction
velocity decreased and elongation of distal latency
in lower extremities was also reported. Intoxicated
cases also showed aggressive behaviour during
exposure to 1l-bromopropane but cognitive
dysfunction and depressive mood after exposure
(Sclar, 1999; Ichihara et al., 2002; Majersik et al.,
2007; Wang et al., 2015). Epidemiological studies
of workers producing 1-bromopropane showed
dose-dependent changes including an increase
in tibial motor distal latency, a decrease in sural
nerve conduction velocity, a decrease in scores
in the Benton cognitive test and an increase in
the threshold for vibration sense in the toes
(Lietal., 2010).

(b)  Experimental systems

Numerous animal studies have demon-
strated the neurotoxicity of 1-bromopropane
(e.g. Ichihara et al., 2000b; Mohideen et al., 2011;
Subramanian et al., 2012). Wistar rats exposed
to 1-bromopropane at doses of 200, 400, or
800 ppm for 8 hours per day on 7 days per week
for 12 weeks showed degeneration of the myelin
sheath in the posterior tibial nerve or tibial nerve
and decreased cerebrum weight (Ichihara et al.,
2000b). Exposure to 1-bromopropane induced
DNA fragmentation (terminal deoxynucleotidyl
transferase-mediated dUTP nick end label-
ling-positive cells) (Subramanian et al., 2012) and
decreased myelin basic protein (Mohideen et al.,
2013) in the cerebellum.

4.5.2 Other types of toxicity

(a) Humans

No clinical case reports have indicated
the haematotoxicity of 1-bromopropane.
Epidemiological studies showed lower leukocyte
counts compared with age-matched controls
(Ichihara et al., 2004b) and a significant trend
in the decrease in erythrocytes or haematocrit
with exposure level or cumulative exposure level
(Li et al., 2010).

There are no clinical case reports showing
liver injury after exposure to 1-bromopropane
(Sclar, 1999; Samukawa et al., 2012). An
epidemiological study showed a positive trend in
the increase in lactate dehydrogenase with expo-
sure to 1-bromopropane in female workers, but
did not show any trend in the change in alanine
aminotransferase or aspartate aminotrans-
ferase. The same study showed significant trend
in the increase in blood urea nitrogen with expo-
sure in male workers (Li et al., 2010).

(b)  Experimental systems

In mice, necrotic changes were observed in
the liver at a low exposure level of 50 ppm (Liu
etal., 2009) compared with the subtle changes in
the liver of rats exposed to 1-bromopropane at a
higher level of 800 ppm (Ichihara et al., 2000b).
Oxidation of 1-bromopropane by CYP, GSH
depletion and oxidative stress may be involved
in 1-bromopropane-induced hepatotoxicity (Lee
et al., 2005, 2007, 2010; Liu et al., 2010). Female
rats exposed to 1-bromopropane at concen-
trations of 800 or 1590 ppm showed increased
absolute kidney weight (Yamada et al., 2003;
Ichihara, 2005). Another study identified tubular
casts in the kidney after exposure to 1800 ppm
(Kim et al., 1999b).

Exposure to 1l-bromopropane reduced
the motility of epididymal sperm in rats
(Ichihara et al., 2000a; Banu et al., 2007) and
mice (Liu et al., 2009). The effects of 1-bromo-
propane on sperm motility were less marked in
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CYP2EI-null mice, suggesting a contribution
of CYP2EL1 to the reduction in sperm motility
(Garner et al., 2007).

5. Summary of Data Reported

5.1 Exposure data

1-Bromopropane is a solvent that is used in
spray adhesives to fabricate polyurethane foam
cushions, as a vapour degreasing agent and as a
cleaning solvent for metals, plastics, optical and
electronic components, and for dry cleaning
fabrics. 1-Bromopropane is also used as a chem-
icalintermediatein the manufacture of pesticides,
flavours and fragrances, and pharmaceuticals.
Occupational exposures to 1-bromopropane
through inhalation and dermal uptake have been
reported in the production of chemicals, the
manufacture of adhesives, in the production and
use of spray adhesives, vapour degreasing and in
dry cleaning fabrics. 1-Bromopropane has been
measured in the air, urine and serum of workers,
but exposures of the general population have not
been reported.

5.2 Human carcinogenicity data

No data were available to the Working Group.

5.3 Animal carcinogenicity data

1-Bromopropane was tested for carcino-
genicity by inhalation in one good laboratory
practice (GLP) study in male and female mice,
and in one GLP study in male and female rats.

In the study in mice, inhalation of 1-brom-
opropane was associated with a significantly
increased incidence ofalveolar/bronchiolar carci-
noma of the lung, and a significantly increased
incidence (with a significant positive trend) of
alveolar/bronchiolar adenoma or carcinoma
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(combined) and alveolar/bronchiolar adenoma
of the lung in females, but no significant increase
in tumour incidence in males.

In the study in male rats, inhalation of
1-bromopropane caused a significantly increased
incidence (with a significant positive trend) of
tumours of the skin (keratoacanthoma, basal
cell adenoma, basal cell carcinoma and squa-
mous cell carcinoma combined), and of kerato-
acanthoma and keratoacanthoma or squamous
cell carcinoma (combined). It also caused a
significant increase in the incidence of malig-
nant mesothelioma of the epididymis (with a
significant positive trend). It was associated with
a significantly increased incidence of pancreatic
islet cell adenoma (with a significant positive
trend) and of pancreatic islet cell adenoma or
carcinoma (combined), and was associated with
a non-significant increase in the incidence of
adenoma of the large intestine (colon or rectum),
a tumour never observed in historical controls
for inhalation studies.

In the study in female rats, inhalation of
1-bromopropane caused a significantly increased
incidence (with a significant positive trend) of
adenoma of the large intestine (colon or rectum)
and was associated with a non-significant posi-
tive trend in the incidence of tumours of the skin
(squamous cell papilloma, keratoacanthoma,
basal cell adenoma and basal cell carcinoma
combined).

5.4 Mechanistic and other relevant
data

In humans, metabolites of 1-bromopropane
have been detected in the urine of workers after
occupational exposure. The concentration of
the major metabolite identified, N-acetyl-S-
propylcysteine, increased with increasing levels
of ambient exposure. 3-Bromopropanoic acid
identified in rats exposed to 1-bromopropane
has been postulated as a phase I metabolite.
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With respect to the key characteristics of
human carcinogens, there is strong evidence
that 1-bromopropane is electrophilic or can be
metabolically activated. No reports in humans
were available on the conjugates of oxidative
metabolites identified in experimental animals.
N-Acetyl-S-propylcysteine was detected in the
urine of exposed workers and S-propylcysteine
haemoglobin adducts were measured in the
blood of Chinese factory workers exposed to
1-bromopropane.

There is strong evidence that 1-bromoproane
induces oxidative stress, induces chronic inflam-
mation and is immunosuppressive, based on
studies in rodents exposed in vivo. Inflammation
was seen in the nose, larynx, trachea and lung in
exposed rodents. 1-Bromopropane blocked the
activation of nuclear factor-kB in murine astro-
cytes in vitro and suppressed neurogenesis in
rats.

There is moderate evidence that 1-bromo-
proane modulates receptor-mediated effects and
is genotoxic. In exposed humans, some evidence
of DNA damage in leukocytes was available from
a small study of workers exposed to 1-bromopro-
pane. In rodents in vivo, 1-bromopropane did
not induce micronucleus formation in periph-
eral blood erythrocytes or cause dominant lethal
mutations.

There were few data on other key charac-
teristics of carcinogens (alters DNA repair or
causes genomic instability, induces epigenetic
alterations, causes immortalization, or alters cell
proliferation, cell death, or nutrient supply).

6. Evaluation

6.1 Cancer in humans

There is inadequate evidence in humans for
the carcinogenicity of 1-bromopropane.

6.2 Cancer in experimental animals

There 1is sufficient evidence in experi-
mental animals for the carcinogenicity of
1-bromopropane.

6.3 Overall evaluation

1-Bromopropane is possibly carcinogenic to
humans (Group 2B).
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2-MERCAPTOBENZOTHIAZOLE

1.

1.1

I.1.

Exposure Data

Identification of the agent

1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 149-30-4
Chem. Abstr. Serv. Name:
2-Mercaptobenzothiazole

ITUPAC Systematic Name:
3H-1,3-Benzothiazole-2-thione

Synonyms: Benzothiazole-2-thiol; 1,3-benzo-
thiazole-2-thiol; 2-benzothiazolethiol; 3H-
benzothiazole-2-thione; ~ 2-sulfanylbenzo-
thiazole

Acronyms: MBT; 2-MBT.

1.1.2 Structure and molecular formula, and

relative molecular mass

o

(tautomers in crystals and aqueous solutions)
Molecular formula: C,H.NS,
Relative molecular mass: 167.25

1.1.3 Physical and chemical properties of the

pure substance

Description: Yellowish crystals or powder
with a characteristic sulfurous odour (IFA,
2015)

Melting point: 180-182 °C (HSDB, 2015)
Density (at 20 °C): 1.42 g/cm? (HSDB, 2015)

Octanol/water partition coefficient: log K ,,
2.41 (HSDB, 2015)

Water  solubility:  Moderately
(100-1000 mg/L) (ECHA, 2015)

Dissociation constant: pK, 7.0 at 20 °C (HSDB
2015)

Volatility: Vapour pressure, 2.25 x 108 mm
Hg at 20 °C (HSDB, 2015)

Flash point: 243 °C (GESTIS, 2015)
6.83 mg/m?

soluble

Conversion factor: 1 ppm =
(HSDB, 2015).

©i »=s 1.2 Production and use

1.2.1 Production

Production process

2-Mercaptobenzothiazole is produced by

reacting aniline, carbon disulfide, and sulfur at
high temperature and pressure; the product is
then purified by dissolution in a base to remove
the dissolved organics.
achieved by the addition of acid (Kirk-Othmer
1982; NTP, 1988).

Re-precipitation is
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(b)  Production volume

2-Mercaptobenzothiazole is listed as a
chemical with high production volume by the
Organisation for Economic Co-operation and
Development (OECD, 2004) and in the USA
(Federal Register, 2000; HSDB, 2015).

In 2006, the inventory-aggregated national
production volume for 2-mercaptobenzothi-
azole in the USA was between 10 and < 50
million pounds [~4536 to < 22 680 tonnes]. The
United States Environmental Protection Agency
(EPA) noted that 500 000-1 000 000 pounds/year
[~227-454 tonnes/year] of 2-mercaptobenzothi-
azole were produced, imported, and used in the
USA in 2012 (EPA, 2012). In 2012, three facili-
ties in three states were listed as manufacturing
2-mercaptobenzothiazole in the USA (HSDB
2015).

2-Mercaptobenzothiazole is registered with
the European Chemicals Agency, and prod-
uction was stated to be 1000-10 000 tonnes per
year from three manufacturers in three coun-
tries, one each in Belgium, Spain, and the United
Kingdom (ECHA, 2012).

A commercial website identified a larger
number of suppliers: 225 in China, 13 in the
USA, five in India, two in Hong Kong Special
Administrative Region, and one each in Canada,
France, Germany, Japan, the Russian Federation,
and Turkey (GuideChem, 2015).

1.2.2 Use

2-Mercaptobenzothiazole is principally used
as a reactant in the manufacture of rubber prod-
ucts, but is also used as a corrosion inhibitor
in oils, greases and cooling fluids. It is added
to polyether polymers as a stabilizer to resist
damage by air and ozone, and is a component
approved in the USA in some skin medications
for dogs (HSDB, 2015).

2-Mercaptobenzothiazole is also used as an
intermediate in the production of pesticides
such as 2-(thiocyanomethylthio)benzothiazole
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(Azam & Suresh, 2012), and sodium and zinc

salts of 2-mercaptobenzothiazole are approved
for use as pesticides by the EPA (1994).

1.3 Measurement and analysis

Several analytical methods are available for
the determination of 2-mercaptobenzothiazole
in environmental samples (e.g. air, water, and
food), in rubber products (e.g. disposable medical
gloves), in products that come into contact with
rubber materials (e.g. medical drug solutions or
industrial coolant solutions), and in the urine
of exposed persons (Table 1.1). Generally, the
use of stable isotope-labelled surrogate stand-
ards is recommended for the specific analysis of
2-mercaptobenzothiazole (Wick et al., 2010). A
single method has been described for the deter-
mination of 2-mercaptobenzothiazole in dietary
products (Barnes et al., 2003).

1.4 Occurrence and exposure

Due to its use as an accelerant in rubber
vulcanization, 2-mercaptobenzothiazole can
be found as a contaminant in rubber products.
Sensitization to 2-mercaptobenzothiazole is
common in occupational and non-occupational
settings and can be used as an indicator of expo-
sure (HSDB, 2015).

1.4.1 Natural occurrence

2-Mercaptobenzothiazole is not known to
occur in nature.

1.4.2 Environmental occurrence

(a) Air

Urban particulate matter was sampled in a
street in Stockholm, Sweden, using a device made
in-house; average concentrations of 2-mercapto-
benzothiazole were 64 pg/m? in airborne partic-
ulate matter, and 591 pg/m? in total suspended
particulate matter, and were thought to derive
from tyre wear (Avagyan et al., 2014).
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(b) Water

Effluent from a waste dump was analysed for
2-mercaptobenzothiazole by liquid chromato-
graphy in a study aimed at developing analytical
methods; the concentration of 2-mercaptobenzo-
thiazole was estimated at 30 pg/L in the sample
tested (Cox, 1976).

A study of municipal wastewater in Germany
found 2-mercaptobenzothiazole at a concentra-
tion of up to 0.19 pg/L (Kloepfer et al., 2004b). In
a comprehensive survey of wastewater from 4000
industrial and publicly owned treatment works
sponsored by the Effluent Guidelines Division
of the EPA, 2-mercaptobenzothiazole was iden-
tified in one discharge each from a rubber-pro-
cessing and pesticide-manufacturing industry at
a concentration of 1.27 ppm [8.67 ug/L] and 0.86
ppm [5.87 pg/L], respectively (Shackelford et al.,
1983). The mean concentration of 2-mercapto-
benzothiazole in the effluent from a paper mill
was 0.025 ppm [0.17 pg/L] (Keith, 1976), and
a concentration of 30 ug/L was found in the
wastewater from a tyre-manufacturing plant
(Jungclaus etal., 1976). 2-Mercaptobenzothiazole
has been detected in tannery wastewater at
concentrations ranging from 420 to 840 ug/L
(Rodriguez et al., 2004), and in trace amounts
in natural surface-water samples as a degrada-
tion product of the wood preservative 2-(thio-
cyanomethylthio)benzothiazole, which leaked
from an upstream sawmill (Khoroshko et al.,
2005).

(c)  Products

(i)  Medical devices

An investigation of adverse reactions to an
excretory urography contrast agent detected
2-mercaptobenzothiazole at concentrations of
up to 3.3 pg/mL. At this concentration, a dose
of the contrast agent of 100 mL would contain
0.33 mg of 2-mercaptobenzothiazole (Hamilton
1987).

Leaching of 2-mercaptobenzothiazole into
drug preparations of several constituents of
elastomeric closures was assessed. In syringe
cartridges, concentrations of 2-mercaptobenzo-
thiazole ranged from 8.3 to 13.8 pg/mL (Airaudo
et al., 1990).

Aninvestigation of instability of a therapeutic
protein for infusion revealed that 2-mercapto-
benzothiazole and its zinc salt leached from
the stopper used for the infusion bags (100 mL)
(Chang et al., 2010).

(i) Consumer products

A survey of 19 rubber gloves found that two
contained 2-mercaptobenzothiazole (5-8 ug/g)
(Bergendorft et al., 2006).

In 2001, a retail market survey of 19 samples
of baby bottle teats and soothers was performed
in the Netherlands. The migration of 2-mercapto-
benzothiazole was detected in only one natural
rubber sample, and was considerably lower than
the limit of 0.3 mg/teat (Bouma et al., 2003).

In the United Kingdom, in 2000, 2-mercapto-
benzothiazole was not detected in 236 retail
samples of food that may have been in contact
with rubber material during their fabrication,
transport, or storage (Barnes et al., 2003).

1.4.3 Occupational exposure

2-Mercaptobenzothiazole has been detected
in the urine samples of four workers employed
at a plant producing 2-mercaptobenzothiazole,
one worker from the administration department
of the plant, and only one out of forty persons
not knowingly exposed to 2-mercaptobenzo-
thiazole (Gries et al., 2015). Mean concentra-
tions of 2-mercaptobenzothiazole in the four
exposed workers were 3958 pg/L after enzymatic
hydrolysis of the urine sample during sample
preparation; without hydrolysis, the concentra-
tion determined was only 69 pg/L. The results
showed that most 2-mercaptobenzothiazole in
the urine was excreted in conjugated forms (e.g.
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2-mercaptobenzothiazole glucuronide) rather
than in its unchanged form. Using this method
(with  hydrolysis), 2-mercaptobenzothiazole
was detected in only one (11 pg/L) out of the 40
samples of urine collected from non-exposed
individuals. The person from the administration
department excreted 2-mercaptobenzothiazole
at 2.5 pg/L and was thus within the range for
non-exposed individuals.

The data from all employed patients (age
range, 16-68 years; n = 14 234) patch-tested
between 2003 and 2013 in the German
Information Network of Departments of
Dermatology, and diagnosed as having occu-
pationally acquired contact dermatitis were
analysed. The control group comprised all other
patients (n = 31 706) within the same time frame
who tested negative for occupationally acquired
allergic contact dermatitis. The prevalence ratio
(indicating risk) was significantly increased for
2-mercaptobenzothiazole (prevalence ratio, 3.88;
95% confidence interval [CI], 3.09-4.89) (Bauer
et al., 2015).

A series of 23 patients with allergic contact
dermatitis (some with disseminated dermatitis)
duetorubber acceleratorsin rubber gloves treated
during a 2-year period was described. Sixteen
were health-care workers from a single institu-
tion whose dermatitis was temporally related to
the switch to latex-safe gloves. Each had positive
patch-test reactions to one or more rubber accel-
erators, including 2-mercaptobenzothiazole.
Chemical analysis identified 2-mercaptobenzo-
thiazole in four out of six glove samples (Cao
et al., 2010).

A retrospective analysis of data from the
Information Network of Departments of
Dermatology in 2002-10 found that, of 93 615
patients who were patch tested, 3448 had occu-
pational dermatitis and were tested because
of a suspected glove allergy. Of all the occupa-
tional dermatitis patients, 3% were sensitized to
2-mercaptobenzothiazole and/or its derivatives
(Geier et al., 2012).
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Standard patch test results of employed
persons with an initial report of an occupa-
tional skin disease were analysed within 24
occupational groups. Among the occupationally
relevant sensitizers, mercapto-mix/mercapto-
benzothiazole contributed to 35% of the positive
results (Dickel et al., 2002).

1.4.4 Exposure of the general population

Case reports that included a patch test
confirmed that contact with 2-mercaptobenzo-
thiazole was from a foley catheter (Ancona et al.
1985), a rubber earplug (Deguchi & Tagami,
1996), safety shoes (Foussereau et al., 1986),
rubber gloves (Geier et al., 2012), a condom
catheter (Harmon et al., 1995), and a bikini with
rubberized elastic (Jung et al., 2006).

A total of 155 cases with footwear dermatitis
were evaluated from July 2005 to June 2006 from
detailed histories, clinical examinations, and
patch testing. Contributory allergens included
2-mercaptobenzothiazole (12.9%; n = 20)
(Chowdhuri & Ghosh, 2007).

In a study of dermatitis among athletes,
43 young adults (31 men and 12 women) with
eczematous skin lesions suggesting allergic
contact dermatitis were patch-tested; 21% tested
positive for 2-mercaptobenzothiazole (Ventura
et al., 2001).

Investigators in Spain used gas chroma-
tography-mass spectrometry to analyse the
2-mercaptobenzothiazole content of samples
of crumb rubber from wurban playgrounds
and from rubber pavers. Ten of the 21 samples
from playgrounds contained quantifiable
2-mercaptobenzothiazole (mean, 195 pg/g;
median, 185 pg/g; maximum, 398 ug/g). No
2-mercaptobenzothiazole was detected in the
nine samples from rubber pavers analysed
(Llompart et al., 2013).
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1.4.5 Exposure assessment in epidemiological
studies

Strauss et al. (1993) studied a production
facilityin West Virginia, USA, where 2-mercapto-
benzothiazole had been produced since 1934.
A former plant industrial hygienist developed
annual airborne exposure estimates throughout
the study period for all hourly production jobs,
using sampling data available from 1977 to 1989,
historical company documents, and interviews
with knowledgeable retirees for the period
before 1977. Jobs with potential exposure to
2-mercaptobenzothiazole were assigned to four
exposure categories: verylow (>0-0.5mg/m?),low
(>0.5-2.0mg/m?), medium (>2.0-5.0mg/m?) and
high (> 5.0-20.0 mg/m?). Jobs in these categories
were not named. A cumulative exposure index
for each job was calculated by multiplying the
midpoint of each exposure category by duration
ina2-mercaptobenzothiazole-exposedjob. Three
categories of cumulative exposure to 2-mercapto-
benzothiazole were calculated: < 2 mg/m3-year
(46% of the cohort), 2-7 mg/m3-year (32%
of the cohort), and 8-129 mg/m3-year
(22% of the cohort). No description of the
processes was included in the report, therefore
no information on exposure characteristics by
process could be derived. Collins et al. (1999)
extended the follow-up of this cohort and noted
that, in 1943-54, average exposures generally
exceeded 2 mg/m?. Again, no information on the
processes was provided.

A mortality study was conducted among
employees at a plant in Wales, United Kingdom,
that had manufactured 2-mercaptobenzothi-
azole since 1932 and other chemicals, including
ortho-toluidine, aniline, phenyl-p-naphthyl-
amine, and polymerized 2,2,4-trimethyl-1,2-di-
hydroquinoline. A former occupational hygienist
from the plant provided assessments of 8-hour
time-weighted average (TWA) exposures to both
2-mercaptobenzothiazole and its derivatives over
a range of years and for each job and department

title. Various jobs entailed either zero expo-
sure, very low (0-1 mg/m?), low (1-2.5 mg/m?),
medium (2.5-6 mg/m?) or high (6-20 mg/m?)
exposure. Estimates were made on the basis of
monitoring data from 1977 onwards, a review
of process manuals and other company records
for earlier years, and discussions with long-
serving employees. Annual exposure estimate
were adjusted by a “year fraction” factor per job,
to take into account the duration of exposure
for a working year. Cumulative exposure strata
were reported as none, 0.01-21.24 mg/m?3-year,
21.25-63.74 mg/m3-year, and > 63.75 mg/m’-
year. No description of the processes was supplied
and no exposures by process or distribution
of workers by exposure strata were reported
(Sorahan & Pope, 1993). A second report on this
cohort provided further details of the matrix of
exposure levels by job title and year. The highest
exposures were 11.7 mg/m? for day pack and pellet
operators, and 8.5 mg/m? for bag flake opera-
tors and daymen. The same cumulative expo-
sure strata were reported (Sorahan et al., 2000).
A third update (Sorahan, 2008) and a fourth
update (Sorahan, 2009) of this cohort used the
same exposure assessment. [ The Working Group
noted that exposure to 2-mercaptobenzothiazole
dust would be associated with jobs identified
within the compounding area or described as
batch preparation. Downstream, skin contact
with expressed 2-mercaptobenzothiazole and
absorption would be higher in jobs before curing
(green rubber), such as milling, calendaring, and
tyre building, although there may still be skin
absorption from cured rubber.]

1.5 Regulations and guidelines

The legal occupational exposure in Germany
for 2-mercaptobenzothiazole is 4 mg/m? inhal-
able dust. No other permissible limits were found
(GESTIS, 2015).

The Registration, Evaluation, Authorisation
and Restriction of Chemicals (REACH)
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designation of 2-mercaptobenzothiazole is H317,
“may cause an allergic skin reaction” and H410
“very toxic to aquatic life with long-lasting
effects” (ECHA, 2015).

2. Cancer in Humans

See Table 2.1

A series of studies of workers at a chem-
ical production plant in north Wales, United
Kingdom, provided most of the pertinent
evidence pertaining to associations between
occupational exposure to 2-mercaptobenzo-
thiazole and cancer (Sorahan & Pope,
1993; Sorahan et al., 2000; Sorahan, 2008,
2009). Some workers in the plant were
also exposed to other chemicals (aniline,
phenyl-B-naphthylamine, ortho-tolui-
dine, and polymerized 2,2,4-trimethyl-
1,2-dihydroquinoline) (Sorahan et al., 2000).

Within a cohort of 2160 male production
workers employed for at least 6 months and
with some employment during 1955-84, 363
were exposed to 2-mercaptobenzothiazole, 94
were exposed to phenyl-B-naphthylamine, 53
were exposed to ortho-toluidine, and 442 were
exposed to aniline, but overlaps among the
exposed groups were not specified (Sorahan,
2008). Sorahan (2008) focused on morbidity and
mortality from cancer of the urinary bladder
in the cohort exposed to 2-mercaptobenzothi-
azole and found an excess in mortality (8 deaths;
standardized mortality ratio [SMR], 3.74; 95%
CI, 1.62-7.37) and incidence (12 cases; standard-
ized relative risk [SRR], 2.53; 95% CI, 1.31-4.41)
compared with national rates (population of
England and Wales). In an internal multivariate
analysis of incident bladder cancer using the full
cohort and adjusting for age, calendar period,
and duration of employment with exposure to
ortho-toluidine, aniline, and phenyl-B-naph-
thylamine, a positive non-significant trend
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(P = 0.16) was found with cumulative exposure
to 2-mercaptobenzothiazole (0.01-21.24 mg/m3-
year: 6 cases; relative risk [RR], 0.97; 95% ClI,
0.38-2.43; 21.25-63.74 mg/m3-year: 6 cases; RR,
1.70; 95% CI, 0.65-4.41; > 63.75 mg/m?3-year: 3
cases; RR, 2.12; 95% CI, 0.64-7.06). The 15 cases
in the three exposed groups included three with
benign or in-situ tumours.

A subsequent report that presented data on
the mortality from and incidence of cancers
other than those of the urinary bladder among
male workers exposed to 2-mercaptobenzo-
thiazole relative to unexposed workers found
excesses for cancers of the large intestine, lung
and multiple myeloma (Sorahan, 2009). In the
subcohort exposed to 2-mercaptobenzothiazole,
there were eight deaths (SMR, 2.32; 95% CI,
1.00-4.57) from and nine diagnoses (SRR, 1.81;
95% CI, 0.83-3.44) of cancer of the large intestine,
27 deaths (SMR, 1.38; 95% CI, 0.91-2.01) from
and 26 diagnoses (SRR, 1.52; 95% CI, 0.99-2.23)
of lung cancer, and three deaths (SMR, 4.40; 95%
CI, 0.91-12.87) from and four diagnoses (SRR,
4.65; 95% CI, 1.27-11.91) of multiple myeloma.
In internal multivariate analyses of incidence in
the full cohort that adjusted for the duration of
employment with exposure to ortho-toluidine,
aniline and phenyl-pf-naphthylamine, signifi-
cant trends of increased incidence with increased
cumulative exposure to 2-mercaptobenzothi-
azole remained for cancer of the large intestine
(P < 0.001) and multiple myeloma (P = 0.019).
[The trend analysis for multiple myeloma was
based on small numbers (4 exposed cases).]

Collins et al. (1999) studied a cohort of 1059
male chemical-production workers in Nitro,
West Virginia, USA, exposed to 2-mercapto-
benzothiazole and 4-aminobiphenyl (classified in
IARC Group 1 as a cause of cancer of the urinary
bladder) in an update of a report by Strauss
et al. (1993). Among 511 2-mercaptobenzothi-
azole workers with no documented exposure
to 4-aminobiphenyl, five deaths from urinary
bladder cancer (SMR, 4.3; 95% CI, 1.4-10.0)
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occurred. The standardized mortality ratios
for bladder cancer in this cohort also showed
a statistically significant increasing trend with
increasing cumulative exposure to 2-mercapto-
benzothiazole (P for trend = 0.04). No excess or
trend was reported for lung cancer overall, or
among workers exposed only to 2-mercaptoben-
zothiazole; however, the SMR for workers also
exposed to 4-aminobiphenyl was elevated (SMR,
2.4;95% CI, 1.2-4.3). No findings were presented
for multiple myeloma or colon cancer in the
cohort exposed to 2-mercaptobenzothiazole.
The use of 2-mercaptobenzothiazole was
mentioned instudies conductedatanotherrubber
chemical plant by the United States National
Institute for Occupational Safety and Health
(NIOSH), but results for urinary bladder cancer
were only given for exposure to ortho-toluidine
(NIOSH, 1989, 1992; Carreén et al., 2014).

3. Cancer in Experimental Animals

See Table 3.1

3.1 Mouse

Oral administration

Groups of 18 male and 18 female B6C3F,
and C57BL/6 x AKR mice (age, 7 days) received
2-mercaptobenzothiazole [purity not reported;
“commercial product” Captax] at a dose of 0
(control) or 100 mg/kg body weight (bw) in 0.5%
gelatin daily by gavage for 3 weeks, followed
immediately by continuous treatment with
diets containing 2-mercaptobenzothiazole at a
concentration of 0 (control) or 323 ppm for up
to 18 months. [These dose rates were considered
to be the maximal tolerated dose based on short-
term studies of dose-related mortality.] Control
mice were housed in the same room. At 18
months, mice were subjected to a post-mortem
evaluation of the major thoracic and abdominal

organs and the thyroid, but the cranium was
not dissected. Results were characterized as the
incidence of hepatoma, pulmonary tumours,
and lymphoma, and the total number of mice
with tumours. Statistical analyses compared
treated mice by sex and strain combination with
five pooled negative-control groups using the
Mantel-Haenszel procedure for the combined
relative risk, using the weighted geometric mean
with the % correction. Under the conditions of
this study, administration of 2-mercaptobenzo-
thiazole did not cause a significant increase in
the incidence of tumours (Innes et al., 1969).
[The limitations of this single-dose study were
the small number of animals per group and the
inadequate reporting of results, including the
lack of information on survival, and the limited
macroscopic and microscopic post-mortem
evaluation. The Working Group considered this
study to be inadequate for an evaluation of the
carcinogenicity of 2-mercaptobenzothiazole.]

Groups of 50 male and 50 female B6C3EF,
mice (age, 8 weeks) were given 2-mercaptobenzo-
thiazole (purity, 96.3%) at a dose of 0, 375, or
750 mg/kg bw by gavage in corn oil on 5 days per
week for 103 weeks. Survival was significantly
decreased in female mice at 750 mg/kg bw. In
male mice, mean body weights were 6-14% lower
in those at 750 mg/kg bw, and 4-8% lower in
those at 375 mg/kg bw, compared with controls.
In female mice, mean body weights in the group
at 750 mg/kg bw were within 6% of the level
in vehicle controls, while those of the group at
375 mg/kg bw were generally greater than the
level in vehicle controls.

In female mice, treatment with 2-mercapto-
benzothiazole resulted in an increase in the inci-
dence of hepatocellular adenoma or carcinoma
(combined) only at 375 mg/kg bw (4/50 [adjusted
rate, 10.8%] controls; 12/49 [adjusted rate, 29.8%)]
at 375 mg/kg bw (P = 0.035 by the pairwise
life-table test, P = 0.028 by pairwise inciden-
tal-tumour test) and 4/50 [adjusted rate, 18.2%]
at 750 mg/kg bw). The historical incidence of
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2-Mercaptobenzothiazole

hepatocellular ~ adenoma  or  carcinoma
(combined) among female control mice in studies
conducted by the National Toxicology Program
(NTP) cited in the report was 116/1489 (8% + 6%).
The incidence of hepatocellular adenoma and
hepatocellular carcinoma was 3/50 and 1/50 in
the control group, 7/49 and 5/49 in the group at
375 mg/kg bw, and 4/50 and 0/50 at 750 mg/kg
bw, respectively. In male mice, treatment with
2-mercaptobenzothiazole did not result in signif-
icant increases in tumour incidence, unusual
tumours or early-onset tumours (NTP, 1988).
[The strengths of this study included the large
numbers of animals, compliance with good labo-
ratory practice, the evaluation of multiple dose
levels, and the duration of exposure that involved
most of the lifespan.]

3.2 Rat

Oral administration

Groups of 50 male and 50 female Fischer
344/N rats (age, 6-7 weeks) were given 2-
mercaptobenzothiazole (purity, 96.3%) at a dose
of 0, 188 (females only), 375, or 750 (males only)
mg/kg bw daily by gavage in corn oil on 5 days
per week for 103 weeks. Survival was signifi-
cantly decreased in male rats at 375 or 750 mg/kg
bw. The mean body weights of treated males were
similar to or greater than those of control males,
and those of treated females were greater than
those of control females.

In male rats, treatment with 2-mercaptoben-
zothiazole resulted in an increase in the incidence
of pheochromocytoma of the adrenal gland
(benign or malignant, combined) in the groups
at 375 and 750 mg/kg bw: 18/50 controls, 27/50
at 375 mg/kg bw (P < 0.001 by the pairwise life-
table test, P = 0.021 by the pairwise incidental-tu-
mour test), and 24/49 at 750 mg/kg bw (P < 0.001
by the pairwise life-table test, P = 0.034 by the
pairwise incidental-tumour test). Statistical
analyses detected a positive dose-related trend

using the life-table (P < 0.001) and incidental-tu-
mour (P = 0.038) tests. The reported historical
incidence of benign or malignant pheochro-
mocytoma (combined) in male control rats was
347/1442 (24% + 9%). In addition, an increase in
the incidence of benign pheochromocytoma was
observed in treated males: 18/50 controls, 25/50
at 375 mg/kg bw (P < 0.001 by the pairwise life-
table test), and 22/49 at 750 mg/kg bw (P = 0.002
by the pairwise life-table test). Statistical analyses
detected a positive dose-related trend using the
life-table test (P = 0.002). The incidence of malig-
nant pheochromocytoma was 0/50 controls, 2/50
at 375 mg/kg bw, and 2/49 at 750 mg/kg bw. An
increase in the incidence of mononuclear cell
leukaemia of the haematopoietic system was also
observed in the group at 375 mg/kg bw only (7/50
controls, 16/50 at 375 mg/kg bw (P = 0.002 by
the pairwise life-table test) and 3/50 at 750 mg/kg
bw). The reported historical incidence of mono-
nuclear cell leukaemia in male control rats was
202/1450 (14% + 8%). The incidence of pancre-
atic acinar cell adenoma was increased in treated
males (2/50 controls, 13/50 at 375 mg/kg bw
(P <0.001 by the pairwise life-table test, P < 0.001
by the pairwise incidental-tumour test), and
6/49 at 750 mg/kg bw (P = 0.030 by the pairwise
life-table test)). Statistical analyses detected a
positive dose-related trend using the life-table
test (P = 0.017), and the reported historical inci-
dence of pancreatic acinar cell neoplasms in male
control rats was 80/1381 (6% + 8%). The inci-
dence of preputial gland adenoma or carcinoma
(combined) was also increased in treated males
(1/50 controls, 6/50 at 375 mg/kg bw (P = 0.021 by
the pairwise life-table test), and 5/50 at 750 mg/kg
bw (P = 0.030 by the pairwise life-table test)).
Statistical analyses detected a positive dose-re-
lated trend using the life-table test (P = 0.027),
and the reported historical incidence of preputial
gland adenoma or carcinoma (combined) in male
control rats was 65/1450 (4% + 4%). In addition,
the treatment resulted in an increase in the inci-
dence of preputial gland adenoma in males: 0/50
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controls, 4/50 at 375 mg/kg bw (P = 0.019 by the
pairwise life-table test), and 4/50 at 750 mg/kg
bw (P = 0.021 by the pairwise life-table test).
Statistical analyses detected a positive dose-re-
lated trend using the life-table (P = 0.016) and
incidental tumour (P = 0.042) tests, but did not
detect a positive dose-related trend or increases
in the incidence of preputial gland carcinoma
in individual treatment groups (1/50 controls,
2/50 at 375 mg/kg bw, and 1/50 at 750 mg/kg
bw) using either the life-table or incidental-tu-
mour tests. The reported historical incidence of
carcinoma of the preputial gland in male control
rats was 35/1450 (2% + 3%). A significant positive
trend (P = 0.041 by the incidental-tumour test,
P = 0.039 by the life-table test) in the incidence
of mesothelioma (multiple organs) was observed
(0/50 controls, 2/50 at 375 mg/kg bw, and 3/50 at
750 mg/kg bw). This increase was not statistically
significant by pairwise comparison for either of
the treated groups, and the incidence did not
exceed that of historical corn-oil vehicle controls
(55/1450, 4% + 3%; reported range, 0-6/50).
Also, an increase in the incidence of tumours
of the skin (fibroma, neurofibroma, sarcoma,
or fibrosarcoma combined) was observed in
treated males (3/50 controls, 6/50 at 375 mg/kg
bw, and 7/50 at 750 mg/kg bw (P = 0.037 by the
pairwise life-table test)), and was associated with
a significant positive trend (P = 0.031 by the
life-table test). The incidence of adenoma of the
pituitary gland was increased only at a dose of
375 mg/kg bw (14/50 controls, 21/50 at 375 mg/kg
bw (P = 0.003 by the pairwise life-table test), and
12/48 at 750 mg/kg bw) with a reported historical
incidence of 344/1411 (24% + 8%).

In female rats, treatment with 2-mercapto-
benzothiazole resulted in an increase in the
incidence of benign pheochromocytoma of the
adrenal gland only at a dose of 375 mg/kg bw
(1/50 controls, 5/50 at 188 mg/kg bw, and 6/50
at 375 mg/kg bw (P = 0.041 by the pairwise
life-table test)). Statistical analyses detected a
positive dose-related trend using the life-table
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test (P = 0.030) and the incidental-tumour test
(P = 0.038), and the reported historical inci-
dence of benign pheochromocytoma in female
controls was 82/1443 (6% * 4%). An increase in
the incidence of adenoma of the pituitary gland
was also observed in females at 375 mg/kg bw
(15/49 controls, 24/50 at 188 mg/kg bw, and
25/50 at 375 mg/kg bw (P = 0.021 by the pairwise
life-table test, P = 0.027 by the pairwise inciden-
tal-tumour test)). Statistical analyses detected a
positive dose-related trend using the life-table
(P = 0.014) and incidental-tumour (P = 0.015)
tests. One rat in the control group had a pituitary
adenocarcinoma. The reported historical inci-
dence of adenoma, carcinoma, or adenocarci-
noma (combined) of the pituitary gland in female
control rats was 561/1407 (40% + 8%) (NTP,
1988). [The strengths of this study included the
large numbers of animals, compliance with good
laboratory practice, the evaluation of multiple
dose levels, and the duration of exposure that
involved most of the lifespan.]

4., Mechanistic and Other
Relevant Data

4.1 Absorption, distribution,

metabolism, excretion

4.1.1 Humans

2-Mercaptobenzothiazole has been detected
in the urine samples of four workers employed
at a plant producing 2-mercaptobenzothiazole,
one worker from the administration department
of the plant, and one out of forty persons not
knowingly exposed to 2-mercaptobenzothiazole.
Most 2-mercaptobenzothiazole in the urine was
excreted in conjugated forms (e.g. 2-mercapto-
benzothiazole glucuronide) rather than in its
unchanged form (Gries et al., 2015).
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4.1.2 Experimental systems

(a)  Absorption, distribution, and excretion

An early study of pharmacokinetics after
subcutaneous administration of radiolabelled
2-mercaptobenzothiazole to guinea-pigs demon-
strated that the compound was well absorbed,
with abrasion increasing the rate of absorp-
tion. Distribution occurred primarily in the
kidney, liver, and thyroid gland. The thyroid
gland contained the highest concentration of
the compound 48 hours after injection. Ninety
percent of the compound was conjugated with
glucuronides and sulfates (cited in N'TP, 1988).

When administered by gavage, the half-life of
2-mercaptobenzothiazole in Fischer 344 rats was
less than 8 hours, possibly as short as 4-6 hours.
Absorption was rapid and was not affected by
doses up to 55 mg/kg bw. The major products of
metabolism were polar metabolites, consistent
with the findings of earlier studies in rats and
guinea-pigs (cited in NTP, 1988).

After administration in Fischer 344 rats
treated by gavage, 2-mercaptobenzothiazole-de-
rived radioactivity in the blood decreased very
little between 24 and 96 hours, suggesting that
residual 2-mercaptobenzothiazole-derived mate-
rial accumulated in the blood. After intravenous
administration in Fischer 344 rats, whole blood,
plasma, urine, and faeces were analysed for radio-
activity at multiple time-points, from 5 minutes
up to 72 hours. Most of the radiolabel (91-96%)
was excreted in the urine and 4-15% in the faeces
by 72 hours. A small amount (1.5-2%) remained
in the erythrocytes. The metabolites found in the
urine samples were the same as those found after
gavage (el Dareer et al., 1989).

(b) Metabolism

In rats treated by intraperitoneal injection,
the urinary metabolites of [**S-mercapto]-2-
mercaptobenzothiazole comprised glutathione
and glucuronic acid conjugates, and inorganic
sulfate (Colucci & Buyske, 1965).

4.2 Mechanisms of carcinogenesis

The evidence on the key characteristics of
carcinogens (Smith et al., 2016), concerning
whether 2-mercaptobenzothiazole modulates
receptor-mediated effects and is genotoxic, is
summarized below. Studies relevant to whether
2-mercaptobenzothiazole  induces  chronic
inflammation are presented in Section 4.5.

4.2.1 Receptor-mediated effects

(a) Humans

No data were available to the Working Group.

(b)  Experimental systems

The ability of leachates from rubber tyre
materials to stimulate aryl hydrocarbon receptor
(AhR)-DNA binding and AhR-dependent gene
expression was recently demonstrated using
recombinant mouse hepatoma (Hepalclc?)-
based clonal cell lines containing a stably inte-
grated AhR/dioxin-responsive element and a
luciferase reporter gene with different intra-
cellular locations and stabilities. Among the
individual components of the leachates that
might be involved in receptor-mediated effects,
2-mercaptobenzothiazole was identified as an
AhR agonist (He et al., 2011).

2-Mercaptobenzothiazole has also been
shown to inhibit rat and porcine thyroid perox-
idase activity in vitro (Paul et al., 2013) and to
interfere with the thyroid hormone pathway
in a standard in-vivo protocol in larvae of the
amphibian Xenopus laevis (Tietge et al., 2013).
These findings were corroborated in a subsequent
study that measured the inhibition of thyroid
peroxidase derived from pig thyroid glands, and
the inhibition of thyroxine release in a X. laevis
thyroid gland explant culture assay and in a 7-day
in-vivo assay in X. laevis (Hornung et al., 2015).

2-Mercaptobenzothiazole appears to accu-
mulate in the rat thyroid after gavage (el Dareer
et al., 1989; see Section 4.1.2).
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4.2.2 Genetic and related effects
See Table 4.1 and Table 4.2

(a)  Humans

No data in exposed humans were available to
the Working Group.

In one study in vitro, 2-mercaptobenzothi-
azole did not induce micronucleus formation
in human gastric and lung carcinoma cell lines
(MGC-803 and A549, respectively) (Ye et al.
2014).

(b)  Experimental systems

Zinc mercaptobenzothiazole, the zinc salt of
2-mercaptobenzothiazole, did not induce chro-
mosomal aberrations in the bone marrow of
Swiss albino mice 36 hours after administration
of a single intraperitoneal dose of the compound.
Groups of four mice received three different
doses (480, 960, and 1920 ug/20 g) [24, 48 and
96 mg/kg bw] (Mohanan et al., 2000).

In male and female Fischer 344 rats,
2-mercaptobenzothiazole (375 mg/kg bw by
gavage) did not bind to DNA in any of the tissues
examined (liver, adrenal glands, pituitary gland,
pancreas, and bone marrow) (Brewster et al.,
1989).

2-Mercaptobenzothiazole induced chro-
mosomal aberrations and sister-chromatid
exchange in Chinese hamster ovary (CHO)
cells in the presence of a metabolic activation
system, as well as mutations at the Tk*- locus
in mouse L5178Y lymphoma cells (NTP, 1988).
It also induced polyploidy in Chinese hamster
lung (CHL) cells in the presence and absence of
a metabolic activation system (Matsuoka et al.,
2005). However, it gave negative results for the
induction of 6-thioguanine-resistant mutants
(Hgprt gene mutation) in Chinese hamster V79
cells (Donner et al., 1983).

2-Mercaptobenzothiazole was not mutagenic
in Salmonella typhimurium strains TA98, TA100,
TA1535, and TA1537, in the presence or absence
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of metabolic activation (N'TP, 1988). A previous
study also reported negative results in S. typhi-
murium, although the purity of the compound
and the dose were not specified (Donner et al.
1983). Similarly, 2-mercaptobenzothiazole was
reported to give negative results in an early
study in Escherichia coli SD-4-73, but the purity
and doses tested were not indicated (Szybalski,
1958). More recently, 2-mercaptobenzothiazole
also gave negative results when tested in S. typhi-
murium TA1535/psK1002 (Ye et al., 2014).

4.3 Data relevant to comparisons
across agents and end-points

For all compounds evaluated in the present
volume of the ITARC Monographs, including
2-mercaptobenzothiazole, analyses of high-
throughput screening data generated by the
Tox21 and ToxCast™ research programmes of
the government of the USA (Kavlock et al., 2012;
Tice et al., 2013) are presented in the Monograph
on 1-bromopropane, in the present volume.

4.4 Susceptibility to cancer

No data were available to the Working Group.

4.5 Other adverse effects

4.5.1 Humans

The major effect of 2-mercaptobenzothiazole
identified in humans is allergic contact derma-
titis, which has been reported in numerous case
studies after contact with synthetic rubber gloves
(Cao et al., 2010; Tomc et al., 2012), rubber ear
plugs (Deguchi & Tagami, 1996), or condom cath-
eters (Harmon et al., 1995), after working in the
production of photographic films (Rudzki et al.
1981), or in a mining industry in which xanthate,
carbamate and 2-mercaptobenzothiazole were
used (Sasseville et al., 2003), after being issued
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with hand-based splints made of neoprene that
is known to contain 2-mercaptobenzothiazole
and its derivatives and formaldehyde (Stern et al.
1998), or after contact with an oil containing
2-mercaptobenzothiazole when making moulds
(Wilkinson et al., 1990). The number of actual
cases of allergic contact dermatitis attributed
to mercapto mix and 2-mercaptobenzothiazole
reported to EPIDERM in the United Kingdom
from 1996 to 2012 was 177 (Warburton et al.,
2015). An analysis of 803 female cleaners who
were evaluated for contact dermatitis and 64 736
female controls without occupational derma-
titis showed that the cleaners were significantly
more frequently sensitized to 2-mercaptoben-
zothiazole (Liskowsky et al., 2011). In a positive
patch-test analysis of 75 patients (38 men and 37
women) with contact allergic dermatitis, 6.66% (4
men and 1 woman) of the subjects tested showed
reactivity to 2-mercaptobenzothiazole (Singhal
& Reddy, 2000). Among 25 patients who showed
a positive reaction to xanthates or other rubber
additives, four patients showed reactivitytocarba-
mate mix, thiuram mix, and 2-mercaptoben-
zothiazole, suggesting cross-reactivity of these
chemicals (Sasseville et al., 2007). In 43 young
people (31 men and 12 women) with eczematous
skin lesions, two of the most frequent substances
that showed a positive result in a patch test were
thiurams (23.3%) and 2-mercaptobenazothiazole
(20.9%) (Ventura et al., 2001).

In-vitro studies showed dose-dependent
increases in cell-associated interleukin-18 in
human skin cells (Corsini et al., 2009, 2013). In
the human monocytic cell line THP-1, increased
surface markers of CD54 and CD86 (An et al.
2009) and secretion of macrophage inflamma-
tory protein-1p was detected (Hirota & Moro,
2006).

4.5.2 Experimental systems

The major effects of 2-mercaptobenzothi-
azole other than carcinogenicity identified in a
2-year bioassay in rats were nephropathy charac-
terized by tubular hyperplasia in exposed males,
and ulcers and inflammation of the forestomach
in exposed males and females (NTP, 1988). Cell
proliferation in the draining lymph nodes was
increased by exposure of mice to sensitizers,
including 2-mercaptobenzothiazole (Ikarashi
et al., 1993; Ahuja et al., 2009).

One study showed that haptenation occurs
through the formation of mixed disulfides
between the thiol group on 2-mercaptobenzothi-
azole and a protein sulthydryl group (Chipinda
et al, 2007). 2-Mercaptobenzothiazole can
conjugate with lysine or cysteine (Wang & Tabor,
1988b). [The Working Group noted the possi-
bility that the thiol group of 2-mercaptobenzo-
thiazole may react either via oxidation and/or
thioester formation with carboxylate groups of
amino acids.]

5. Summary of Data Reported

5.1 Exposure data

2-Mercaptobenzothiazole is a chemical of
high production volume that is mainly used asan
accelerator in the manufacture of rubber prod-
ucts and as an inhibitor of corrosion. Workers are
exposed during the production of 2-mercapto-
benzothiazole, and can be exposed during the
manufacture of tyres and rubber products and
the production of pesticides. The general popu-
lation is exposed to 2-mercaptobenzothiazole
through dermal contact with consumer goods
containing rubber. 2-Mercaptobenzothiazole
has also been detected in samples of urban air,
presumably originating from tyre abrasion, and
in samples of effluent water from rubber manu-
facturers and tanneries.
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5.2 Human carcinogenicity data

Studies on the carcinogenicity of 2-mercapto-
benzothiazole were available for a plant that
manufactured chemicals for the rubber industry
in north Wales, United Kingdom, and for a
general chemical manufacturing plant in West
Virginia, USA.

The study on the plant in Wales was described
in a series of reports. The Working Group consid-
ered that this study was the more informative of
those available. Comparisons of exposed workers
with the national population of England and
Wales showed a significant excess of incident
cases of cancer of the urinary bladder. Internal
comparisons that controlled for other occupa-
tional exposures showed a non-significant trend
in increasing incidence of cancer of the urinary
bladder with increasing cumulative exposure
to 2-mercaptobenzothiazole. A non-significant
twofold excess risk was observed in the group
with highest exposure.

The study in the plant in the USA reported
a statistically significant fourfold excess of
mortality from cancer of the urinary bladder
based on a small number of deaths in a subgroup
of workers exposed to 2-mercaptobenzothiazole,
but with no documented exposure to 4-amino-
biphenyl (classified in IARC Group 1 as a cause
of cancer of the urinary bladder). A statistically
significant trend in mortality from cancer of
the urinary bladder with increasing cumulative
exposure to 2-mercaptobenzothiazole was also
observed.

The lack of available data on tobacco smoking
was a limitation of both studies; however,
confounding by smoking is unlikely to explain
the exposure-response patterns observed in
these studies.
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5.3 Animal carcinogenicity data

2-Mercaptobenzothiazole was tested for
carcinogenicity by oral administration in two
studies in male and female mice (one of these
studies was considered to be inadequate for an
evaluation) and in one study in male and female
rats.

In one study in male and female mice, oral
administration (by gavage) of 2-mercaptoben-
zothiazole induced a significantly increased
incidence of hepatocellular adenoma or carci-
noma (combined) in female mice; in male mice,
2-mercaptobenzothiazole did not result in any
significant increase in tumour incidence.

In the study in male and female rats, oral
administration (by gavage) of 2-mercaptoben-
zothiazole to male rats induced a significantly
increased incidence of benign pheochromo-
cytoma and of pheochromocytoma (benign
or malignant, combined) of the adrenal gland,
with a significant positive trend, and was also
associated with a significantly increased inci-
dence of mononuclear cell leukaemia of the
haematopoietic system, pancreatic acinar cell
adenoma, preputial gland adenoma, preputial
gland adenoma or carcinoma (combined), pitu-
itary gland adenoma and tumours of the skin
(ibroma, neurofibroma, sarcoma or fibrosar-
coma, combined). A significant positive trend in
the incidence of mesothelioma (multiple organs)
was also observed. In female rats, oral adminis-
tration (by gavage) of 2-mercaptobenzothiazole
resulted in a significantly increased incidence of
benign pheochromocytoma of the adrenal gland
and of adenoma of the pituitary gland, with a
significant positive trend.

5.4 Mechanistic and other relevant
data

A study of workers reported urinary excre-
tion of 2-mercaptobenzothiazole glucuronide.
In rodents, the compound is well absorbed, and
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distribution primarily to the kidney, liver, and
thyroid gland occurs after subcutaneous admin-
istration. Urinary excretion accounts for > 90%
after intravenous administration to rats. In rats,
the major urinary metabolites are glutathione
and glucuronic acid conjugates.

With respect to the key characteristics of
human carcinogens, there is moderate evidence
that 2-mercaptobenzothiazole modulates recep-
tor-mediated effects. 2-Mercaptobenzothiazole
acted as an agonist of the aryl hydrocarbon
receptor in an assay in mouse hepatoma cells.
2-Mercaptobenzothiazole also inhibited rat and
pig thyroid peroxidase in vitro, and inhibited
thyroxine release from Xenopus laevis thyroid
gland ex vivo and in vivo. ToxCast data supported
activation of the aryl hydrocarbon receptor
pathway by 2-mercaptobenzothiazole in human
cells and in assays for development in zebrafish.

Thereis weak evidence that 2-mercaptobenzo-
thiazole is genotoxic. 2-Mercaptobenzothiazole
induced chromosomal aberrations and sister-
chromatid exchange in Chinese hamster ovary
cells in the presence of a metabolic activation
system, and caused mutations at the Tk locus in
mouse L5178Y lymphoma cells. However, it was
not mutagenic in test systems in bacteria or in
human gastric and lung carcinoma cell lines, and
did not bind to rat DNA in vivo.

The evidence that 2-mercaptobenzothi-
azole induces chronic inflammation is weak.
2-Mercaptobenzothiazole is a contact allergen in
humans. It increased the levels of interleukin-18
in human skin cells, and caused inflammation
of the forestomach in male and female rats in a
2-year bioassay.

There were few data on the other key charac-
teristics of human carcinogens (is electrophilic
or can be metabolically activated, alters DNA
repair or causes genomic instability, induces
epigenetic alterations, induces oxidative stress,
is immunosuppressive, causes immortalization,
or alters cell proliferation, cell death, or nutrient

supply).

6. Evaluation

6.1 Cancer in humans

There is limited evidence in humans for the
carcinogenicity of 2-mercaptobenzothiazole. A
positive association has been observed between
exposure to 2-mercaptobenzothiazole and cancer
of the urinary bladder.

6.2 Cancer in experimental animals

There is sufficient evidence in experi-
mental animals for the carcinogenicity of
2-mercaptobenzothiazole.

6.3 Overall evaluation

2-Mercaptobenzothiazole is probably carcino-
genic to humans (Group 2A).
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3-CHLORO-2-METHYLPROPENE

1. Exposure Data

3-Chloro-2-methylpropene was considered
by the JARC Monographs Working Group in
1995 (IARC, 1995). Since that time, new data
have become available and these have been taken
into consideration in the present evaluation.

1.1 ldentification of the agent

1.1.1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 563-47-3

Chem. Abstr. Serv. Name:
3-Chloro-2-methylpropene

IUPAC Systematic Name:
3-Chloro-2-methylprop-1-ene

Synonyms: 3-Chloroisobutene; y-chloroiso-
butylene; 3-chloro-2-methyl-1-propene;
3-chloro-2-methylprop-1-ene; methallyl
chloride; 2-methylallyl chloride

Acronym: CMP

1.1.2 Structure and molecular formula, and
relative molecular mass

H,C Cl

H,C

Molecular formula: C,H,Cl
Relative molecular mass: 90.55 (IFA, 2015)

1.1.3 Physical and chemical properties of the

pure substance

Description: Colourless, highly flammable
liquid and vapour with a pungent odour;
the substance may decompose when heated,
explode when in contact with oxidizing
agents, can polymerize and react dangerously
with acids (IFA, 2015)

Impurities: Light and/or heat may form low
concentrations of dimeric methallyl chloride
(HSDB, 2014)

Density (at 20 °C): 0.93 g/cm? (IFA, 2015)
Melting point: < —80 °C (IFA, 2015)

Boiling point: 72.2 °C (IFA, 2015)

Octanol/water partition coefficient (P):
log K ,2.48 (NTP, 2014)

ow?

Vapour pressure (at 20 °C): 13.5 kPa
[101.7 mm Hg] (HSDB, 2014)

Vapour density: 3.1 (air = 1) (IFA, 2015)
Solubility: Moderately soluble in water
(1.4 g/L at 25 °C) (N'TP, 2014)

Stability: Lower explosion limit, ~2.3 vol. %;
upper explosion limit, ~8.1 vol. % (IFA, 2015)
Flash point: —12 °C (IFA, 2015)

Conversion factor (at 101 kPa, 20 °C):
1 ppm = 3.76 mg/m? (IFA, 2015)
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1.1.4 Technical grade and impurities

3-Chloro-2-methylpropene is available com-
mercially at purities ranging from 95% (tech-
nical grade) to 98%, with dimethyl-vinyl-chlo-
ride (1-chloro-2-methylpropene) as an impurity
(IARC, 1995).

1.2 Production and use

1.2.1 Production

3-Chloro-2-methylpropene is produced by
the chlorination of 2-methyl-1-propene (isobu-
tylene) (HSDB, 2014).

Production of 3-chloro-2-methylpropene
in the USA was estimated to be 12-24 million
pounds [~5400-11 000 tonnes] in 1984 (NTP,
2014). Data filed between 1986 and 2006 under
the Toxic Substances Control Act Inventory
Update Rule of the United States Environmental
Protection Agency (EPA) indicated a total annual
production plus import of 3-chloro-2-methyl-
propene between 10 million and 50 million
pounds [~4 500-23 000 tonnes] in the USA
(N'TP, 2014). In 2009, 3-chloro-2-methylpropene
was produced by one manufacturer in Asia and
was available from 18 suppliers (N'TP, 2014). No
information on European production or import
of 3-chloro-2-methylpropene was available to the
Working Group.

1.2.2 Use

3-Chloro-2-methylpropene is an important
intermediate in the production of pesticides
such as carbofuran, ethalfluralin, and fenbu-
tatin oxide (HSDB, 2014). However, it can also
be used as a fumigant for seeds of several vegeta-
bles, including cucumbers, tomatoes, onions and
beetroot. In addition, 3-chloro-2-methylpropene
is an intermediate in the manufacture of plastics
and organic chemicals, in particular in the prod-
uction of 2-methylepichlorohydrin (N'TP, 2014).
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1.3 Measurement and analysis

3-Chloro-2-methylpropene was analysed
semi-quantitatively, among other volatile and
semivolatile compounds, in air samples using
gas chromatography-mass spectrometry after
their sorption on TENAX". The limit of detec-
tion of the method is 62 ng/m? + 30% for 30 L of
air sampled (Krost et al., 1982). No other specific
methods of detection have been described for
3-chloro-2-methylpropene in the literature.

1.4. Occurrence and exposure

1.4.1 Natural occurrence

3-Chloro-2-methylpropene is not known to
occur as a natural product.

1.4.2 Environmental occurrence

3-Chloro-2-methylpropene was degraded by
hydroxyl radicals and ozone in air, and its estim-
ated half-lives were 10 and 27 hours by hydroxyl
radicals and ozone, respectively (HSDB, 2014).

Environmental exposure to 3-chloro-2-
methylpropene was monitored at concentrations
of 110-400 pg/m? in ambient air in an industrial
area near Curtis Bay, MD, USA. The source of the
emission was not reported, but four halogenated
hydrocarbons, including 3-chloro-2-methyl-
propene, analysed in this study were speculated
to come from the same source (Pellizzari, 1982).

1.4.3 Occupational exposure

No data on occupational exposure to
3-chloro-2-methylpropene were available to the
Working Group.

1.4.4 Exposure of the general population

No data on exposure to 3-chloro-2-methyl-
propene were available to the Working Group.



3-Chloro-2-methylpropene

1.5 Regulations and guidelines

No occupational exposure limits have been
reported for 3-chloro-2-methylpropene (IFA,
2015). According to the risk phrases of the
Globally Harmonized System of Classification
and Labelling of Chemicals of the United
Nations, 3-chloro-2-methylpropene is harmful if
swallowed (H302) and if inhaled (H332), causes
severe skin burns and eye damage (H314), may
cause an allergic skin reaction (H317) and is toxic
to aquatic life with long-lasting effects (H411)
(ECHA, 2015).

The United States National Toxicology
Program (NTP) states that 3-chloro-2-methyl-
propene “is reasonably anticipated to be a
human carcinogen based on sufficient evidence
of carcinogenicity from studies in experimental
animals” (N'TP, 2014). The German Commission
for the Investigation of Health Hazards of
Chemical Compounds in the Work Area (MAK)
has designated 3-chloro-2-methylpropene as a
substance for which there is some evidence of
carcinogenicity (Category 3B) (MAK, 2015).

2. Cancerin Humans

No data were available to the Working Group.

3. Cancer in Experimental Animals

3-Chloro-2-methylpropene was evaluated
previously by an IARC Monographs Working
Group (IARC, 1995) which concluded that there
was limited evidence in experimental animals for
its carcinogenicity.

See Table 3.1

3.1 Mouse

3.1.1 Oral administration

Groups of 50 male and 50 female B6C3F,
mice (age, 8 weeks) were given technical-grade
3-chloro-2-methylpropene (two different lots;
purity, 93% and > 95%, respectively, containing
5% and 3.6% dimethylvinylchloride [1-chloro-2-
methylpropene, an IARC Group 2B carcinogen
with sufficient evidence in experimental animals
(IARC, 1995)], respectively) in corn oil by gavage
at doses of 0, 100, or 200 mg/kg body weight (bw)
on 5 days per week for 103 weeks (Chan et al.
1986; NTP, 1986). Mean body weights of the males
given 200 mg/kg bw and of all treated females
were significantly lower (by less than 10%) than
those of vehicle controls throughout most of the
study. Survival in the treated groups was not
significantly lower than that in vehicle controls;
the numbers of survivors at the end of the experi-
ment (105 weeks) were: 26 male controls, 37 males
at 100 mg/kg bw and 32 males at 200 mg/kg bw;
and 37 female controls, 43 females at 100 mg/kg
bw and 27 females at 200 mg/kg bw.

In males, the incidence of forestomach squa-
mous cell papilloma was: 3/49 controls, 19/49 at
100 mg/kg bw (P < 0.001 by the Fisher’s exact
test); and 30/49 at 200 mg/kg bw (P < 0.001 by
the Fisher’s exact test) (dose-related increase
at P < 0.001 by the Cochran-Armitage trend
test); that of squamous cell carcinoma was: 0/49
controls, 5/49 at 100 mg/kg bw (P = 0.028 by the
Fisher’s exact test) and 7/49 at 200 mg/kg bw
(P =0.006 by the Fisher’s exact test) (dose-related
increase at P = 0.008 by the Cochran-Armitage
trend test); and that of forestomach squamous
cell papilloma or carcinoma (combined) was: 3/49
controls, 24/49 at 100 mg/kg bw (P < 0.001 by the
Fisher’s exact test) and 36/49 at 200 mg/kg bw
(P < 0.001 by the Fisher’s exact test) (dose-related
increase at P < 0.001 by the Cochran-Armitage
trend test). The historical incidence of fores-
tomach squamous cell papilloma or carcinoma
(combined) in male mice at the study laboratory
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and that in NTP studies was 2/147 and 7/1005,
respectively. Evidence of metastasis or invasion
of other organs was observed in two males at
100 mg/kg bw and three males at 200 mg/kg bw.
The incidence of forestomach epithelial hyper-
plasia was significantly increased in all treated
males.

In females, the incidence of forestomach
squamous cell papilloma was: 0/50 controls,
15/48 at 100 mg/kg bw (P < 0.001 by the Fisher’s
exact test) and 29/44 at 200 mg/kg bw (P < 0.001
by the Fisher’s exact test) (dose-related increase at
P < 0.001 by the Cochran-Armitage trend test);
that of forestomach squamous cell carcinoma
was: 0/50 controls, 1/48 at 100 mg/kg bw and 2/44
at 200 mg/kg bw; and that of forestomach squa-
mous cell papilloma or carcinoma (combined)
was: 0/50 controls, 16/48 at 100 mg/kg bw
(P < 0.001 by the Fisher’s exact test) and 31/44
at 200 mg/kg bw (P < 0.001 by the Fisher’s exact
test) (dose-related increase at P < 0.001 by the
Cochran-Armitage trend test). The historical
incidence of forestomach squamous cell papil-
loma or carcinoma (combined) in female mice at
the studylaboratoryandin NTP studies was 0/145
and 4/1027, respectively. Evidence of metastasis
or invasion of other organs was observed in one
female mouse at 200 mg/kg bw. The incidence
of forestomach epithelial hyperplasia was signif-
icantly increased in females at 200 mg/kg bw.

[The strengths of this study included compli-
ance with good laboratory practice, large
numbers of animals, the evaluation of multiple
dose levels and a duration that involved most of
the lifespan.]

3.1.2 Inhalation

Groups of 50 male and 50 female BDEF,
(C57BL/6NCrj x DBA/2NCrj) mice (age,
6 weeks) were exposed to technical-grade
3-chloro-2-methylpropene (purity, 95%,
containing 1.4% 1-chloro-2-methylpropene) by
whole-body inhalation at a concentration of 50,
100 or 200 ppm for 6 hours per day on 5 days
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per week for 104 weeks (MHLW, 1998a; Katagiri
etal., 2000). The control mice were handled in the
same manner and exposed to clean air in similar
chambers. A significant decrease in body weight
was observed in all exposed groups. Survival in
the treated groups was slightly higher than that
in the controls; the numbers of survivors at the
end of the experiment were: 40/50 male controls,
44/50 males at 50 ppm, 43/50 males at 100 ppm,
and 46/50 males at 200 ppm; and 29/50 female
controls, 29/48 females at 50 ppm, 31/50 females
at 100 ppm, and 33/49 females at 200 ppm.

Histopathological evaluation revealed a
significant positive trend in the incidence of
forestomach squamous cell papilloma in males
and females (P = 0.0392 and P = 0.0437 by Peto’s
trend test, respectively). The incidence of squa-
mous cell papilloma was 1/50 controls, 0/49 at
50 ppm, 3/50 at 100 ppm, and 4/50 at 200 ppm
in males, and 1/50 controls, 0/48 at 50 ppm, 5/50
at 100 ppm, and 4/49 at 200 ppm in females. A
forestomach squamous cell carcinoma was also
observed in one male mouse at 100 ppm. The inci-
dence of forestomach epithelial hyperplasia was
also significantly increased (P < 0.01) in males
and females at 200 ppm. In addition, a signifi-
cant positive trend was found in the incidence
of Harderian gland adenoma in female mice
(P =0.0056 by Peto’s trend test, P = 0.0061 by the
Cochran-Armitage trend test) with an incidence
of 0/50 controls, 4/48 at 50 ppm, 7/50 at 100 ppm
(P =0.0101 by the Fisher’s exact test) and 8/49 at
200 ppm (P=0.0051 by the Fisher’s exact test). The
incidence in the groups exposed to 100 and 200
ppm was higher than the maximum incidence
(29/849, 3.4%; 0-12.0%) in historical controls at
the institute performing this experiment using
female BDF, mice. The incidence of Harderian
gland adenoma in males was: 3/50 controls, 7/49
at 50 ppm, 9/50 at 100 ppm, and 5/50 at 200 ppm
(historical control incidence in male BDF, mice:
30/598 (5.0%); range, 2.0-10.0%; Ohnishi et al.
2013).
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[The strengths of this study included compli-
ance with good laboratory practice, large
numbers of animals, the evaluation of multiple
dose levels and a duration that involved most of
the lifespan.]

3.2 Rat

3.2.1 Oral administration

Groups of 50 male and 50 female Fischer
344/N rats (age, 8 weeks) were given tech-
nical-grade  3-chloro-2-methylpropene (two
different lots; purity, 93% and > 95%, respectively,
containing 5% and 3.6% dimethylvinylchloride
[1-chloro-2-methylpropene, an IARC group 2B
carcinogen with sufficient evidence in experi-
mental animals (IARC, 1995)], respectively) in
corn oil by gavage at doses of 0, 75, or 150 mg/kg
bw on 5 days per week for 103 weeks (Chan et al.
1986; N'TP, 1986). The mean body weight of the
males given 150 mg/kg bw was significantly
lower than that of the vehicle controls, beginning
at week 10 of the study. The mean body weights
of males given 75 mg/kg bw and of all treated
females were comparable with those of the
vehicle controls throughout the study. Survival
was marginally reduced among males receiving
150 mg/kg bw; the numbers of survivors at the
end of the experiment (105 weeks) were: 30 male
controls, 25 males at 75 mg/kg bw and 17 males at
150 mg/kg bw; and 31 female controls, 32 females
at 75 mg/kg bw, and 26 females at 150 mg/kg bw.

A dose-related increase in the incidence of
squamous cell papilloma of the forestomach was
observed in both males and females (P < 0.001
by the Cochran-Armitage trend test): 1/50 male
controls, 5/50 males at 75 mg/kg bw, 30/48
males at 150 mg/kg bw (P < 0.001 by the Fisher’s
exact test), 1/50 female controls, 1/50 females at
75 mg/kg bw, and 10/50 females at 150 mg/kg bw
(P=0.004 by the Fisher’s exact test). Forestomach
squamous cell carcinomas were observed in 2 of
the male rats bearing forestomach squamous cell

papillomas at 150 mg/kg bw but not in controls
or animals given 75 mg/kg bw. Consequently,
the incidence was significantly increased (with
a significant positive trend) for papilloma and
carcinoma (combined) in males at 150 mg/kg bw.
The historical incidence of forestomach squa-
mous cell papilloma at the study laboratory and
in NTP studies was 0/147 and 5/1062 in male rats,
and 1/150 and 5/1073 in female rats, respectively.
The incidence of basal cell or epithelial hyper-
plasia (combined) of the forestomach in groups
of treated males and that of basal cell hyperplasia
in groups of treated females was also increased.
In addition to forestomach tumours in males,
a significant increase and positive trend in the
incidence (P < 0.001 by the life-table trend test,
P = 0003 by the incidental tumour trend test,
P =0.015 by the Cochran-Armitage trend test) of
testicular interstitial cell tumours was observed:
36/50 controls, 43/50 at 75 mg/kg bw (P = 0.009
by the life-table test), and 43/48 at 150 mg/kg bw
(P < 0.001 by the life-table test, P = 0.012 by the
incidental tumour test, P = 0.025 by the Fisher’s
exacttest), which waswithin the historical control
range. The historical incidence for this tumour at
the study laboratory was 92.0% + 6.9% (138/150),
and that in all NTP studies was 90.4% * 5.7%
(985/1090). [The Working Group concluded that
it was uncertain that these testicular tumours
were related to treatment.]

A non-significant increase in tumours was
observed in the kidney and urinary bladder of
male ratsand in the subcutaneous tissue of female
rats. Onerenal tubular celladenoma was observed
in one male given 75 mg/kg bw and renal tubular
cell adenocarcinomas were observed in another
male given 75 mg/kg bw and in one male given
150 mg/kg bw. At 150 mg/kg bw, a renal transi-
tional cell carcinoma was observed in one male
and a transitional cell papilloma was observed
in the urinary bladder of another. No renal
tubule tumours, renal transitional cell tumours
or urinary bladder tumours were observed in
male or female controls. The historical incidence
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of renal tubular cell tumours and renal transi-
tional cell tumours in corn oil vehicle-control
male rats at the study laboratory was 1/150 and
0/150, respectively, and that in NTP studies was
4/1091 and 1/1091 (1 transitional cell papilloma),
respectively; that of urinary bladder tumours
in male rats treated with corn oil vehicle was
0/150 at the study laboratory and 0/1040 in NTP
studies. [The Working Group concluded that
it was uncertain that these kidney and urinary
bladder tumours were related to treatment.]
Subcutaneous fibromas were observed in 2/50
females at 75 mg/kg bw and in 4/50 females at
150 mg/kg bw. No such subcutaneous tumour
was seen in control female rats. The historical
incidence of subcutaneous fibroma in control
female rats at the study laboratory and in NTP
studies was 2/150 and 13/1095, respectively [the
Working Group concluded that these subcuta-
neous tumours may have been related to treat-
ment] (NTP, 1986).

[The strengths of this study included compli-
ance with good laboratory practice, large
numbers of animals, the evaluation of multiple
dose levels and a duration that involved most of
the lifespan.]

3.2.2 Inhalation

Groups of 50 male and 50 female Fischer 344/
DuClrj rats (age, 6 weeks) were exposed to tech-
nical-grade 3-chloro-2-methylpropene (purity,
95%, containing 1.4% 1-chloro-2-methylprop-
ene) by whole-body inhalation at a concentration
of 50, 100 or 200 ppm for 6 hours per day on
5 days per week for 104 weeks. The control rats
were handled in the same manner and exposed
to clean air in similar chambers. Growth rates
were slightly suppressed in males treated with
100 or 200 ppm and in females treated with 200
ppm compared with the respective controls.
Survival in the treated males was slightly lower
than that in controls; the numbers of male
survivors at the end of the experiment were: 39
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controls, 35 at 50 ppm, 33 at 100 ppm and 30 at
200 ppm. Survival in the treated females tended
to be higher than that in controls; the numbers
of female survivors at the end of the experiment
were: 38 controls, 40 at 50 ppm, 45 at 100 ppm
and 44 at 200 ppm. Histopathological evaluation
revealed a slightly increased incidence of thyroid
follicular cell adenoma and of thyroid follicular
cell adenoma or adenocarcinoma (combined) in
treated males. The incidence of thyroid follicular
cell adenoma in males was 2/50 controls, 0/50 at
50 ppm, 2/50 at 100 ppm, and 6/50 at 200 ppm
(significant positive trend at P = 0.00213 by the
Cochran-Armitage trend test). The incidence
of thyroid follicular cell adenoma or adenocar-
cinoma (combined) in males was 4/50 controls,
4/50 at 50 ppm, 3/50 at 100 ppm and 10/50 at 200
ppm (significant positive trend at P = 0.0388 by
the Cochran-Armitage trend test). The histor-
ical control incidence of thyroid follicular cell
adenoma in male Fischer 344 rats at the study
laboratory was 8/899 (0.9%; range, 0-4%). No
significant increase in the incidence of tumours
was observed in treated female Fischer 344/
DuCrj rats (MHLW, 1998b). [The strengths of
this study included compliance with good labo-
ratory practice, large numbers of animals, the
evaluation of multiple dose levels and a duration
that involved most of the lifespan.]

4, Mechanistic and Other
Relevant Data

4.1 Absorption, distribution,

metabolism, excretion

4.1.1 Humans

No data were available to the Working Group.
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4.1.2 Experimental systems

The toxicokinetics of 3-chloro-2-methyl-
propene in experimental systems was reviewed
in IARC Monographs Volume 63 (IARC, 1995).
At that time, only one study was available
(Ghanayem & Burka, 1987). The reported data
indicated extensive absorption and rapid excre-
tion in rats after a single dose or up to four daily
doses of 150 mg/kg bw of 3-chloro-2-methyl-
propene (stated purity, 93%; containing ~5%
1-chloro-2-methylpropene [dimethylvinyl chlo-
ride] by oral gavage. Distribution to the tissues
was rapid and the highest concentrations were
found in the forestomach, liver and kidney.
Excretion was primarily via the urine but large
amounts were exhaled, partly as carbon dioxide.

The major 3-chloro-2-methylpropene metab-
olite in rat urine was characterized as N-acetyl-S-
(2-methylpropenyl)cysteine, presumably formed
by direct conjugation of glutathione with the
allylic carbon of 3-chloro-2-methylpropene (see
Fig. 4.1), followed by catabolism to the mercap-
turate (Ghanayem & Burka, 1987).

4.2 Mechanisms of carcinogenesis

The evidence on the key characteristics of
carcinogens (Smith et al., 2016) concerning
whether 3-chloro-2-methylpropene is geno-
toxic, induces chronic inflammation and alters
cell proliferation, cell death or nutrient supply is
summarized below.

4.2.1 Genetic and related effects
See Table 4.1

(a)  Humans

No data in exposed humans were available to
the Working Group.

Fig. 4.1 Structure of N-acetyl-S-(2-methyl-
propenyl)cysteine, the major metabolite of
3-chloro-2-methylpropene in rat urine
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(b)  Experimental systems

3-Chloro-2-methylpropene is considered
to be an electrophilic agent. The genotoxicity
of 3-chloro-2-methylpropene was reviewed in
IARC Monographs Volume 63 (IARC, 1995).
Most of the studies reported were conducted
with compounds that were 90.7% pure (the
remaining material being primarily 1-chloro-2-
methylpropene). The test preparations were
mutagenic to Salmonella typhimurium TA100
in the presence and absence of metabolic activa-
tion and to strain TA1537 in the presence of an
exogenous metabolic system. Single studies also
reported the induction of somatic recombina-
tion in Drosophila melanogaster, mutation at the
Tk locus in mouse L5178Y lymphoma cells, and
sister-chromatid exchange and chromosomal
aberrations in Chinese hamster cells, but not
micronucleus formation in the bone marrow of
mice treated in vivo.

An earlier study reported the induction
of unscheduled DNA synthesis in HeLa cells
by 3-chloro-2-methylpropene (purity, 100%;
reported in Eder et al., 1982) at a minimum dose
of 10~ mol/L [90.55 pg/mL] (Schiffmann et al.,
1983). [The Working Group noted that no statis-
tical analysis was presented.]
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Table 4.1 Genetic and related effects of 3-chloro-2-methylpropene

Species End- Test Results Concentration Comments Reference
point (LEC or HIC)
Without With
metabolic metabolic
activation activation
Human, DNA Unscheduled (+) NT 10-3 mol/L Stated purity, 100% Schiffmann
HeLa cell line damage  DNA synthesis [90.55 pg/mL] (Ederetal., 1982);no  etal. (1983
statistical analysis
presented; the lowest
dose was one to two
orders of magnitude
higher than that for
other structurally
related compounds;
lethal dose NR
Drosophila Mutation = Sex-linked + NA 4500 ppm Foureman
melanogaster recessive lethal etal. (1994)
mutations
Drosophila Mutation Heritable - NA 5000 ppm Foureman
melanogaster translocation etal. (1994)
test
Drosophila Mutation  Somatic + NA 2.75 ug/L Chroust
melanogaster mutation and (50% lethal etal. (2007
recombination concentration)

test

+, positive; —, negative; (+), weakly positive; HIC, highest ineffective concentration; LEC, lowest effective concentration; NA, not applicable; NT,

not tested

An additional study in Drosophila melano-
gaster (analysed purity, 93.3%) reported a positive
result for the induction of sex-linked recessive
lethal mutations in post-meiotic and meiotic
germ cells of adult males fed 3-chloro-2-meth-
ylpropene. The same test sample gave negative
results for the induction of reciprocal translo-
cations (Foureman et al., 1994). 3-Chloro-2-
methylpropene [purity not specified] also gave
positive results in the wing spot test in Drosophila
melanogaster when administered by inhalation
at the 50% lethal concentration (Chroust et al.
2007). A quantitative structure-activity relation-
ship multivariate analysis of a series of structur-
ally similar halogenated aliphatic compounds,
including 3-chloro-2-methylpropene, indicated
that nucleophilic superdelocalizability of the
halogen atom (calculated by quantum mechanics)
was a good structural parameter to predict the
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toxicity and genotoxicity of these compounds,
consistent with the direct reactivity or bioacti-
vation at the halogenated carbon (Chroust et al.
2007).

4.2.2 Other mechanisms
(a)

Humans

No data were available to the Working Group.

(b)

Experimental systems

In a 13-week study on the toxicity of
3-chloro-2-methylpropene (same material as
that used in the 2-year bioassay), inflamma-
tion and necrosis of the liver were observed in
treated rats and mice, and necrosis of cortical
tubules was observed in the kidney of mice. In
the 2-year study, a dose-dependent increase in
the incidence of forestomach inflammation was
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observed in treated male and female mice. The
incidence of inflammation in the nasal cavity
and of nephropathy/nephrosis was higher in
exposed groups than in the controls in male and
female mice and rats (N'TP, 1986).

The incidence and severity of epithelial cell
proliferation of the forestomach was increased
in Fischer 344/N rats given 3-chloro-2-methyl-
propene at 150 mg/kg bw, but not at 75 mg/kg
bw, by gavage on 5 days per week for 2 weeks
(Ghanayem et al., 1986). A strong association
between early forestomach mucosal cell prolif-
eration and forestomach neoplasia was observed
in treated rats and mice in the 2-year carcino-
genicity bioassay conducted by the NTP, in
which  3-chloro-2-methylpropene (technical
grade, containing 5% dimethylvinyl chloride)
was administered by gavage (Chan et al., 1986;
NTP, 1986).

In the nasal cavity, eosinophilic exudate asso-
ciated with atrophy of the olfactory epithelia,
respiratory metaplasia of the olfactory epithelia
and olfactory gland, and eosinophilic changes
in the respiratory and olfactory epithelia were
observed in male and female BDF, mice exposed
to 3-chloro-2-methylpropene (stated purity, 95%)
at 0, 50, 100, or 200 ppm on 5 days per week for
104 weeks (Katagiri et al., 2000).

4.3 Data relevant to comparisons
across agents and end-points

3-Chloro-2-methyl propene was not tested by
the Tox21 and ToxCast™ research programmes of
the government of the USA (Kavlock et al., 2012;
Tice et al., 2013). Analyses of other compounds
evaluated in this volume with high-throughput
screening results are presented in the Monograph
on 1-bromopropane in the present volume.

4.4 Susceptibility to cancer

No data were available to the Working Group.

4.5 Other adverse effects

No additional data were available to the
Working Group.

5. Summary of Data Reported

5.1 Exposure data

3-Chloro-2-methylpropene is  available
commercially at purities ranging from 95%
(technical grade) to 98%, with dimethylvinyl
chloride (1-chloro-2-methylpropene) as an impu-
rity. 3-Chloro-2-methylpropene is an important
intermediate in the production of pesticides, is
used as a fumigant for seeds and is also an inter-
mediate in the manufacture of plastics and other
organic chemicals. Apart from a single study of
environmental exposure published in 1982, no
data on environmental or occupational exposure
were available.

5.2 Human carcinogenicity data

No data were available to the Working Group.

5.3 Animal carcinogenicity data

Technical-grade 3-chloro-2-methylpropene
was tested for carcinogenicity by oral adminis-
tration (gavage) in one study in male and female
mice and in one study in male and female rats,
and by whole-body inhalation in one study in
male and female mice and in one study in male
and female rats.

In the study in mice treated by gavage, tech-
nical-grade 3-chloro-2-methylpropene caused a
significantly increased incidence (with a signif-
icant positive trend) of forestomach squamous
cell papilloma, forestomach squamous cell carci-
noma, and forestomach squamous cell papilloma
or carcinoma (combined) in males and that of
forestomach squamous cell papilloma and
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forestomach squamous cell papilloma or carci-
noma (combined) in females.

In the study in mice treated by inha-
lation, administration of technical-grade
3-chloro-2-methylpropene resulted in a signifi-
cantly increased positive trend in the incidence
of forestomach squamous cell papilloma in
males and females. It also caused a significantly
increased incidence (with a significant positive
trend) of adenoma of the Harderian gland in
females.

In the study in rats treated by gavage, tech-
nical-grade 3-chloro-2-methylpropene caused a
significantly increased incidence (with a signif-
icant positive trend) of forestomach squamous
cell papilloma and forestomach squamous cell
papilloma or carcinoma (combined) in males
and that of forestomach squamous cell papil-
loma in females. Treated female rats also devel-
oped subcutaneous fibromas that may have been
related to treatment.

In the study in rats treated by inhalation,
exposure to technical-grade 3-chloro-2-methyl-
propene resulted in a significant positive trend
in the incidence of follicular cell adenoma and
of follicular cell adenoma or adenocarcinoma
(combined) of the thyroid gland in males. No
significant increase in the incidence of tumours
was observed in female rats.

5.4 Mechanistic and other relevant
data

3-Chloro-2-methylpropene is considered
to be an electrophilic agent. The main urinary
metabolite is a mercapturate conjugate. No
data were available on the toxicokinetics of
3-chloro-2-methylpropene in humans. In rats
given 3-chloro-2-methylpropene by oral admin-
istration, the compound is rapidly absorbed,
distributed (primarily to the forestomach, liver
and kidney) and excreted. Urinary excretion
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predominates, although large amounts are
exhaled, partly as carbon dioxide.

With respect to the key characteristics of
human carcinogens, there is strong evidence
that 3-chloro-2-methylpropene is genotoxic, and
these effects can operate in humans. 3-Chloro-
2-methylpropene induced gene mutation in
bacterial and mammalian cells, chromosomal
aberrations and sister-chromatid exchange in
mammalian cells, and genetic crossing-over (or
recombination) and sex-linked recessive lethal
mutation in post-meiotic and meiotic germ cells
in Drosophila melanogaster. Only one study of
DNA damage in human (HeLa) cells in vitro was
available, but the results were positive.

There is moderate evidence that 3-chloro-2-
methylpropene induces chronic inflammation.
3-Chloro-2-methylpropene induced inflamma-
tion in the liver and nasal cavity in rats and mice,
and inflammation in the forestomach in male
and female mice.

There is weak evidence that 3-chloro-2-
methylpropene  alters cell  proliferation.
Proliferation of the epithelial cells of the
forestomach was increased in rats exposed to
3-chloro-2-methylpropene.

There were few data on the other key char-
acteristics of carcinogens (alters DNA repair or
causes genomic instability, induces epigenetic
alterations, induces oxidative stress, is immuno-
suppressive, modulates receptor-mediated effects
or causes immortalization).

6. Evaluation

6.1 Cancer in humans

Thereisinadequateevidenceinhumansfor the
carcinogenicity of 3-chloro-2-methylpropene.
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6.2 Cancer in experimental animals

There is sufficient evidence in experimental
animals for the carcinogenicity of techni-
cal-grade 3-chloro-2-methylpropene.

6.3 Overall evaluation

Technical-grade 3-chloro-2-methylpropene
is possibly carcinogenic to humans (Group 2B).
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N,N-DIMETHYLFORMAMIDE

N,N-Dimethylformamide was considered by the IARC Monographs Working Group in 1989
and 1998 (IARC, 1989, 1999). New data have become available and have been taken into
consideration in the present evaluation.

1.1.3 Physical and chemical properties of the
pure substance

1. Exposure Data

1.1 ldentification of the agent

1.1.1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 68-12-2

Chem. Abstr. Serv. Name: N,N-Dimethyl-
formamide

IUPAC Systematic Name: N,N-Dimethyl-
formamide

Synonyms: N,N-Dimethylmethane amide,
formic acid dimethyl amide, N-formyl-
dimethylamine

Acronym: DMF

1.1.2 Structure and molecular formula, and

relative molecular mass

\
N
/

H,C H

Molecular formula: C;H,NO
Relative molecular mass: 73.09

Description: Colourless to slightly yellow
liquid with a faint amine-like odour (HSDB
2015)

Degradation: Dimethylamine can be released
from N,N-dimethylformamide and, in the
presence of nitrogen oxides, carcinogenic
nitrosamines can be formed. Other potential
degradation products are ammonia, carbon
monoxide, carbon dioxide, amines and

formaldehyde.
Density (at 20 °C): 0.95 g/cm? (IFA, 2015)

Octanol/water partition coefficient:
log K, —1.01 (HSDB, 2015)

Melting point: —61 °C (1EA, 2015)
Boiling point: 153 °C (IFA, 2015)

Vapour pressure (at 20 °C): 0.377 kPa
(2.83 mm Hg) (IFA, 2015)

Vapour density: 2.51 (air = 1) (HSDB, 2015)

Solubility: Entirely soluble in water at 20 °C
(IFA, 2015)

Flammable limits: Lower explosion limit:
2.2 vol. %; upper explosion limit: 16 vol. %
(IFA, 2015)

Flash point: 58 °C (IFA, 2015)
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Ignition temperature: 440 °C (LFA, 2015)

Conversion factor (101 kPa, 20 °C):
1 ppm = 3.04 mg/m? (IFA, 2015).

1.2 Production and use

1.2.1 Production

N,N-Dimethylformamide is predominantly
produced in a single-step reaction between
dimethylamine and carbon monoxide under
pressure at high temperatures and in the pres-
ence of basic catalysts such as sodium meth-
oxide. The crude product contains methanol and
N,N-dimethylformamide with increased purity
(up to 99.9%) is obtained by multiple distillations
(HSDB, 2015). Alternatively, it can be produced
by a two-step process in which methyl formate is
prepared separately and, in a second step, reacts
with dimethylamine under similar conditions
as those described for the single-step reaction.
No catalysts are involved in the process (HSDB
2015).

N,N-Dimethylformamide is listed as a high
production volume chemical by the Organisation
for Economic Co-operation and Development
(OECD), indicating that this chemical is
produced or imported at levels greater than 1000
tonnes per year in at least one member country
or region (OECD, 2004, 2009). The OECD 2007
list of high production volume chemicals was
compiled on the basis of submissions from eight
member countries (including Australia, Canada,
Japan, and the USA) in addition to the list
provided by the European Union (OECD, 2009).

N,N-Dimethylformamide is also listed as a
high production volume chemical in the USA
by the Environmental Protection Agency (EPA)
indicating that > 1 million pounds [~450 tonnes]
were produced in or imported into the USA in
1990 and/or 1994 (HISDB, 2015).

The annual production volume of N,N-
dimethylformamide (excluding imports) in the
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USA remained constant between 1986 and 2002,
and wasreported tobebetween 50and 100 million
pounds [approximately 20000 and 45000 tonnes]
(HSDB, 2015). The annual production and import
volume of nine USA companies was about 50
million pounds [~25 000 tonnes] (HSDB, 2015)
and the total annual production volume in the
European Union ranged from 50 000 to 100 000
tonnes in 2000 (SCOEL, 2006). No production
volumes could be traced for Asia, but more than
300 suppliers of N,N-dimethylformamide could
be identified globally, including > 200 in Asia,
> 60 in the USA, and > 30 in the European Union
(ChemBook, 2015).

1.2.2 Use

N,N-Dimethylformamide is used predom-
inantly as an aprotic solvent in the manufac-
ture of polyacrylonitrile fibres, and trends in
its production parallel those of the polyacrylic
fibre industry (HSDB, 2015). It is also used in the
manufacture of high quality polyurethane and
polyamide coatings (e.g. for leather or artificial
leather fabrics), which are otherwise difficult to
solubilize, and where a solvent with a slow rate of
evaporation is needed. N,N-Dimethylformamide
is commonly used as a solvent in the electronics
industry, in pesticides, in industrial paint-strip-
ping applications, and as a reaction and crystal-
lizing solvent in the pharmaceutical industry.
It has limited use as a selective solvent for the
separation of aliphatic hydrocarbons such as the
extraction of acetylene or butadiene from hydro-
carbon streams (HSDB, 2015).

1.3 Measurement and analysis

Multiple methods exist for the analysis of
N,N-dimethylformamide and its metabolites
in air, water, urine, and blood. The methods
are largely based on gas chromatography (GC)
and high-performance liquid chromatography
(HPLC) with various detection systems such as
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flame ionization, nitrogen-sensitive, or mass-sen-
sitive detection.

N,N-Dimethylformamide is most commonly
measured in air by adsorbing on a silica gel and
analysis by GC/flame ionization detection. The
level of detection is approximately 0.05 mg per
sample in a 15-L air sample or higher at a flow
rate of 0.01-1 L/min (NIOSH, 1994).

Several diffusive sampling devices have
been described for exposure assessment of
N,N-dimethylformamide in the air of the work-
place (Tanaka et al., 2002; Baglioni et al., 2007).

Because of the potential for dermal uptake,
exposure to N,N-dimethylformamide should
be measured by biomonitoring. Major metabo-
lites in urine are N-hydroxymethyl-N-methyl-
formamide (HMMF), N-methylformamide and
N-acetyl-S-(N-methylcarbamoyl)cysteine
(AMCC) (Gescher, 1993). HMMF degrades at
injection temperatures > 250 °C, which allows
the determination of total N-methylformamide
in biological samples (Kawai et al., 1992).

An HPLC method also has been described
that has a pre-heat phase to convert HMMF to
N-methylformamide. The reported detection
limit was 0.5 mg/L (Tranfo et al., 1999). As an
alternative, HMMF can be converted chemi-
cally to N-methylformamide in the presence of
potassium carbonate during sample preparation
(Mraz & Turecek, 1987). The limits of detec-
tion are usually approximately 1 mg/L for total
N-methylformamide and sufficient for exposure
assessment in N,N-dimethylformamide-exposed
workers (Mraz et al., 1987).

Recently, a method for simultaneously
analysing total N-methylformamide and AMCC
by capillary GC and nitrogen-selective detector
with an injector temperature > 250 °C has been
described (Kifferlein & Angerer, 2005). Under
these conditions, the limits of detection were
1 mg/L of urine for total N-methylformamide
and 0.5 mg/L of urine for AMCC.

The measurement of AMCC in urine can
also form part of a multi-analysis of various

mercapturic acids of organic compounds rather
than measuring AMCC alone (Schettgen et al.,
2008; Schettgen, 2010; Alwis et al., 2012). [The
Working Group noted that AMCC can also be
detected in the urine of the general population
as a result of its endogenous production in the
body (Kifferlein & Angerer, 1999).]

1.4 Occurrence and exposure

1.4.1 Natural occurrence

N,N-Dimethylformamide is not known to
occur as a natural product.

1.4.2 Environmental occurrence

Industrial releases of N,N-dimethylform-
amide into the air appear to be considerably
larger than those into other environmental
media. N,N-Dimethylformamide is expected
to exist almost entirely in the vapour phase in
ambient air. When emitted into air, most of the
N,N-dimethylformamide released remains in
that compartment where it is degraded by chem-
ical reactions with hydroxyl radicals; its half-life
in the air is estimated to be in the range of few
days. Some atmospheric N,N-dimethylform-
amide can reach the aquatic and terrestrial envi-
ronment, presumably during periods of rain.
Releases into the water or soil are expected to be
followed by relatively rapid biodegradation (half-
life, 18-36 hours) (IPCS, 2001; HSDB, 2015).

Measurements of N,N-dimethylformamide
in air and water are presented in Table 1.1.

(a) Air

In Lowell, MA, USA, N,N-dimethylform-
amide was detected in the air over an aban-
doned chemical waste reclamation plant (mean,
7 ug/m?), a neighbouring industry (> 150 pg/m?),
and a residential area (24 pug/m?) (Amster et al.
1983; cited in I[PCS, 2001). In ambient air samples
collected in the north-eastern USA in 1983, levels
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of N,N-dimethylformamide ranged from not
detected to 14 pug/m? (Kelly et al., 1994).
Airborne concentrations of N,N-dimethyl-
formamide,measurednearsyntheticleatherfacto-
ries in China where it is used, ranged from 180 to
565 pg/m?. In the same region, but away from the
factories, mean concentration in 366 samples was
98.3 ug/m? (Wang et al., 2014). Airborne concen-
trations of N,N-dimethylformamide measured at
35 sites all over Japan in 2008 ranged from 0.016
to 0.49 pg/m? (Ministry of the Environment

J[apan, 2012).
(b) Water

Concentrations of N,N-dimethylformamide
in water from rivers, lakes, and bays were
measured throughout Japan and, in a total
of 47 samples from 47 sites, ranged from not
detected to 0.53 pg/L (Ministry of the
Environment Japan, 2012).

1.4.3 Exposure of the general population

A study on biological monitoring in the
general population living in areas near synthetic
leather factories in China investigated the
consistency between the concentration of N,N-
dimethylformamide in outdoor air and levels of
urinary N-methylformamide (Wang et al., 2014).
The mean concentration of urinary N-methyl-
formamide ranged from 1.5 to 23.4 mg/g
creatinine. Under the most intensive expo-
sure (> 450 pg/m* of N,N-dimethylformamide
in the air), the maximum value of urinary
N-methylformamide was 41.03 mg/g creati-
nine. The correlation between urinary
N-methylformamide and air sampling was
strong (P < 0.01) with a coefficient of 0.80
(Wang et al., 2014; Table 1.1).

1.4.4 Occupational exposure

According to the 1981-83 United States
National Occupational Exposure Survey, as many
as 125 000 workers in the USA were potentially
exposed to N,N-dimethylformamide (NOES
1997).

Exposures to N,N-dimethylformamide were
assessed in workplaces by both air monitoring
and biomonitoring (urinary N-methylform-
amide) beginning in the 1970s (Table 1.2).

1.4.5 Exposure assessment in epidemiological
studies

In a retrospective cohort study (Chen et al.
1988a, b), at an acrylic-fibre production plant in
the USA, exposure to N,N-dimethylformamide
was assessed semi-quantitatively by an “exposure
classification =~ committee” comprising 15
employees. They classified all jobs into
three categories: “low” exposure (no direct
contact with liquids, workplace concen-
trations of N,N-dimethylformamide in air
consistently below 10 ppm and no odour of
N,N-dimethylformamide), “moderate” exposure
(intermittent contact with liquids containing
morethan5%N,N-dimethylformamideandwork-
place concentrations of N,N-dimethylformamide
in air occasionally (more than once a week)
above 10 ppm) and “high” exposure (frequent
contact with liquids containing more than 5%
N,N-dimethylformamide, workplace concen-
trations of N,N-dimethylformamide in air often
above 10 ppm and breathing protection often
required for 15-60 min). Monitoring data on
N,N-dimethylformamide were not available for
the period; exposure was estimated for 1950-70
and exposure intensity for each job was assumed
to be constant during this time period.

In a nested case-control study in four plants
(Walrath et al., 1989), a much more detailed
exposure assessment was performed. Data on
air measurements of N,N-dimethylformamide
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and urinary concentrations of N-methylforma-
mide were used whenever possible. For
plant A, 167 personal N,N-dimethylformamide
samples (1979-86), 107 wurinary N-methyl-
formamide samples (1975-79) and 14 N,N-
dimethylformamide area samples (1975-80)
were available. For plants B and C, respectively,
2916 and 2718 personal or area air samples of
N,N-dimethylformamide (1974-86) were avail-
able; ~61 000 urinary (1980-86) and ~12 000 air
N-methylformamide measurements (1975-86)
were used for the exposure assessment. For
plant D, 2361 N,N-dimethylformamide samples
(1974-86) and 2037 N-methylformamide samples
(1978-1986) were available. Two estimates of
8-hour time-weighted average (TWA) exposure
to N,N-dimethylformamide (average and peak
exposure) were assigned to each job title based on
the measurements; however, the final exposure
classification was similar to the classification for
the cohort study described in Chen et al. (1988a).
Jobs were ranked as having “low” (1.0-< 2.0 ppm
of N,N-dimethylformamide in air), “moderate”
(2.0-< 10.0 ppm) and “high” (= 10.0 ppm)
exposure. Controls were ranked as “none” or
“present” if not exposed or exposed to < 1 ppm
of N,N-dimethylformamide in air, respectively.
Contrary to the retrospective cohort study, a job
could be ranked differently over time because of
the use of time-resolved monitoring data.

1.5 Regulations and guidelines

Depending on the country, 8-hour TWA
occupational exposure limits have been set at
15 mg/m? (5 ppm) or 30 mg/m? (10 ppm) for
N,N-dimethylformamide in the air (GESTIS
2015). For example, the permissible exposure
limit issued in the USA by the Occupational
Safety and Health Administration is 30 mg/m?,
whereas the threshold limit value recommended
by the Scientific Committee for Occupational
Exposure Limits of the European Union is
15 mg/m? (SCOEL, 2006; GESTIS, 2015).

The European Union and the Occupational
Safety and Health Administration label N,N-
dimethylformamide with a skin notation
(SCOEL, 2006; OSHA, 2016). As a consequence,
biological limit values, in terms of measuring
metabolites of N,N-dimethylformamide in urine,
have been recommended to take into account all
routes of exposure (inhalation, dermal, oral).
The Scientific Committee for Occupational
Exposure Limits recommends a biological
limit value of 15 mg N-methylformamide per
litre urine in end-of-shift samples, based on
the association between exposure to 5 ppm
airborne N,N-dimethylformamide and excre-
tion of N-methylformamide in urine at the end
of shift (SCOEL, 2006). Several countries of the
European Union list N,N-dimethylformamide as
areproductive toxicant. For example, in Germany,
N,N-dimethylformamide is categorized in group
B of reproductive toxicants because embryonic
or fetal damage cannot be excluded if women
are exposed to the compound during pregnancy;,
even when the respective threshold limit values
are observed (DFG, 2015).

According to the risk phrases of the Globally
Harmonized System of Classification and
Labelling of Chemicals of the United Nations,
N,N-dimethylformamide is harmful if inhaled
(H332) and if skin contact occurs (H312). It also
can cause serious eye irritation (H319) and may
damage fertility or the unborn child (H360D)
(ECHA, 2016).

N,N-Dimethylformamide  has  recently
been categorized as a group 4 carcinogen
by the Commission for the Investigation of
Health Hazards at the Workplace in Germany
(DFG, 2015).

EPA (1990) promulgated a reference concen-
tration for N,N-dimethylformamide in the air of
0.03 mg/m?.
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2. Cancerin Humans

2.1 Aircraft repair

See Table 2.1

The human carcinogenicity of N,N-dimethyl-
formamide was questioned by Ducatman et al.
(1986) beginning with an investigation of a cluster
of three cases of testicular germ cell cancer that
occurred between 1981 and 1983. The three
testicular cancers (< 1 expected) occurred among
153 white civilian repairmen who were exposed
to N,N-dimethylformamide while repairing the
exterior surfaces and exterior electrical compo-
nents of the F4 Phantom jet aircraft at a single
United States naval air rework facility in North
Carolina, USA. The finding led to an evaluation
of testicular cancer in two groups of civilian
aircraft repair workers, which was reported in the
same paper. The two groups of workers were at a
United States naval air rework site in California.
Similar to the North Carolina workers, the first
of these groups also repaired the F4 Phantoms
among other naval aircraft and were exposed to
N,N-dimethylformamide, while workers in the
second group performed re-work on a variety of
naval aircraft, but not the F4 Phantoms, and were
not exposed to N,N-dimethylformamide. At the
California facility, four of the 680 men with a
history of working on F4 phantoms were diag-
nosed with testicular germ cell cancers. The men
in this groups of exposure workers had an esti-
mated 19 040 person-years of experience from
1970 to 1983, and that finding represented
an apparent increase of fourfold [4.21; 95%
confidence interval (CI), 1.15-10.78] in inci-
dence compared with national incidence rates
(P < 0.02). [It was not clear whether the expected
numbers reported in the paper were age-ad-
justed.] In contrast, none of the 446 men in the
unexposed population (who did not repair the
F4 Phantom) had a diagnosis of testicular germ
cell cancer. Within the North Carolina and
California populations involved in F4 Phantom
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repairs, the men with a diagnosed cancer (five
seminomas and two embryonal cell cancers)
had long histories of aircraft repair before their
diagnosis.

Naval air rework facilities (dedicated to mili-
tary aircraft repair) presented opportunities for
repair workers to be exposed to surface coatings
and associated emulsifiers and surfactants
including “Teflon” paints and dyes, solvents and
metals(Ducatmanetal., 1986). Arelativelyuncon-
trolled process that was unique to F4 Phantom
repair at the two facilities involved open air
spraying of an 80% N,N-dimethylformamide
solution onto in-situ electrical cables in quanti-
ties sufficient to dissolve the elastomeric surface
coatings of the cables, with the goal of performing
needed maintenance on the bare cables in place.
The process was open and no specific ventilation
was employed: it was reported to involve substan-
tial inhalation and dermal exposure. At the time
of the investigation, the process had been out of
use for more than a decade. A formal exposure
model was not created. Among the seven cases
at both facilities (age range, 30-46 years), three
reported direct responsibility for the setting up
and use of this process and the others recalled
that they were exposed in proximity. [The
Working Group was aware that this group of
military aircraft mechanics had respiratory and
dermal exposure to N,N-dimethylformamide.
Limitations of the study included the lack of
quantitative exposure measurements and the
fact that follow-up for cancer incidence included
only the years when the workers were employed.]

The above findings in civilian repairmen
working for the United States Navy motivated an
evaluation of testicular cancer hospitalizations of
United States active duty military personnel from
1974 to 1979 (Garland et al., 1988). This study
found 143 incident cases of testicular cancer in
currently active duty personnel. No excess risk
was observed overall but,among aviation support
technicians, the standardized incidence ratio
was 6.2 (95% CI, 1.9-13.0; 5 cases). [The Working
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Group considered it unlikely that active duty
aviation support technicians in general would
have had significant exposure to the unique
process involving N,N-dimethylformamide.]

2.2 Leather workers

See Table 2.1 and Table 2.2

Levin et al. (1987) reported a cluster of
three cases of testicular germ cell cancer in
workers who worked on a spray line in a leather
tannery (Fulton County, NY, USA) where
N,N-dimethylformamide was used. They were
aged 25-36 years at the time of diagnosis, which
occurred between 1982 and 1984, and had
worked for 8-14 years on the spray line before
diagnosis. Other than N,N-dimethylformamide
and “dyes”, this report did not discuss other
potential exposures.

In a further investigation, a team including
personnel from the United States National
Institute of Occupational Safety and Health
performed air sampling of the spray process for
partially tanned hides at the same facility (CDC,
1989). At the time of the investigation, the facility
had ceased to use N,N-dimethylformamide in
the tanning process and therefore none was
detected inair sampling. This investigation estab-
lished that N,N-dimethylformamide had been
used historically in the spraying process. The
exposures identified included dyes, pigments,
surface coatings and solvents, including
N,N-dimethylformamide. Sampling after the
N,N-dimethylformamide process had stopped
detected several glycol ethers, including 2-but-
oxyethanol, at up to 10.9 ppm. A cohort study
of testicular cancer in 80 workers in the index
tannery found a standardized incidence ratio
of 40.5 (95% ClI, 8.1-118.4) compared with state
Surveillance, Epidemiology and End Results data.
In addition, this report featured a case-control
study, performed at the county level, of testicular
cancer cases in male residents aged 20-54 years
from January 1974 to March 1987. The three men
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reported in the Levin et al. (1987) report were
included, as well as an additional seven cases.
A group of 129 male controls of similar age
who had other cancer diagnoses from the same
registry was used. Five of the 10 cases had histo-
ries of leather-related employment, resulting in
an odds ratio of 5.8 (95% CI, 1.5-22.0) (CDC,
1989). [The Working Group noted that the inclu-
sion a posteriori of an initially detected disease
cluster within a small population calculation can
contribute to an expected outcome of an elevated
standardized incidence ratio.]

Workers from the index tannery workplace
were also enrolled in a prospective testicular
cancer screening programme. The National
Institute of Occupational Safety and Health
investigators reported that 51 out of 83 workers
participated and, as of 1990, no additional
cases of testicular cancer had been found
(Calvert et al., 1990).

2.3 Chemical manufacturing

2.3.1 Cohort study

See Table 2.1

A major chemical manufacturer conducted
retrospective cohort cancerincidence (Chenetal.
1988a) and cancer mortality (Chen et al., 1988b)
studies of workers at an acrylic-fibre production
plant in the USA whose employment provided
exposure to N,N-dimethylformamide alone
(2530 workers), acrylonitrile alone (16 workers),
neither (1130 workers) or both (1329 workers).
The two groups with any exposure to
N,N-dimethylformamide were then combined
into a single historical cohort (3859 workers).

Monitoring data were reportedly unavailable
for most of the historical period (1950-1970)
considered in these reports, and exposures were
classified as “low”, “moderate” or “high” by a
committee of workers. Diagnostic information
on cancer was obtained from the manufactur-
er’s internal cancer registry and was therefore
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limited to the time of employment. Person-years
were calculated from first exposure or first
employment from 1956 to 1984. Comparisons
of corporate registry data were then made to
national Surveillance, Epidemiology and End
Results cancer registry data for 1973-1977.
Thirty-four incident cases of all types of
cancer were recorded in the cohort of wage
workers exposed to N,N-dimethylformamide
only (Chen et al., 1988a). Only one case of
testicular cancer was found compared with
1.7 expected [standardized relative risk,
0.59; 95% CI, 0.01-3.28] in the cohort exposed
to N,N-dimethylformamide only. Buccal cavity
and pharyngeal cancers (combined) were signif-
icantly increased (8 observed, 1 expected [stand-
ardized relative risk, 8.00; 95% CI, 3.45-15.76])
inthecohortexposedtoN,N-dimethylformamide
only, but not in the cohort exposed to both
N,N-dimethylformamide and acrylonitrile. No
dose-response relationship was observed related
to the classified exposure level.

Chen et al. (1988b) used the same methods
to study mortality from all causes and cancer in
the same population. Compared with internal
company rates, non-statistically significant
excesses of buccal cavity and pharyngeal cancers
(combined) and lung cancer were reported (Chen
et al., 1988a). [The exposure characterization for
this  N,N-dimethylformamide-manufacturing
cohort was more complete than that in the
previously cited studies in aircraft repair and
leather work and provides an impression
that exposures were better controlled than
those for aircraft and leather workers. The
N,N-dimethylformamide solution at the manu-
facturing sites is reported to have generally been
up to 5% in concentration and intermittently
> 5% — less concentrated than the 80% solutions
used by aircraft repairmen and leather workers -
andtheobservationthatrespiratorsweresupposed
to have been used if atmospheric concentrations
were > 10 ppm of N,N-dimethylformamide does
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not appear to pertain to the aircraft repair and
leather operations previously described.]

2.3.2 Case—control study

See Table 2.2

The same chemical manufacturer subse-
quently performed a broader case—control study
on exposure to N,N-dimethylformamide among
male active employees at four of its manufac-
turing facilities including the one studied by
Chen et al. (1988a, 1988b), from 1956 to 1985,
based on cancer cases reported to the company
cancer registry (Walrath et al., 1989). The study
population included only cases identified among
currently employed workers. For each case, two
controls from the entire cohort were matched to
the case worker based on year of employment,
year of birth, sex, plant, and payroll/salary class.
The study provided a more detailed exposure
assessment than that used in the preceding
cancer incidence and mortality studies (Chen
et al., 1988a, 1988b), including measurements
of N,N-dimethylformamide in the air and its
urinary metabolites. Average and peak expo-
sures were considered. When data were not
available, an extrapolation was made using
exposure data from later years. The exposure
classifications were more comprehensive but
ultimately similar to those used in the cohort
study (Chen et al., 1988a): “low”, “medium”,
“high” and none. The geometric mean concen-
tration of N,N-dimethylformamide in the air
ranged from 1 to 2 ppm [3-6 mg/m?] for jobs in
the low exposure group to > 10 ppm [30 mg/m?]
for jobs in the high exposure group. Air concen-
trations > 50 ppm [149 mg/m?] were possible in
the high exposure category. Mantel-Haenszel
and multiple logistic regression methods were
used to calculate odds ratios. The odds ratio
for testicular cancer for ever being exposed was
0.99 (90% CI, 0.22-4.44; 3 exposed cases).
Odds ratios for testicular cancer by level of
exposure were 0.86 (90% CI, 0.09-8.56) for low
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and 11.6 (90% CI, 0.47-286; 2 exposed cases,
2 exposed controls) for moderate exposure.
No cases occurred in the high exposure cate-
gory. The same data set was also considered
with regard to different durations of exposure.
The odds ratio for testicular cancer was 1.28
(90% CI, 0.14-7.12) for those with < 10 years
exposure and no cases occurred among those
with > 10 years exposure. Buccal cavity and phar-
yngeal cancer were not found to be significantly
increased when all facilities were combined,
nor were any other studied cancer sites.
[The Working Group noted that interpretation of
these studies was limited by the small numbers
of testicular cancer cases and by the restriction
to cases occurring among active workers.]

3. Cancer in Experimental Animals

N,N-Dimethylformamide was first reviewed
by the IARC Monographs Working Group
(IARC, 1989) when it had been tested for
carcinogenicity by oral administration and
by subcutaneous injection in one rat strain
(Druckrey et al., 1967) and by intraperitoneal
injection in another strain (Kommineni, 1972).
All of these studies were judged to be inadequate
for an evaluation and were still considered to be
inadequate by the current Working Group
because of the small number of animals, the
short duration of treatment and the incom-
plete reporting of the results. N,N-Dimethyl-
formamide was subsequently reviewed by a
second Working Group (IARC, 1999) when it
had also been tested for carcinogenicity by inha-
lation in one study in mice and one study in rats,
with no significant increase in tumour incidence
(Malley et al., 1994).

Studies that were judged to be adequate for
an evaluation (including studies released since
the previous IARC Monographs) are summa-
rized below.

3.1 Mouse

See Table 3.1

Inhalation

Groups of 78 male and 78 female
Crl:CD-1 (ICR) BR mice (age, 55 days) were
exposed to N,N-dimethylformamide (purity,
99.9%) by whole-body inhalation at concen-
trations of 0, 25, 100, and 400 ppm for 6 hours
per day on 5 days per week for 18 months. Five
male and five females per group were killed at 2
weeks, 3 months and 12 months to evaluate cell
proliferation in the liver. Survival in all exposure
groups was similar to that of controls. Higher
bodyweightsand body-weight gain were observed
in the male and female mice exposed to 100 and
400 ppm compared with controlsand were consid-
eredtobecompound-related. Themalesexposedto
100 and 400 ppm and females exposed to
400 ppm had higher liver weights relative to
body weight at necropsy. No significant increase
in tumour incidence was observed in any dose
group. All treated males had significant increases
in centrilobular hepatocellular hypertrophy and
hepatic single cell necrosis. Centrilobular hepa-
tocellular hypertrophy was also significantly
increased in the females exposed to 100 and 400
ppm and hepatic single cell necrosis in all treated
females (Malleyetal., 1994). [The Working Group
noted the short duration of the study.]

In a well-conducted study that complied with
good laboratory practice, groups of 50 maleand 50
female Crj:BDF, mice (age, 6 weeks) were exposed
to N,N-dimethylformamide (purity, > 99.8%) by
whole-bodyinhalationat concentrations of0, 200,
400, and 800 ppm for 6 hours per day on 5 days
per week for 104 weeks. No significant difference
in survival was observed between the exposed
groups and the controls. The survival rate of
females exposed to 800 pm decreased margin-
ally (but not significantly) after the 78th week
because of the development of liver tumours.
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Body weights of all treated males and of females
exposed to 800 ppm were decreased by more than
10% compared with controls. The incidence of
hepatocellular adenoma (males: 6/50 controls,
36/50 at 200 ppm, 41/49 at 400 ppm, and 41/50
at 800 ppm; females: 1/49 controls, 42/50 at
200 ppm,47/50at400 ppm,and 48/49at800 ppm),
hepatocellular carcinoma (males: 2/50 controls,
12/50 at 200 ppm, 16/49 at 400 ppm, and 16/50 at
800 ppm; females: 3/49 controls, 25/50 at
200 ppm, 32/50 at 400 ppm, and 35/49 at
800 ppm) and hepatocellular adenoma, hepato-
cellularcarcinomaorhepatoblastoma(combined)
weresignificantlyincreasedinallgroupsoftreated
males and females (P < 0.01, Fisher’s exact test )
in a dose-related manner (P < 0.01, Peto’s trend
test). There was also a significant increase in the
incidence of hepatoblastoma in males exposed to
200 and 400 ppm (0/50 controls, 13/50* at 200
ppm, 7/49* at 400 ppm and 4/50 at 800 ppm;
* P < 0.01, Fisher’s exact test). The inci-
dence of hepatoblastoma in females was
0/49 controls, 0/50 at 200 ppm, 4/50 at 400
ppm and 0/49 at 800 ppm. Multiple hepato-
cellular adenomas and carcinomas were found
in the livers of treated mice, and the tumour
tissues often occupied almost all areas of the
entire liver. No N,N-dimethylformamide-
related neoplastic or non-neoplastic lesions
were found in any other organ except the liver
(Senoh et al., 2004). [The strengths of this study
included the use of multiple doses, a large
number of animals per group and the testing of
two sexes.]

3.2 Rat

3.2.1 Inhalation

See Table 3.1

Groups of 87 male and 87 female Crl:CD
BR rats (age, 47 days) were exposed to
N,N-dimethylformamide (purity, 99.9%) by
whole-body inhalation at concentrations of 0, 25,

100, and 400 ppm for 6 hours per day on 5 days
per week for 2 years. Five male and five females
per group were killed at 2 weeks, 3 months, and
12 months to evaluate cell proliferation in the
liver, and 10 males and 10 females per group
were Killed for interim pathological evaluation
at 12 months. Exposure to the highest concen-
tration reduced body-weight gain in both sexes.
Survival in all treated groups was similar to
that of controls; however, survival in all treated
groups and controls was less than 45%. The
males treated with 100 and 400 ppm and females
treated with 400 ppm had higher liver weights
relative to body weight at necropsy. No signifi-
cant increase in tumour incidence was observed
in any treated group. The incidence of minimal
to mild centrilobular hepatocellular hyper-
trophy wasincreased in males and females treated
with 100 and 400 ppm (Malley et al., 1994). [The
Working Group noted the poor survival of all
groups, including controls.]

In a well-conducted study that complied with
good laboratory practice, groups of 50 male and
50 female Fischer 344/DuCrj rats (age, 6 weeks)
were exposed to N,N-dimethylformamide
(purity, > 99.8%) by whole-body inhalation at
concentrations of 0, 200, 400, and 800 ppm for
6 hours per day on 5 days per week for 104 weeks.
Survival rates of treated males did not differ
significantly from those of controls. Survival of
thefemalestreated with 800 ppm wassignificantly
decreased compared with that of controls after the
9th week. Body weights of the males and females
treated with 400 and 800 ppm were decreased by
more than 10% compared with their respective
controls. Exposure to N,N-dimethylformamide
caused a dose-related increase (P < 0.01, Peto’s
trend test) in the incidence of hepatocellular
adenoma, hepatocellular carcinoma and hepa-
tocellular adenoma or carcinoma (combined)
in males and females. The incidence of hepato-
cellular adenoma was significantly increased
in male rats exposed to 400 and 800 ppm
(1/50 controls, 3/50 at 200 ppm, 13/50* at 400 ppm
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Table 3.2 Incidence of hepatocellular tumours in male F344/DuCrlCrj rats exposed to N,N-
dimethylformamide by inhalation and/or in drinking-water

Parameter Inhalation (ppm)

0 200 400

Drinking-water (ppm)

0 800 1600 0 800 1600 0 800 1600
Number of rats examined 50 50 50 50 50 50 50 50 50
Surviving animals 41 34 40 36 36 41 37 43 38
Adenoma: 1 6% 8% 15* 28** 45%% 26* 43%* 46**
Carcinoma® 0 0 4* 1 6** 14** 2 12*%* 14**
Adenoma or carcinoma 1 6* 12% 16* 30%* 46** 26* 45%* 47**
(combined)?

» Number of tumour-bearing animals

* Significantly different from untreated control group, at P <0.05 by chi-square test
** Significantly different from untreated control group, each drinking-water-alone group and each inhalation-alone group with matching

concentrations, respectively, at P < 0.05 by chi-square test
Adapted from Ohbayashi et al. (2009), ] Toxicol Sci, 34(1):53—63.

and 20/50* at 800 ppm; *P < 0.01, Fisher’s
exact test) and in females exposed to 800 ppm
(1/49 controls, 1/50 at 200 ppm, 6/50 at 400 ppm
and 16/50* at 800 ppm; *P < 0.01, Fisher’s exact
test). The incidence of hepatocellular carcinoma
was significantly increased in both sexes exposed
to 800 ppm (males: 0/50 controls, 1/50 at 200
ppm, 0/50 at 400 ppm, and 24/50* at 800 ppm;
females: 0/49 controls, 0/50 at 200 ppm, 0/50
at 400 ppm and 5/50** at 800 ppm; *P < 0.01,
**P < 0.05, Fisher’s exact test). Multiple occur-
rences of hepatocellular tumours were found
in the liver of exposed rats and no multiplicity
of hepatocellular tumours was observed in the
control groups. No N,N-dimethylformamide-
related neoplastic or non-neoplastic lesions were
found in any other organ except the liver (Senoh
etal.,2004). [The strengths of this study included
the use of multiple doses, a large number of
animals per group, and testing in males and
females.]

3.2.2 Inhalation and drinking-water
(combined)

See Table 3.2
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In a well-conducted study that complied
with good laboratory practice, groups of
50 male Fischer 344/DuCrlCrj rats (age, 6 weeks)
were exposed to N,N-dimethylformamide
(purity, > 99.5%) by whole-body inhalation
at concentrations of 0, 200, and 400 ppm for
6 hours per day on 5 days per week, and given
N,N-dimethylformamide-formulated  drink-
ing-water at 0, 800, or 1600 ppm (w/w) ad libitum
for 24 hours per day on 7 days per week for 104
weeks. No significant difference in survival
was found between the untreated control
group and the two inhalation-only groups, the
two oral administration-only groups or the
four combined exposure groups. The terminal
body weight was significantly decreased in the
inhalation-only group, both oral administra-
tion-only groups and all four combined expo-
sure groups compared with controls. Exposure
to N,N-dimethylformamide caused a signif-
icant increase in the incidence of hepatocel-
lular adenoma, and hepatocellular adenoma or
carcinoma (combined) in the four combined
exposure groups, the two oral administra-
tion-only groups and the two inhalation-only
groups compared with the untreated controls, a
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significant increase in the incidence of hepato-
cellular carcinoma in the four combined expo-
sure groups and in the oral administration-only
group exposed to 1600 ppm compared with the
untreated controls, and a significant increase
in the incidence of hepatocellular adenoma,
hepatocellular carcinoma and hepatocellular
adenoma or carcinoma (combined) in the four
combined exposure groups compared with each
of the oral administration-only and inhala-
tion-only groups with matching concentrations
(see Table 3.2 for tumour incidences and statis-
tics). The incidence of hepatocellular tumours
induced by the combined exposures tended
to exceed the dose-response relationship that
would be expected under the assumption that
the incidence of hepatocellular tumours induced
by the single-route exposures through inhala-
tion and ingestion are additive [the authors also
stated that the combined exposures were found
to produce multiple occurrences of hepato-
cellular adenomas compared with the single-
route exposures but did not show these data]
(Ohbayashi et al., 2009). [The strengths of this
study included the use of multiple doses and a
large number of animals per group. The Working
Group noted that only one sex was used and
that no mention or discussion was made of any
observations in any tissue or organs other than
the liver.]

4, Mechanistic and Other
Relevant Data

4.1 Absorption, distribution,

metabolism, excretion

4.1.1 Humans

(a)  Absorption, distribution, and excretion

N,N-Dimethylformamide is readily absorbed
after inhalation, dermal and oral expo-
sure. The absorption and elimination of
N,N-dimethylformamide was studied after inha-
lation of vapour (Mrdz & Nohova, 1992a), and
after percutaneous absorption of both vapour
and liquid (Mréaz & Nohova, 1992b). In the inha-
lation study (Mraz & Nohova, 1992a), retention
of N,N-dimethylformamide in the lungs was
90% in 10 volunteers (5 men and 5 women)
exposed for 8 hours to concentrations of 10, 30, or
60 mg/m?>. Afterasingle exposure, for the metabo-
litesthataccountedfor49%ofthedose,thehalf-lives
of urinary excretion and urinary recoveries were:
N-methylformamide, 4 hours (22%); formamide,
7 hours (13%); and AMCC, 23 hours (13%). A
small amount (0.3% of the dose) of unchanged
N,N-dimethylformamide was also detected with
a half-life of excretion of 2 hours. With repeated
exposure to 30 mg/m? for 8 hours per day on
5 consecutive days, a significant accumulation
of AMCC was observed with an equilibrium
being reached on day 4. [The Working Group
noted that N-methylformamide and formamide,
which were determined by gas chromatography;,
were at least in part formed from corresponding
hydroxymethyl derivatives by thermal decom-
posure (formaldehyde release) in the hot sample
chamber of the gas chromatograph.]

After a 4-hour exposure to N,N-dimethyl-
formamide vapour (50 mg/m?), 13-36% of the
total dose (depending on air humidity and
temperature) was absorbed through the skin in
8 volunteers (3 men and 5 women). Absorption
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of liquid N,N-dimethylformamide was studied
(i) by dipping one hand up to the wrist for 2, 10,
15, and 20 minutes; and (ii) by a patch experi-
ment, in which N,N-dimethylformamide was
placed on a patch of teflon foil, which was then
attached to the forearm of the volunteers for 8
hours. The rate of percutaneous absorption in
the dipping experiment was 9.4 + 4 mg/cm? per
hour (mean + standard deviation (SD); n = 4). In
the patch experiment, the urinary excretion of
metabolites was not delayed compared with the
short-term dipping experiments, but the metab-
olites amounted to only half of those excreted
after inhalation at the same absorbed dose
levels (Mraz & Nohova, 1992b). A similar value
of percutaneous absorption rate (11 mg/cm?
per hour), based on in-vitro experiments on
excised human skin, was reported (Bortsevich,
1984). The same study showed that aqueous
N,N-dimethylformamide is poorly absorbed;
< 1% in 4 hours was absorbed from 15% aqueous
N,N-dimethylformamide, whereas absorption
of pure liquid N,N-dimethylformamide was
51% in 4 hours (Bortsevich, 1984). Absorption
of N,N-dimethylformamide vapour through
the skin was further evaluated in an experi-
ment on 13 male volunteers exposed for 4 hours
through whole-body exposure (but inhaling
clean air via a respirator) as well as lung-only
inhalation (at intervals of 96 hours or more)
to N,N-dimethylformamide at concentrations
below 10 ppm. Based on the comparison of
excreted amounts of N-methylformamide, it was
estimated that the skin and the lung absorption
amounted to 40.4% and 59.6%, respectively.
The biological half-life of urinary N-methylform-
amide after dermal exposure (4.75 + 1.63 hours)
was significantly longer than that after respira-
tory exposure (2.42 = 0.63 hours) (Nomiyama
et al., 2001a).

An even higher contribution of skin absorp-
tion amounting to 71% of the total dose of N,N-
dimethylformamide was found under conditions
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of actual occupational exposure by Wang et al.
(2007) at airborne concentrations below 10 ppm.

Internal exposure determined by urinary
N-methylformamide was monitored in two
groups of occupationally exposed workers across
a working week to determine the total body
burden. Twenty-five workers in a synthetic
leather factory and 20 workers in a copper lami-
nate circuit board factory were recruited (Chang
et al., 2005a). The average airborne concentra-
tion of N,N-dimethylformamide was similar for
both groups (about 4 ppm) but dermal expo-
sure to N,N-dimethylformamide of the synthet-
ic-leather workers was significantly higher. A
significant pattern of linear accumulation was
found across a 5-day work cycle for synthetic
leather workers but not for copperlaminate circuit
board workers. [The Working Group noted that
dermal exposure to N,N-dimethylformamide
over 5 consecutive days can result in its accumu-
lation in the body.]

In a recent study of the percutaneous absorp-
tion of N,N-dimethylformamide in 193 occupa-
tionally exposed workers, the mean breathing
zone concentrations in both summer and
winter were below the occupational exposure
limit of 10 ppm. However, the urinary levels of
N-methylformamide and AMCC were 2.6 and
1.6 times higher, respectively, in the summer (at
34.1 + 2.6 °C; mean + SD) than in the winter (at
17.1 + 4.8 °C; mean + SD) (Tsuda et al., 2014).

(b) Metabolism

In an early GC study by Kimmerle & Eben
(1975a), N-methylformamide and formamide
were reported to be major urinary metabo-
lites. However, further studies showed that
these metabolites were actually HMMF and
N-hydroxymethylformamide (HMEF), respec-
tively, which released formaldehyde under
the conditions of GC (in the sample chamber)
(Brindley et al., 1983; Scailteur et al., 1984;
Kestell et al., 1986). AMCC was identified for the
first time in the urine of a volunteer who inhaled
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an unspecified dose of N,N-dimethylformamide
(Mraz & Turecek, 1987).

[The Working Group noted that the above
mentioned data indicated the formation of elec-
trophilic metabolites, namely methyl isocyanate
and/or another N-methylcarbamoylating species
and formaldehyde.]

More recently, a liquid chromatography-
tandem mass spectrometry method was
developed for simultaneous determination of
HMME, N-methylformamide, and AMCC and
was applied to the analysis of 13 urine samples
taken from workers occupationally exposed to
N,N-dimethylformamide. The molar excretion
ratio of HMMEF:N-methylformamide:AMCC
was approximately 4:1:1. HMMF was confirmed
as the most abundant urinary metabolite in
humans (Sohn et al., 2005).

Interactions of N,N-dimethylformamide
with ethanol were also studied. In an early
study, four volunteers were exposed to
N,N-dimethylformamide at concentrations of
50-80 ppm [152-243 mg/m?] for 2 hours with
or without preceding oral administration of
ethanol. Persons who received ethanol excreted
slightly elevated urinary concentrations of
N,N-dimethylformamide during the first 4 hours
and lower blood levels of N-methylformamide
(Eben & Kimmerle, 1976).

A haemoglobin adduct of methyl isocyan-
ate, a proposed metabolic intermediate
of N,N-dimethylformamide and N-methylform-
amide, with N-terminal valine (N-(N-methyl-
carbamoyl)valine) was identified in the blood
of 35 workers in the polyacrylic fibre industry
exposed to N,N-dimethylformamide. The
exposure was assessed by measuring urinary
N-methylformamide which was between 1.3 and
46.5 mg/L (mean, 17.0 mg/L; median, 9.8 mg/L).
The methyl isocyanate adduct was released by
modified Edman degradation and converted to
3-methyl-5-isoprolylhydantoin, the concentra-
tions of which in globin samples ranged from
26.1 to 412.0 nmol/g of globin (Kifferlein &

Angerer, 2001). More recently, a new lysine
adduct, N_-(N-methylcarbamoyl)lysine, was
identified in globin samples of humans occu-
pationally exposed to N,N-dimethylformamide
(Mréz et al., 2006).

4.1.2 Experimental systems

(a)  Absorption, distribution, and excretion

The toxicokinetics of N,N-dimethylform-
amide in rats, mice and cynomolgus monkeys
was extensively studied by Hundley et al
(1993a, b). Male and female cynomolgus monkeys
were exposed by whole-body inhalation to
N,N-dimethylformamide at concentrations of
30, 100, or 500 ppm [90, 300, or 1500 mg/m?] for
6 hours per day on 5 days per week for 13 consec-
utive weeks. Disproportionate increases were
observed in N,N-dimethylformamide plasma
area under the concentration curve (AUC) values
of 19-37-fold in male monkeys and 35-54-fold
in females as the atmospheric concentrations
increased fivefold from 100 to 500 ppm. Plasma
half-lives of N,N-dimethylformamide were
1-2 hours and those of N-methylformamide
(actually HMMF + N-methylformamide) were
significantly longer (4-15 hours). Plasma
N-methylformamide concentrations exceeded
those of N,N-dimethylformamide 0.5 hour after
the beginning of each exposure. HMMF formed
56-95% of the urinary metabolites, regardless
of exposure level and duration of the study
(Hundley et al., 1993b). The AUC values and peak
plasma levels for N,N-dimethylformamide in rats
and mice following a single exposure to 500 ppm
(Hundley et al., 1993a) were substantially greater
than the respective values in monkeys after
a similar exposure. In contrast, the enhance-
ment of metabolism by repeated exposure to
N,N-dimethylformamide at 500 ppm, which was
observed in rats and mice, was not clearly demon-
strated in monkeys (Hundley et al., 1993b).

In another study, cynomolgus monkeys were
exposed to N,N-dimethylformamide at 500 ppm
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[1500 mg/m?] for 6 hours per day on 5 days per
week for 2 weeks either by head-only or whole-
body inhalation (one monkey per exposure
route),plasmasamplestaken0.5-18hoursafterthe
first exposure showed N,N-dimethylformamide
AUC values that were three times higher in the
monkey exposed by whole-body inhalation, indi-
cating considerable absorption by non-inhalation
route(s). The same comparison of plasma samples
taken after the final (10th) exposure revealed an
N,N-dimethylformamide AUC value that was
sixfold for the monkey exposed by whole-body
inhalation (Hurtt et al., 1991).

Rapid absorption was observed in pregnant
Sprague-Dawley rats treated on gestation days 12
and 18 with a single oral dose of 100 mg/kg bw
[“C]-N,N-dimethylformamide. The radioactivity
in plasma peaked within 1 hour after treatment.
A major part of the dose (60-70%) was excreted in
the urine and 3-4% in the faeces. Levels of radio-
activity in embryonic and fetal tissues were nearly
equal to those in maternal plasma up to 8 and
24 hours, respectively, but were higher thereafter.
In lactating rats treated with a single oral dose
of 100 mg/kg bw [“C]-N,N-dimethylformamide
on lactation day 14, N,N-dimethylformamide,
HMMEF, and N-methylformamide were found in
the milk at concentrations equal to those in the
plasma (Saillenfait et al., 1997).

A single ethanol drinking episode signifi-
cantly enhanced the dermal absorption of N,N-
dimethylformamide in a study using the skin of
ethanol-dosed and control Wistar rats to test the
penetration of N,N-dimethylformamide in vitro
(Brand et al., 2006).

(b) Metabolism

The metabolism of N,N-dimethylformamide
has been extensively reviewed by Gescher
(1993). In both humans and animals, N,N-
dimethylformamide is primarily oxidized
by cytochrome P450 (CYP) 2E1 to HMMF.
Although relatively stable in neutral or
mildly acidic solutions, HMMF may release

144

formaldehyde under physiological conditions to
produce N-methylformamide. In early studies,
N-methylformamide was identified by GC as a
major metabolite in rats and dogs (Kimmerle
& Eben, 1975b). Further metabolic oxidation of
N-methylformamide leads to HMF, which has
been identified as a minor urinary metabolite
in rats (Tulip et al., 1989). Unequivocal evidence
exists that HMF is formed after the metabolism
of N-methylformamide in rats and mice (Tulip
et al., 1986; Threadgill et al., 1987; Cross et al.,
1990). In a close analogy with HMMF, HMF
undergoes thermal decomposition to formamide
when analysed by GC; therefore, GC data on
formamide actually usually include HMF and
formamide (Mraz & Turecek, 1987; Mraz et al.
1987; Mréaz & Nohova, 1992a).

The mercapturic acid AMCC is formed by a
toxicologically relevant pathway via glutathione
(GSH) conjugation with a presumed electrophilic
N-methylcarbamoylating intermediate, probably
methyl isocyanate or its chemical equivalent
formed by oxidation of N-methylformamide and/
or HMMF. The GSH conjugate, S-(N-methyl-
carbamoyl)glutathione undergoes mercapturic
acid pathway to yield AMCC, which is then
excreted in the urine. AMCC was found in
the urine of rats, mice, Syrian hamsters (Mrdz
et al., 1989) as well as in human urine (Mraz &
Turecek, 1987; Mridz & Nohovd, 1992a, b). The
pattern of N,N-dimethylformamide metabolites
is qualitatively the same in various rodent species
and in humans (Fig. 4.1). Experiments with liver
microsomes from rats and mice treated with
inducers of CYP2EI and with CYP2E1 purified
from rat and mouse liver microsomes indicated
the pivotal role of CYP2EL1 in the oxidation of
N,N-dimethylformamide to HMMF as well as in
the formation of the key reactive intermediate,
which was proposed to be methyl isocyanate
(Gescher, 1993; Mraz et al., 1993; Chieli et al.,
1995). Thekeyrole of CYP2E1 waslater confirmed
in an in-vitro study on N,N-dimethylformamide
dealkylation. Among several forms of human
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Fig. 4.1 Metabolism of N,N-dimethylformamide
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recombinant CYPs, namely, CYP1Al, 1A2,
2B6, 2C10, 3A4 and 2E1, only CYP2EI1 oxidized
N,N-dimethylformamide (Amato et al., 2001).
Methyl isocyanate or its chemically equivalent
metabolite is formed via N-methylformamide
as an intermediate, although HMMEF is also a
substrate of CYP2E1. However, the amount of
S-(N-methylcarbamoyl)glutathione  generated
from HMMEF in vitro was much smaller than that
formed from N-methylformamide under iden-
tical conditions (Mraz et al., 1993). The mech-
anism by which the key reactive intermediate
is formed was studied by kinetic isotope effect

measurementsinexperimentsinmice. Theconver-
sion of N-methylformamide to urinary AMCC
and biliary S-(N-methylcarbamoyl)glutathione
was found to be subject to large primary kinetic
isotope effects when hydrogen was replaced by
deuterium in the formyl group (k,/k, , 4.5 + 1.0
and 7 + 2, respectively) indicating the cleavage
of the formyl C-H bond is the rate limiting step
(Threadgill et al., 1987). The proposed mecha-
nism of the key step in the metabolic activation of
N,N-dimethylformamide through the oxidation
of N-methylformamide is shown in Figure 4.2.
Methyl isocyanate was also reported to be a main
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Fig. 4.2 Proposed mechanism of generation of the key electrophilic carbamoylating species,

methyl isocyanate

H
. C/N 0] CYP2EI H
3 \[4 H,c” NC=0 H;C—N=C=0
H Ld
NMF MIC
e, -H* e, -H*
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Adapted from Gescher (1993

product of N-methylformamide photo-oxidation
with hydroxyl radicals under aerobic conditions
and the carbonyl centred radical was proposed
as a precursor to methyl isocyanate based
on quantum chemical calculations (Bunkan
et al., 2015). This observation represents indirect
support for the above-mentioned mechanism
(Fig. 4.2).

Adducts with globin at N-terminal valine
and N, -lysine, N-(N-methylcarbamoyl)valine
and N_-(N-methylcarbamoyl)lysine, respectively,
were identified in rats exposed to high doses
of N,N-dimethylformamide (1000 mg/kg bw)
(Mraz et al., 2004) as well as in humans exposed
to N,N-dimethylformamide (Mraz et al., 2002,

The effects of the co-administration of
ethanol and N,N-dimethylformamide on
the metabolism of N,N-dimethylformamide,
N-methylformamide and ethanol were inves-
tigated in several early studies. Increases in
the concentrations of N,N-dimethylformamide,
N-methylformamide, ethanol or acetaldehyde
in blood were observed after co-exposure.
These results were attributed to the inhibition
by N,N-dimethylformamide of the activity of
alcohol dehydrogenase observed both in vitro
and in vivo (Eben & Kimmerle, 1976; Hanasono
et al., 1977; Sharkawi, 1979) and of aldehyde
dehydrogenase observed in vivo (Elovaara et al.
1983). The effect of the competitive inhibition of

2006). As cysteine sulthydryl groups are much
stronger nucleophiles than amino acid amine
groups, N-methylcarbamoylation is likely to
occur also at the sulthydryl groups of cysteine
to yield reactive thiocarbamate species capable
of transferring the N-methylcarbamoyl moiety
to other nucleophilic sites (transcarbamoyl-
ation). [The Working Group noted that, due
to the reactivity of the thiocarbamate moiety,
N-methylcarbamoylated cysteine residues may
have easily escaped detection in the analyses of
adducted globin. The N-methylcarbamoylating
species, either methyl isocyanate or a N-methyl-
carbamoylated cysteine residue, may carbamoy-
late nucleophilic sites in proteins and in the
DNA ]
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CYP2ELl, which seems to be very probable in the
light of more recent observations (Mraz et al.
1993; Chieli et al., 1995), was not considered at
the time of these early studies.

In conclusion, three metabolic events appear
to play key roles in N,N-dimethylformamide
toxicity: (i) N-methylcarbamoylation mediated
by methyl isocyanate and/or its chemical equiv-
alents; (ii) free radical damage caused by carba-
moyl radicals; and (iii) the probable formation
of formaldehyde by oxidative demethylation
(Fig. 4.1 and Fig. 4.2). The main enzyme respon-
sible for metabolic activation is CYP2EL.
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4.2 Mechanisms of carcinogenesis

The evidence on the key characteristics of
carcinogens (Smith et al., 2016), concerning
whether ~ N,N-dimethylformamide  induces
oxidative stress; alters cell proliferation, cell death,
or nutrient supply; is genotoxic; or modulates
receptor-mediated effects — is summarized below.

4.2.1 Oxidative stress

(a)  Humans

(i)  Exposed humans

N,N-Dimethylformamide-exposed Chinese
workers (n = 104) and 101 controls were
studied for oxidative and antioxidative status.
The N,N-dimethylformamide concentration
in workplace air was within the range of
3.3-12.4 mg/m’. The N-methyl-carbamoylated
haemoglobinadduct(NMHDb)inbloodwaschosen
as a biomarker measured as the Edman degra-
dation product, 3-methyl-5-isopropylhydantoin
(MVH). The MVH level in exposed workers
was 19.69 = 12.52 mg/kg, and MVH was not
detected in the control group. The activity
of superoxide dismutase (SOD) in exposed
workers (125.30 + 21.23 U/mL) was significantly
higher than the control group (118.35 + 18.48
U/mL). However, the activity of SOD showed
different trends with increasing MVH levels.
When MVH < 24 mg/kg, the SOD activity
increased with the increasing of MVH level.
When MVH >24 mg/kg, SOD activity decreased
with increasing MVH level. No significant
differences were observed in glutathione-S-
transferase, malondialdehyde or 3-nitrotyrosine
levels among the two groups. It was concluded
that N,N-dimethylformamide exposure did not
cause obvious lipid and/or protein peroxidative
damage (Cheng et al., 2014).

(i)  Human cells in vitro

HL-7702 normal human liver cells were
used to study N,N-dimethylformamide-induced
oxidative stress. Reactive oxygen species (ROS)-
induced fluorescence was determined by flow
cytometry using 2'7’-dichlorodihydrofluores-
cein diacetate (DCFH-DA) and propidium iodide
to identify viable cells. ROS levels increased with
N,N-dimethylformamide dose (0-40 mM) to a
maximum of ~1.5-fold in cells treated for 24 hours.
The levels of 8-hydroxy-2'-deoxyguanosine meas-
ured by enzyme-linked immunosorbent assay
(ELISA) increased to ~1.5-fold after incubation
with N,N-dimethylformamide at 40 and 100 mM
for 24 hours (Wang et al., 2015).

N,N-Dimethylformamide (60 mM) induced
differentiation of human HL-60 promyelo-
cytic leukaemia cells, and these cells acquired
polymorphonuclear leukocyte functions and
the ability to generate ROS when stimulated
(Speier &Newburger, 1986). HL60 cellsareknown
to contain CYP2E1 (Nagaietal.,2002), which can
metabolize N,N-dimethylformamide. Treatment
of HL-60 cells with N,N-dimethylformamide
resulted in a decline in total SOD, while catalase
activity declined slightly. Oxidized glutathione
(GSSG)reductaseactivityandreducedglutathione
(GSH) and GSSG levels declined slightly
over time. Concomitantly with the decrease
in antioxidant enzymes during the course of
N,N-dimethylformamide-induced differentia-
tion of human HL-60 cells, treatment with
phorbol myristate acetate (PMA, an ROS stim-
ulating agent) increased the ability of the cells to
generatehydrogenperoxide (Speier & Newburger,
1986). Atahigher dose, N,N-dimethylformamide
(80 mM) induced granulocytic cell differentia-
tion of human HL-60 promyelocytic leukaemia
and PLB-985 human myeloid leukaemia cells.
N,N-Dimethylformamide (80 mM) treatment
increased glutathione peroxidase enzymatic
activity, gene expression (mRNA) and
protein levels in HL60 and PLB-985 cells
(Shen et al., 1994).
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N,N-Dimethylformamide (0.5%) induced
granulocytic differentiation in PLB-985 human
myelomonoblastic leukaemia cells after 6 days of
treatment. Further treatment with PMA (1 pM)
and formyl-methionyl-leucine phenylalanine
(800 nM), ROS stimulating agents, induced ROS
detected by nitroblue tetrazolium staining in the
cells (Katschinski et al., 1999).

Both N,N-dimethylformamide and its metab-
olite N-methylformamide reduced total GSH
levelsinaconcentration-response manner (0-200
mM) after incubation in DLD-1 Clone A human
coloncarcinomacells (Cordeiro &Savarese, 1984).
In a follow-up study using the same experimental
conditions, both reduced GSH and GSSG were
measured separately. In concentration-response
studies with both N,N-dimethylformamide and
N-methylformamide, it was found that that the
levels of GSSG remained relatively constant
over 0-200 mM, while the levels of reduced
GSH decreased with increasing concentra-
tions of N,N-dimethylformamide or N-methyl-
formamide (Cordeiro & Savarese, 1986).

(b)  Non-human mammalian systems
(i) In vivo

N,N-Dimethylformamide treatment of
Sprague-Dawley rats after intraperitoneal injec-
tion (500 mg/kg bw per day for three consecu-
tive days) had no effect on the hepatic levels of
thiobarbituric acid reactive substances (TBARS).
N,N-Dimethylformamide decreased the hepatic
GSH content to 61% of control values (Kim et al.
2010).

Malondialdehyde (MDA) levels (measured
as TBARS) increased four- to ninefold in the
liver, and four- to sevenfold in the kidney of
male Wistar rats, 24 and 48 hours after intra-
peritoneal injection with a single dose of
N,N-dimethylformamide (1.5 g/kg bw). The
activities of the hepatic antioxidant enzymes
decreased at both time-points: SOD (~50%), cata-
lase (~50%), and glutathione peroxidase (~58%).
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The hepatic levels of reduced GSH and vitamin C
also decreased 55% and ~62%, respectively. The
levels of SOD, catalase, glutathione peroxidase,
reduced GSH, and vitamin C each decreased
40-60% in the kidney (Jyothi et al., 2012). In a
spectroscopic and modelling study, Kalyani et al.
(2014) reported a destabilization of SOD, which
might explain the decreases in activity reported
by Jyothi et al. (2012).

ICR mice (both sexes) treated with
N,N-dimethylformamide daily by gavage for
90 days had significant increases in MDA levels
measured as TBARS in heart homogenates and
in liver homogenates (at the 0.32, 0.63, and
1.26 g/kg bw dose levels) compared with controls.
SOD activity levels decreased significantly in
heart homogenates and liver homogenates (at
the 0.63 and 1.26 g/kg bw dose levels) compared
with controls. GSH levels decreased only in liver
homogenates at 0.32, 0.63, and 1.26 g/kg bw
(Rui et al., 2011).

Male Sprague-Dawley rats were dosed
with N-methylformamide or N,N-dimethyl-
formamide by intraperitoneal injection (1 mL/
kg bw). Only N-methylformamide depleted the
hepatic GSH level by about 30% 1 hour after
injection. Twenty-four hours after the treatment,
the GSH level returned to the control value
(Scailteur & Lauwerys, 1984).

GSH levels were measured in liver, kidney,
heart, lung and spleen tissues from male
CBA/CA mice dosed with single doses of
N-methylformamide (400 mg/kg bw), N-ethyl-
formamide (495 mg/kg bw) or formamide (dose
not reported) after 1 hour. N-Methylform-
amide, but not N-ethylformamide or formamide,
decreased hepatic GSH levels by 59.8%. Of the
other tissues investigated only the kidneys
exhibited GSH depletion (21.6%). In a
dose-response study, hepatic GSH levels
in male BALB/c mice decreased with
increasing dosage of N-methylformamide
(0-400 mg/kg bw) 1 hour after intra-
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peritoneal injection of N-methylformamide
(Gescher et al., 1982).

N-Methylformamide (200 mg/kgbw) injected
intraperitoneally into BALB/c mice depleted
total hepatic GSH to 21% of control levels 2 hours
after administration and induced hepatotoxicity.
In CBA/CA and BDFI mice, the same dose of
N-methylformamide depleted total hepatic GSH
levels to 53% of control levels and did not cause
hepatotoxicity (Pearson et al., 1987).

N-Methylformamide treatment of male
BALB/c mice (single intraperitoneal injection of
50-200 mg/kg bw) induced a dose-dependent
decrease in hepatic non-protein sulthydryls
(reduced GSH is the major non-protein sulthydryl
in cells). Higher doses (up to 800 mg/kg bw) did
notinduce a further decline. A time-course study
revealed that 4 hours after a dose of 300 mg/kg
bw, non-protein sulthydryls were reduced to
25% of control values. N-Methylformamide did
not significantly decrease the levels of hepatic
non-protein sulthydryls in male Sprague-Dawley
rats 4 hours after an intraperitoneal injection of
1000 mg/kg bw (Tulip & Timbrell, 1988).

Changes in gene expression were examined
in the livers of male BALB/c mice dosed with
a single intraperitoneal injection (300 mg/kg
bw) of N-methylformamide. Comparison of the
gene expression patterns of N-methylformamide
versus saline control identified a series of signif-
icantly altered genes associated with oxidative
stress (e.g. upregulation of aldehyde oxidase
1 Aoxl, heat shock protein Hspbl, Hspa8, and
Hspl105) (Mutlib et al., 2006).

N,N-dimethylformamide induced CYP2El
protein levels in liver microsomes from male
Sprague Dawley rats after intraperitoneal injec-
tion of N,N-dimethylformamide at 0, 450, 900
or 1800 mg/kg bw once per day for 3 days.
The activities of p-nitrophenylhydroxylase (a
measure of CYP2E1 enzymatic activity) in the
N,N-dimethylformamide-treated groups were
significantly higher than that of the control
group after 3 days of treatment. Under the same

experimental conditions there were no significant
increases in CYP1A1 or CYP2B1/2 proteins or
increases in their associated enzymes ethoxyre-
sorufin-O-deethylase (EROD) or pentoxyresoru-
fin-O-dealkylase (PROD) activities, respectively
(Koh et al., 1999). The effects of N,N-dimethyl-
formamide on the induction of CYP2EI protein
levels, p-nitrophenylhydroxylase, glutathione
S-transferase and  glutathione  peroxidase
activities were studied in the livers of male
Sprague-Dawley rats after intraperitoneal
injection of N,N-dimethylformamide at 0,
450, 900, or 1800 mg/kg bw once per day for
3 days. The levels of CYP2EI analysed by Western
immunoblot increased and p-nitrophenylhy-
droxylase activity increased ~3.7-fold after 3 days
of treatment. Glutathione S-transferase levels
increased slightly with N,N-dimethylformamide
treatment while N,N-dimethylformamide had
no effect on glutathione peroxidase levels (Kim &
Chung, 2013). In another report, CYP2EI protein
was induced ~1.5-fold in liver homogenates
from rats treated with N,N-dimethylformamide
(500 mg/kg bw daily for 3 days) (Kim & Kim
2011). It has been reported that CYP2EI induc-
tion can lead to the over production of ROS
and oxidative stress (Caro & Cederbaum,
2004; Gonzalez, 2005). [A possible explana-
tion for the ability of N,N-dimethylformamide
to induce hepatotoxicity is the production of
ROS by N,N-dimethylformamide through
CYP2EL1 induction and uncoupling of the cata-
lytic cycle (release or escape of the superoxide
anion radical during the course of the P450
catalytic cycle) (Gonzalez, 2005) combined with
N,N-dimethylformamide and the depletion of
GSH by N-methylformamide.]

(i) Invitro

N-Methylformamide decreased total intra-
cellular GSH levels in murine TLX5 lymphoma
cells in a concentration-related fashion up to 160
mM after a 48-hour incubation (Bill et al., 1988)
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(c) Non-mammalian systems

N,N-Dimethylformamide induced oxidative
stress in the proteobacteria, Paracoccus sp. SKG.
Glutathione S-transferase, catalase, and SOD
activities increased in a concentration-response
manner. Cellular levels of methionine as well as
protein levels of the enzyme methionine sulfoxide
reductase, which catalyses the reduction of both
free and protein-bound methionine sulfoxide
residues back to methionine (Ezraty et al., 2005)
were increased (Kirankumar et al., 2014).

[The Working Group noted that both
N,N-dimethylformamide = and  N-methyl-
formamide have been shown to alter indices
of oxidative stress. N,N-Dimethylformamide
induced ROS in human liver cells and increased
malondialdehyde levels in the livers of mice
and rats. N,N-dimethylformamide altered the
levels of glutathione peroxidase and SOD in
human tumour cells and lowered the levels
of hepatic GSH in the livers of mice and rats.
N-Methylformamide reduced the levels of
GSH in tumour cells and in the livers of mice
and rats and increased the expression of genes
associated with oxidative stress in the livers of
treated mice.]

4.2.2 Altered cell proliferation or death

(a)  Humans

(i)  Exposed humans
No data were available to the Working Group.

(i) Human tumour cells implanted into

experimental animals
N,N-Dimethylformamide and N-methyl-
formamide inhibited the growth of two

human colon cancer cell lines xenografted
into female nude mice. Mice received subcuta-
neous transplants of HCT-15 or DLD-2 human
colon cancer cells and were treated intraperi-
toneally with N,N-dimethylformamide or
N-methylformamide, 2219 and 374 mg/kg bw
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given daily for 21 days, respectively. HCT-15
tumour growth was inhibited 65% by
N,N-dimethylformamide = compared  with
controls. In two independent experiments
with N,N-dimethylformamide, DLD-2
tumour growth was inhibited by 45 and 67%.
N-Methylformamide  treatment  produced
43 and 75% growth inhibition of HCT-15
and DLD-2 tumours, respectively (Dexter
et al., 1982). Nude mice (15 mice per group) were
subcutaneously injected with SHG-44 human
glioma cells grown in the absence or presence
of N,N-dimethylformamide. Pretreatment of
SHG-44 cells with N,N-dimethylformamide
reduced the growth rate of the xenografts
(Lietal., 1997).

CD-1 male nude mice (eight mice per group)
were injected subcutaneously with human
colon carcinoma HT-29 cells or HT-29 cells
grown in medium containing 1% (170 mM)
N-methylformamide (designated HT29-NMF
cells) inducing cell differentiation. HT29-NMF
cells had an increased latency period in the
appearance of palpable tumours compared with
HT-29 cells and tumour weights were lower in
mice carrying the HT29-NMF cell xenographs
compared with mice carrying the HT29 cell
xenographs, indicating slower growth induced
by N-methylformamide (D’Agnano et al., 1992).

(iii)

Human cells in vitro

N,N-Dimethylformamide has been shown
to inhibit the growth of human tumour cells in
culture in many studies.

The growth of RKO colon carcinoma
cells (Brattain et al., 1984) treated with
N,N-dimethylformamide (0.7%) resulted in
an 88% reduction in cell number compared
with untreated control cells (Zipfel et al., 1993).
Similarly, cell proliferation of MOSER human
colon carcinoma cells, transforming growth
factor-p  (TGF-P)-resistant MOSER human
colon carcinoma cells and HCT 116 human
colon carcinoma cells was reduced by 1%
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N,N-dimethylformamide; there was essentially
minimal cell growth for each cell line (Mulder
et al., 1988).

DLD-1 and HCT-15 human colon carci-
noma cell lines and several subclones of
DLD-1 cells (Clone A, Clone D) were treated
with N,N-dimethylformamide (0.8%) which
induced morphological changes in the cells
and alterations in their growth properties.
N,N-Dimethylformamide also induced differ-
entiation and maturation to a less malig-
nant phenotype (Dexter et al., 1979; Dexter
& Hager, 1980). Growth in the presence of
N,N-dimethylformamide also caused a marked
reduction in the tumorigenicity of the cells in
vivo. While 20 of 20 nude mice injected with
DLD-1 cells developed tumours in 10-14 days,
only one nude mouse out of ten inoculated with
N,N-dimethylformamide-treated DLD-1 cells
developed a tumour in the third month after the
injection (Dexter et al., 1979; Dexter & Hager,
1980).

N-Methylformamide increased the doubling
times of DLD-1 Clone A cells in culture in a
concentration-response fashion (Dibner et al.
1985). N-Methylformamide (1%, 170 mM) treat-
ment of human HT-29 colon carcinoma cells
induced cell differentiation and reduced cell
proliferation. N-Methylformamide treatment
induced a G,/G, phase accumulation, with a
higher percentage of treated cells in G /G, phase
compared with controls (D’Agnano et al., 1992).
N,N-Dimethylformamide (0.25, 0.5, 0.75, and
1%) produced a concentration-dependent inhib-
itory effect on cell proliferation in monolayers
of human glioma SHG-44 cells Li et al. (1997).
The percentage of DNA fragmentation and
apoptotic nuclei increased in cultures of human
colonic carcinoma HT-29 cells after treatment
with N,N-dimethylformamide (1%) for 72 hours
(Heerdt et al., 1996).

The effects of N,N-dimethylformamide on
hyperthermia-induced apoptosis, DNA frag-
mentation and cell cycle effects were studied in

PLB-985 human myelomonoblastic leukaemia
cells. Hyperthermia (42 or 43 °C, 1 hour) induced
apoptosis and DNA fragmentation in PLB-985
cells and led to a decrease in the number of
G,/G, cells as determined by flow cytometry.
N,N-Dimethylformamide (0.5%) treatment of
these cells caused differentiation along the gran-
ulocytic pathway and prevented the induction of
apoptotic death (Katschinski et al., 1999).

In the normal human liver cell line, HL-7702,
N,N-dimethylformamide (0, 50, 100, 150, and
200 mM) for 12 hours increased the apop-
totic rate of hepatocytes in a concentration-re-
lated manner as measured by flow cytometry.
N,N-Dimethylformamide induced a steady
decrease of the expression of the anti-apoptotic
Bcl-2 protein shown by Western blotting and
its level was lower than the control group. The
expression of the pro-apoptotic Bax protein
showed no significant differences between the
different N,N-dimethylformamide concentration
groups. Increasing the N,N-dimethylformamide
concentration decreased the ratio of Bcl-2/
Bax; at 200 mM this ratio was significantly
lower than that of the controls. Procaspase-3
protein was observed at 150 and 200 mM, which
demonstrated that there was active caspase-3
(Lu et al., 2008).

(b)  Non-human mammalian systems
(i) Invivo

Dose related increases in cell proliferation
were seen in male F344/DuCrlCrj rats (SPF)
exposed to N,N-dimethylformamide by both
inhalation (0, 200, or 400 ppm for 6 hours per
day, 5 days per week, for 4 weeks) and in drink-
ing-water (0, 800, 1600, or 3200 ppm for 24 hours
per day, 7 days per week, for 4 weeks). Maximal
induction up to 9.7-fold was reported at the
200 ppm inhalation/3200 ppm oral dose level.
Rats treated with N,N-dimethylformamide only
by inhalation or only by oral dosing also showed
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modest dose-related increases in cell prolifera-
tion (Ohbayashi et al., 2008).

The effects of N,N-dimethylformamide
on several hepatic enzymes associated with
apoptosis were investigated in Sprague-
Dawley rats after intraperitoneal injections of
500 mg/kg bw per day for 3 consecutive days.
N,N-Dimethylformamide induced a marginal
increase in the ratio of the protein levels of Bax
to Bcl-xL (an apoptosis inhibitor), and had no
effects on poly (ADP-ribose) polymerase (PARP)
cleavage or caspase-3 activity (Kim et al., 2010).

Fourteen of 17 CE/] mice receiving intra-
peritoneal injections of murine rhabdomyosar-
coma cells (pre-cultured in media containing
N,N-dimethylformamide (1%) for 10 days) did
not develop tumours after 6 months. This was
compared with 21 mice receiving intraperitoneal
injections of untreated rhabdomyosarcoma cells,
which died of tumour between 11 and 31 days
(Dexter, 1977).

The growth of murine M5076 ovarian
sarcoma cells injected intramuscularly into
female BDF, mice was inhibited by daily intra-
peritoneal injections of N-methylformamide
(25, 50, 100, or 200 mg/kg bw) for 17 days. In
similar types of studies, formamide (200 mg/kg
bw) or N-methylformamide (200 mg/kg bw)
administered to female BDF, mice daily during
the course of 17 days markedly reduced the
tumour volume of M5076 tumours. Daily dosing
with N-methylformamide (300 mg/kg bw) or
formamide (300 mg/kg bw) for 9 days by intra-
peritoneal injections reduced murine sarcoma
180 tumour volume in female BDF, mice injected
with this tumour (Gescher et al., 1982).

N-Methylformamide (300 mg/kg bw) admin-
istered intraperitoneally daily for 6 days slowed
the growth of FSA fibrosarcoma, and HCA-I
hepatocarcinoma tumour xenographs and
totally inhibited the growth of the MCA-K
mammary carcinoma tumour xenographs in
CH,Hf/Kam mice. However, the effects were
transient; tumours resumed their pretreatment
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growth rate upon cessation of the treatment
(Iwakawaetal., 1987b). Inasimilar study, CH,Hf/
Kam mice were injected intramuscularly with a
single-cell suspension of the FSA fibrosarcoma.
Treatment with N-methylformamide (300 mg/kg
bw) only slightly inhibited the tumour growth
when administered for 8 days (Iwakawa et al.,
1987a).

Changes in gene expression associated with
cellproliferation werereportedintheliversofmale
BALB/c mice dosed with a single intraperitoneal
injection (300 mg/kg bw) of N-methylformamide
(Mutlib et al., 2006).

(i) Invitro

N,N-Dimethylformamide (1%, 170 mM)
decreased the growth of both murine rhabdo-
myosarcoma cells (Dexter, 1977), AKR-2B mouse
embryo fibroblast cells and their methylcholan-
threne-transformed counterpart AKR-MCA
cells in culture (Hoosein et al., 1988).

N-Methylformamide(43to170mM)decreased
the growth of TLX5 murine lymphoma cells
and changed the distribution of these cells in the
cell cycle determined by flow cytofluorimetry,
increasing the proportion of G, cells and reducing
the proportion of cells in the S and G,/M phases.
N-Methylformamide (0-160 mM) also inhibited
the ability of TLX5 cells to grow in soft agar (Bill
et al., 1988).

N-Methylformamide (0.5 or 1%) reduced the
clonogenicity of MCA-K (mammary carcinoma),
butnotFSA (fibrosarcoma)orHCA-Icells (hepato-
carcinoma) in vitro (Iwakawa et al., 1987b).

One study reported that N,N-dimethyl-
formamide increased apoptosis. Treatment of
immortalized Rat-1 fibroblasts in monolayer
with N,N-dimethylformamide at 50-175 mM
for 24 hours induced cell death by apoptosis with
early apoptotic changes observed in the cells, cell
shrinkage with nuclear condensation, and the
formation of membrane and DNA fragmenta-
tion (Boyle & Hickman, 1997).
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[The Working Group noted that N,N-
dimethylformamide and N-methylformamide
have been used in preclinical cancer chem-
otherapeutic  trials. Experimental studies
showed that N,N-dimethylformamide and
N-methylformamide inhibited the growth
of cancer «cells in culture, and cancer
cell lines implanted into mice. In these
studies, cancer cells were cultured in the
presence of N,N-dimethylformamide or
N-methylformamide and injected into mice, or
mice carrying cancer xenographs were dosed
with N,N-dimethylformamide or N-methyl-
formamide. = N,N-Dimethylformamide also
altered the malignant phenotype of cancer cells
and reduced cell growth in vitro. One studyin rats
showed that N,N-dimethylformamide increased
hepatic cell proliferation. ~N,N-Dimethyl-
formamide increased apoptosis in tumour cells
and in a normal human liver cell line.]

4.2.3 Genetic and related effects

(a)  Humans

(i)  Exposed humans

See Table 4.1

In the analytical study of Hennebriider &
Angerer (2005), urine samples taken from male
workers exposed to N,N-dimethylformamide
vapours (exposure level not given) were
analysed by a sensitive LC/MS method for
DNA adducts. N*-(N-methylcarbamoyl)cyto-
sine (N4-NMCC), a DNA adduct, which was
already known to be formed from MIC (Segal
et al., 1989), a probable metabolic intermediate
of N,N-dimethylformamide, was detected. In
10/32 urine samples collected from occupation-
ally exposed subjects N4-NMCC was detected
in concentrations of 31-172 ng/L (detection
limit was 8 ng/L). No N4-NMCC was detected
in urine samples taken from 24 subjects with
no record of N,N-dimethylformamide exposure
(Hennebriider & Angerer, 2005).

Significant differences in the comet extent,
tail extent, Olive tail moment, and tail DNA/
total DNA (%) were reported by Chen (2004)
in workers who were occupationally exposed to
N,N-dimethylformamide (6-7 years of exposure)
as compared with controls (P < 0.05).

Changes in mitochondrial DNA in blood
leukocytes, namely, a common deletion
AmtDNA#77 and mtDNA copy numbers, were
reported in a study on 13 male synthetic-
leather  factory = workers. Exposure to
N,N-dimethylformamide was followed by air
sampling (median, 10.59 ppm; range, 6.65-34.38
ppm), as well as by urine analysis for the
biomarkers “NMEF” (actually HMMF+NMF;
median, 13.77 mg/L; range, 7.47-73.64 mg/L)
and AMCC (median, 40.70 mg/L; range,
6.76-442.24 mg/L). The values found in subjects
exposed to N,N-dimethylformamide were signif-
icantly higher than those in controls, which
were matched by age, seniority, smoking, and
alcohol drinking habits. Moreover, both param-
eters appeared to be exposure-dependent when
subjects exposed to N,N-dimethylformamide at
concentrations higher and lower than 10 ppm
(permissible exposure limit) were compared. The
frequencies of AmtDNA®77 were significantly
elevated also in subjects with high urinary levels
of AMCC (=40 mg/L). On the other hand elevated
mtDNA copy number was found in subjects
with relatively high urinary “NMF” concentra-
tions (= 15 mg/L) considered as a short-term
marker of exposure to N,N-dimethylformamide
(Shieh et al., 2007).

Rates of sister-chromatid exchange were
determined in peripheral blood lympho-
cytes of 22 non-smoking women exposed to
N,N-dimethylformamide working in a synthet-
ic-leather manufacturing plant for 1.1-9.9 years.
The exposed group was divided into three
subgroups according to the exposure level, which
was 0.3,0.7, and 5.8 ppm (time-weighted average,
TWA) in the low, intermediate, and high expo-
sure group, respectively. A co-exposure by low
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concentrations of toluene (0.9 ppm, TWA) was
reported for the intermediate exposure group
but not for other groups. Age-, sex-, and resi-
dence-matched controls from the same factory
(administrative staff) were used. A dose-de-
pendent increase in sister-chromatid exchanges
was found in the exposed group (rates of 8.26,
7.23, and 5.67 for the high, intermediate, and low
exposure subgroup, respectively) and the mean
of exposed group was significantly higher than
that of controls (P < 0.01). However, the mean
sister-chromatid exchange rate value in the low
exposure group appeared to be lower than that in
controls (P < 0.05) (Seiji et al., 1992).

Two other field studies in humans exposed to
N,N-dimethylformamide in vivo found increases
in chromosomal aberrations (Major et al., 1998;
Koudela & Spazier, 1981), aneuploidy, sister-chro-
matid exchange, and unscheduled DNA synthesis
(Major et al., 1998). [The Working Group noted
that the genotoxic effects observed may not be
related to N,N-dimethylformamide exposure
because of co-exposure with high concentrations
of acrylonitrile (Major et al. 1998), and because
no data were available on smoking and co-expo-
sure with numerous other chemicals occurring
at the workplace (Koudela & Spazier, 1981).]

Cheng et al. (1999) studied sister-chromatid
exchange in peripheral blood lymphocytes of
85 plant workers occupationally exposed to
N,N-dimethylformamide and/or epichloro-
hydrine. Airborne N,N-dimethylformamide
concentrations during the work-shifts ranged
from 1 to 83 ppm (TWA). An association
between sister-chromatid exchange frequencies
and epichlorohydrin exposure levels, but not
N,N-dimethylformamide exposure levels, was
found. No unexposed control group was used
and the exposure history of the subjects studied
was not reported.

(i) Human cells in vitro
See Table 4.2

In vitro, N,N-dimethylformamide gave
negative results in a human hepatocyte primary
culture DNA repair assay based on autoradio-
graphic detection of unscheduled DNA synthesis
at concentrations up to 10 mM (McQueen et al.,
1988).

Positive results were reported when phospho-
rylated histone H2AX (yH2AX) was used as a
biomarker of double-strand breaksin humanliver
cell DNA treated with N,N-dimethylformamide
(1.5-100 mM) (Xuan et al., 2008; Wang et al.,
2015).

The levels of 8-hydroxy-2'-deoxyguanosine
were increased 1.5-fold in human liver cells
HL-7702 exposed to N,N-dimethylformamide at
40 and 100 mM (Wang et al., 2015).

Negative results for N,N-dimethylformamide
(upto 10 mM, 731 pg/mL) were obtained in a study
of genotoxic insult evaluated by GreenScreen HC
GADD45a-GFP genotoxicity assay (Hastwell
et al., 2006).

No increase in the frequency of sister-chro-
matid exchange was observed in human
lymphocytes  incubated in  vitro  with
N,N-dimethylformamide at concentrations up
to 1.1 M for 24, 48, or 72 hours (Antoine et al.
1983).

(b)  Experimental systems

See Table 4.3

Studies on genetic and related effects in
various experimental systems in vivo (e.g.
rats, mice, and Syrian hamsters) and in vitro
(including human lymphocytes, rat and mouse
hepatocytes, mouse lymphoma cells, Chinese
hamster ovary cells, yeast, Salmonella typhimu-
rium, and Escherichia coli) were comprehensively
reviewed in a previous IJARC Monograph, when
the data on N,N-dimethylformamide were eval-
uated by the Working Group in 1999. At the time,
the results were mostly negative or inconclusive,
and did not provide evidence supporting a geno-
toxic mechanism (IARC, 1999). For instance,
N,N-dimethylformamide gave negative results
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Table 4.2 Genetic and related effects of N,N-dimethylformamide in human cells in vitro

Species  Cell type End-point Test Results Dose Reference
(LED or HID)
Human Hepatocytes DNA damage UDS - 10 mM McQueen et al.
[731 ug/mL] (1988)
Human Hepatocytes DNA damage yH2AX + 1.56 mM Xuan et al. (2008)
(114 pg/mL]
Human Liver HL-7702 cells DNA damage yH2AX + 6.4 mM Wang et al. (2015)
[468 pg/mlL]
Human Liver HL-7702 cells DNA damage 8-OHdG (ELISA) + 40 mM Wang et al. (2015)
[2924 ug/mlL]
Human Lymphoblastoid TK6 ~ DNA damage GADD45«-GFP - 10 mM Hastwell et al.
cell line assay [731 pg/mlL] (2006)
Human Lymphocytes Chromosomal Sister-chromatid - 1.1 M Antoine et al. (1983)
damage exchange [80 400 ug/mL]

+, positive; -, negative; ELISA, enzyme-linked immunosorbent assay; GADD45a, growth arrest and DNA damage-inducible 45a gene; GFP,
green fluorescent protein; HID, highest ineffective dose; LED, lowest effective dose; 8-OHdAG, 8-hydroxy-2"-deoxyguanosine; UDS, unscheduled

DNA synthesis

for micronuclei in mice (Antoine et al., 1983) and
in the white/white* eye mosaic test in Drosophila
(Vogel & Nivard, 1993).

Recent studies of genotoxicity in vitro
have shown predominantly negative results.
N,N-Dimethylformamide  administered by
gavage at the dose levels of 50, 100, and
200 mg/kg bw once per day for 14 consecutive
days to rats significantly increased lymphocyte
comet tail, average tail length, and tail moment
(Xing et al., 2014). However, negative results for
N,N-dimethylformamide at concentrations up to
257 mM were obtained in an RAD54-GFP assay
on yeast (Saccharomyces cerevisiae). RAD54 is a
DNA repair gene induced by a variety of DNA
lesions above the constitutive level (Knight et al.,
2007). N,N-Dimethylformamide (4% v/v) was
also not mutagenic in the umu-test on Salmonella
typhimurium TA1535 (Degirmenci et al., 2000).

In a study on the combined action of
N,N-dimethylformamide and hydrogen peroxide
in the presence of Cu(II), N,N-dimethylforma-
mide (0.5-4%) markedly enhanced DNA
strand breaks and 8-hydroxy-2'-deoxyguano-
sine induced by 50 uM H,0O, and 20 uM Cu(II)
(Midorikawa et al., 2000).
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Formaldehyde, a necessary product of
N,N-dimethylformamide demethylation, and
MIC, a likely metabolic intermediate of
N,N-dimethylformamide, can also cause chro-
mosomal damage (Goswami, 1986; Tice et al.,
1987; IARC, 2006).

4.2.4 Receptor-mediated effects

(a) Humans

Sperm motility was reduced in 12 workers
exposed to N,N-dimethylformamide in a
synthetic-leather  factory compared with
8 non-exposed sociodemographically matched
controls (Chang et al., 2004a). Sperm motility
was related to urinary N-methylformamide level,
but not airborne N,N-dimethylformamide.

In occupationally exposed workers, effects of
N,N-dimethylformamide on coagulation were
probably related to change on the membrane
receptor of platelets and to a modification in
phospholipid components. A follow-up exper-
iment in vitro with platelets indicated that
effects on aggregation were most likely induced
by epinephrine and adenosine diphosphate
(Imbriani et al., 1986).
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Table 4.3 Genetic and related effects of N,N-dimethylformamide in experimental systems

Species, strain End-point Test Results Dose Reference
(sex), tissue (LED or HID)
Rat, Wistar (F), DNA damage DNA strand + 50 mg/kg bw Xing et al. (2014)
lymphocytes breaks (comet) gavage; 1 x/day, 14

days
Mouse Balb/C (M), Chromosomal Micronuclei - 2000 mg/kg bw Antoine et al.
bone marrow damage i.p.; dosing 30 h 1983

after treatment
Drosophila, Cross ~ Mutation Somatic mutation - 10 mM Vogel & Nivard
C-1, strains y and and recombination (731 pg/mlL] (1993)
w test (SMART)
Saccharomyces DNA damage RAD54-GFP assay - 257 mM Knight et al. (2007
cerevisiae GenT01/ (18 800 ug/mL]
GenCO01 (control
strain)
Salmonella DNA damage umu-test NT 4% (v/v), tested Degirmenci et al.
typhimurium with (but not (2000
TA1535 without) metabolic

activation

+, positive; -, negative; bw, body weight; GFP, green fluorescent protein; F, female; HID, highest ineffective dose; i.p., intraperitoneal; M, male;
NT, not tested; RAD54, gene coding for a DNA repair/recombination protein; v/v, volume per volume

In human colon carcinoma and other cell
lines, N,N-dimethylformamide stimulated
mitogenesis via the epidermal growth factor
(EGF) receptor and increased TGF-f receptors,
with results variable across cell type (Levine
et al., 1985a, b; Levine et al., 1989; Levine &
Chakrabarty, 1992). N,N-dimethylformamide
also significantly induced the number of uroki-
nase receptors in a human colon carcinoma cell
line (Boyd et al., 1988).

(b)

Experimental systems

A 13-week toxicity study in female and
male cynomolgus monkeys treated with
N,N-dimethylformamideat 30-500 ppm by inha-
lation showed a slight trend towards increasing
estrous cycle (Hurtt et al., 1992).

Some experimental studies did report
receptor perturbations at relatively high (in
the range of 7 to 15%) dose levels. While using
N,N-dimethylformamide to increase the solu-
bility of estrogen receptor (ER) agonists, it
was observed that N,N-dimethylformamide

was able to interfere with ER-binding kinetics
and could cause receptor inactivation on
the binding site directly or the ER-estradiol
complex (Sasson & Notides, 1988). In addition,
N,N-dimethylformamide was also able to act
as a weak ER agonist in fish (Ren et al., 1996).
N,N-Dimethylformamide also influenced the sex
ratio and the gonadosomatic index in rainbow
trout (van den Hurk & Slof, 1981).

4.2.5 Other mechanisms

In the polyclonal human ovarian adeno-
carcinoma cell line HOC-7, 0.5% N,N-
dimethylformamide prolonged the cell doubling
time, downregulated c-Myc protein expression
and caused development of the HOC-7 cells to
a less malignant cell phenotype (Somay et al.,
1992). In addition, N,N-dimethyl-formamide has
also been found to induce the EGF receptor, but
the overall inhibitory effect on c-Myc expression
by N,N-dimethylformamide has been suggested
to dominate its eventual anti-proliferative effect
in these HOC-7 cells (Grunt et al., 1993).
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4.3 Data relevant to comparisons
across agents and end-points

For all compounds evaluated in the present
volume, including N,N-dimethylformamide,
analyses of high-throughput screening data
generated by the Tox21 and ToxCast™ research
programmes of the government of the USA
(Kavlock et al., 2012; Tice et al., 2013) are
presented in the Monograph on 1-bromopropane
in the present volume.

4.4 Susceptibility to cancer

No studies with cancer as an outcome that
investigated susceptibility were available to the
Working Group.

There were susceptibility studies concerning
other end-points. A study showed that workers
with GSTTI null genotype are more suscep-
tible to N,N-dimethylformamide exposure-as-
sociated abnormal liver function (Luo et al.,
2005). Two other studies showed no associations
between polymorphism of CYP2EI and the levels
(Nomiyamaetal.,2001b) orhalf-lives (Nomiyama
et al., 2001c) of urinary N-methylformamide.
A total of 66 male workers exposed to
N,N-dimethylformamide were investigated (Luo
et al., 2005). Compared with the GSTTI-positive
genotypeworkers, theadjustedoddsratioand 95%
confidence intervals for abnormal liver function
test were 4.41 (95% CI, 1.15-16.9) for the GSTT1
null genotype workers. Compared with the
N,N-dimethylformamide low-exposure group
with GSTTI-positive genotype workers, the odds
ratio (adjusted for hepatitis B virus (HBV) status)
of abnormal liver function test was 12.38 (95% CI,
1.04-146.9) for the N,N-dimethylformamide
high-exposure group with GSTT1-null genotype
workers. Multiplicative interactions between
N,N-dimethylformamide exposure and GSTTI
genotype were demonstrated.

There was no significant difference
between slopes of single linear regression
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model for N,N-dimethylformamide and
N-methylformaldehyde in *1C homozygotes and
*1D-hetero- and -homozygotes, in a study of the
*1C/*1D CYP2EL1 polymorphism in 20 male and
24 female workers (Nomiyama et al., 2001b).

A total of 123 workers exposed to
N,N-dimethylformamide were investigated for
genotypes of CYP2EI and half-lives of urinary
N-methylformamide (Nomiyama et al., 2001c).
The workers comprised 77 c1 homozygotes, 45
c2 heterozygotes, and 1 c2 homozygotes. The
half-lives of c1 homozygotes were not signifi-
cantly different from those of the c2 heterozy-
gotes and there were no differences between
N-methylformamide half-lives for subjects with
or without the c2 allele.

4.5 Other adverse effects

Occupational exposure to N,N-dimethyl-
formamide induced liver injury in exposed
workers (Wrbitzky, 1999; Wang et al., 2014).
Exposure to N,N-dimethylformamide induced
various symptoms, such as abdominal pain,
nausea, vomiting or diarrhoea, as well as jaun-
dice and disulfiram-type reaction (Potter, 1973;
Fioritoetal., 1997). Serum aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT)
(ALT > AST generally) and y-glutamyl transpep-
tidase were increased (Potter, 1973; Nomiyama
et al., 2001d). HBV carrier status and increased
body mass index had synergistic effects with
N,N-dimethylformamide exposure in causing
liver abnormalities (Luo et al., 2001). A patient
who was exposed to N,N-dimethylformamide by
a suicide attempt showed elevation in AST, ALT,
and total bilirubin and decrease in prothrombin
time (Buylaert et al., 1996).

In experimental systems, there were
many studies in rats (e.g. Tanaka, 1971; Kim
& Chung, 2013), mice (e.g. Craig et al., 1984;
Rui et al., 2011), hamsters (Ungar et al., 1976),
cats or rabbits (Massmann, 1956) exposed to
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N,N-dimethylformamide by inhalation (Craig
etal., 1984; Senoh et al., 2003), inhalation and in
drinking-water (Ohbayashi et al., 2008), gavage
(Rui et al., 2011), and intraperitoneal injection
(Ungar et al., 1976; Kim & Chung, 2013), which
showed hepatotoxicity (Malley et al., 1994; Senoh
etal., 2003). The main histopathological changes
were centrilobular hepatocellular necrosis
(Ungar et al., 1976; Kim & Chung, 2013), centri-
lobular hepatocellular hypertrophy (Tanaka
1971; Ruietal.,2011), massive necrosis associated
with centrilobular fibrosis (Senoh et al., 2003),
focal necrosis (Senoh et al., 2003), centrilobular
single cell necrosis (Malley et al., 1994; Senoh
et al., 2003), and lipofuscin/hemosiderin accu-
mulation in Kupffer cells (Malley et al., 1994).
Serum sorbitol dehydrogenase (Malley et al.,
1994; Lynch et al., 2003), ALT (Tanaka, 1971; Rui
et al., 2011), AST (Tanaka, 1971; Rui et al., 2011),
lactate dehydrogenase (Tanaka, 1971; Rui et al.,
2011), cholesterol (Lynch et al., 2003; Senoh et al.,
2003), phospholipid (Senoh et al., 2003), and total
bile acids (Lynch et al., 2003) were increased.

In rodents, exposure to N,N-dimethyl-
formamide by inhalation (Kimmerle &
Machemer, 1975), gavage (Saillenfait et al., 1997),
in drinking-water (Fail et al., 1998), or by epicu-
taneous administration (Hansen & Meyer, 1990)
reduced fertility (Hansen & Meyer, 1990), and
the number of fetuses (Hansen & Meyer, 1990),
decreased maternal weight (Hansen & Mevyer,
1990; Saillenfait et al., 1997) and fetal weight
(Hansen & Meyer, 1990; Saillenfait et al., 1997)
as well as inducing skeletal variations (Saillenfait
et al., 1997) or malformations (Fail et al., 1998).

5. Summary of Data Reported

5.1 Exposure data

N,N-Dimethylformamideisachemical witha
high production volume thatis mainlyused in the
manufacture of acrylic fibres, and in the synthet-
ic-leather industry. N,N-Dimethylformamide is
also used as a solvent in the electronics industry,
in pesticide formulations, and as a component
of paint strippers. Exposures of the general
population have been reported in China among
residents living near synthetic-leather factories.
N,N-Dimethylformamide has been detected
in the air in the vicinity of a waste site in the
USA, and in environmental samples of air and
water in Japan. Occupational exposures to
N,N-dimethylformamide have been measured
among workers employed in acrylic-fibre and
synthetic-leather industries.

5.2 Human carcinogenicity data

Evidence on the carcinogenicity of N,N-
dimethylformamide in humans was available
from studies of aircraft-repair workers, leather-
tannery workers, and chemical manufacturing
workers.

One study described a cluster of three cases of
cancer of the testes among 153 workers repairing
F4 Phantom jetaircraftin the USA. These workers
participated in or worked in proximity to a single
process that involved uncontrolled exposure to
N,N-dimethylformamide. The finding of the
cluster investigation motivated a further study
at a different aircraft-repair facility, where one
unit repaired the F4 Phantom aircraft (also with
exposure to N,N-dimethylformamide) and one
unit repaired other aircraft (without exposure to
N,N-dimethylformamide). In the exposed group,
four cases of cancer of the testes were observed,
compared with none in the unexposed group.
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Shortly thereafter, a cluster of three cases
of cancer of the testes was observed in workers
who used N,N-dimethylformamide at a leather
tannery in New York state, USA. A subsequent
case—control study of cancer of the testis in the
county where the tannery was located, which
included the 3 original cases and 7 others,
supported the existence of a cluster among
leather workers.

A cohort study in one plant producing acrylic
fibres in the USA, and a subsequent case—control
study including that plant and three others, all
of which used N,N-dimethylformamide and
other chemicals, found 11 cases of cancer of
the testes, of which three had been exposed to
N,N-dimethylformamide, with no observed
excess. It is likely that the exposures to
N,N-dimethylformamide in these manufac-
turing plants were lower than those of leath-
er-tanning and aircraft-repair workers.

The data from studies of aircraft-repair
workers and leather workers provided evidence
for a positive association between exposure to
N,N-dimethylformamide and cancer of the
testes; however, chance and confounding by
other occupational exposures could not be ruled
out.

5.3 Animal carcinogenicity data

N,N-dimethylformamide was tested for
carcinogenicity in two studies by whole-body
inhalation in male and female mice, two studies
by whole-bodyinhalationin maleand femalerats,
and one study by whole-body inhalation plus oral
(drinking-water) administration (combined) in
male rats. The Working Group determined that
one study by oral administration, one study by
subcutaneous injection, and one study by intra-
peritoneal injection in rats were inadequate for
the evaluation.

In a 2-year study that complied with good
laboratory practice (GLP), treatment of mice with
N,N-dimethylformamide by inhalation caused a
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significant increase in the incidence of hepato-
cellular adenoma, hepatocellular carcinoma, and
hepatocellular adenoma, hepatocellular carci-
noma or hepatoblastoma (combined), in males
and females in all dose groups, with a signifi-
cant positive trend. There was also a significant
increase in the incidence of hepatoblastoma in
males. Multiple hepatocellular adenomas and
carcinomas were found in the liver of exposed
mice. In the second study by inhalation in mice,
no significant increase in tumour incidence was
reported in any dose group.

In a 2-year GLP study in rats treated by inhal-
ation, exposure to N,N-dimethylformamide
caused a significant positive trend in the inci-
dences of hepatocellular adenoma, hepato-
cellular carcinoma, and hepatocellular adenoma
or carcinoma (combined), in males and females;
the incidences of hepatocellular adenoma and
hepatocellular carcinoma were significantly
increased in males and females at the highest
dose. Multiple occurrences of hepatocellular
tumours were found in the livers of exposed
rats. In the second study by inhalation in rats,
no significant increase in tumour incidence was
reported in any dose group.

In the GLP study of inhalation plus oral
administration (combined) in male rats, N,N-
dimethylformamide caused a significant increase
in the incidences of hepatocellular adenoma,
and hepatocellular adenoma or carcinoma
(combined) in the groups treated by inhalation
plus oral administration, oral administration
only, and inhalation only. It also caused a signif-
icant increase in the incidence of hepatocellular
carcinoma in one group treated by oral adminis-
tration only and in all groups treated by inhala-
tion plus oral administration.
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5.4 Mechanistic and other relevant
data

With respect to the key characteristics of
human carcinogens, there is strong evidence
that N,N-dimethylformamide is metaboli-
cally activated, including in exposed humans.
N,N-Dimethylformamide is readily absorbed
after inhalation, dermal, and oral exposure.
Several urinary metabolites, including the
mercapturicacid, have been identifiedin humans.
Carbamoylated adducts formed from methyl
isocyanate and/or another carbamoylating meta-
bolic intermediate of N,N-dimethylformamide
have been identified in globin (both lysine
and N-terminal valine adducts). A carbamoy-
lated cytosine adduct has also been detected
in vivo in the urine of occupationally exposed
humans. Additionally, formaldehyde is a prob-
able metabolite from oxidative demethylation of
N,N-dimethylformamide.

There is strong evidence that N,N-dimethyl-
formamide induces oxidative stress. A study
of occupationally-exposed workers showed
a distinct increase in the activity of super-
oxide dismutase in blood compared with the
controls. Experimental studies in vivo and in
vitro confirmed that N,N-dimethylformamide is
capable of increasing oxidative stress in rodents,
as well as in human liver, leukaemia and colon
carcinoma cells.

There is strong evidence that N,N-dimethyl-
formamide alters cell proliferation. No data were
available in exposed humans. Experimental
studies in vitro have shown an anti-prolifera-
tive and differentiating effect in human cancer
cells, while it induced cell proliferation in normal
human and rodent liver cells.

There is moderate evidence that N,N-
dimethylformamide is genotoxic. Chromosomal
and DNA damage has been observed in several
studies in occupationally exposed humans, but
results were equivocal. The results of studies of
genotoxicity in various experimental systems

in vivo and in vitro were mostly negative or
inconclusive.

There is weak evidence that N,N-dimethyl-
formamide modulates receptor-mediated effects.
So far there is little mechanistic evidence that
N,N-dimethylformamide exerts any toxic
effects through a specific receptor in humans
or in experimental systems. Some experimental
studies did report perturbations of the receptors
for estrogen, transforming growth factor {3, and
epidermal growth factor.

There were few data on other key characteris-
tics of carcinogens (alters DNA repair or causes
genomic instability, induces epigenetic altera-
tions, induces chronic inflammation, is immu-
nosuppressive, or causes immortalization).

6. Evaluation

6.1 Cancer in humans

There is limited evidence in humans for the
carcinogenicity of N,N-dimethylformamide. A
positive association has been observed between
exposure to N,N-dimethylformamide and cancer
of the testes.

6.2 Cancer in experimental animals

There 1is sufficient evidence in experi-
mental animals for the carcinogenicity of
N,N-dimethylformamide.

6.3 Overall evaluation

N,N-Dimethylformamideis probably carcino-
genic to humans (Group 2A).
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N,N-DIMETHYL-P-TOLUIDINE

1. Exposure Data

1.1 ldentification of the agent

1.1.1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 99-97-8

Chen. Abstr. Serv. Name: N,N-Dimethyl-
para-toluidine

IUPAC Systematic Name: N,N,4-Trimethyl-
aniline

Synonyms: 4-Dimethylaminotoluene,
N,N-dimethyl-4-methylaniline,  p,N,N-
trimethylaniline,  N,N,4-trimethylbenzen-
amine

Acronyms: DMPT

1.1.2 Structure and molecular formula, and
relative molecular mass

CH;
H,C N
AN
CH,
Molecular formula: C;H ,N
Relative molecular mass: 135.21

1.1.3 Physical and chemical properties

Description: Light yellow to brown, oily fluid
with a characteristic amine-like odour (IFA,
2015)

Density (at 20 °C): 0.94 g/cm? (IFA, 2015)

Octanol/water partition coefficient (P):
log K, ,2.81 (HSDB, 2015)

Melting point: =15 °C (IFA, 2015)
Boiling point: 211 °C (HSDB, 2015)

Volatility: Vapour pressure, 0.01 kPa [0.178
mm Hg], at 20 °C (IFA, 2015)

Vapour density: 4.66 (air = 1) at 20 °C (IFA,
2015)

Solubility: Insoluble to moderately soluble in
water (650 mg/L at 37 °C) (ECHA, 2015)

Stability: Lower explosion limit, 1.2 vol. %;
upper explosion limit, 7.0 vol. % (LFA, 2015)

Flash point: 83 °C (IFA, 2015)
Ignition temperature: 425 °C (IFA, 2015)

Conversion factor (at 101 kPa, 20 °C):
1 ppm = 5.62 mg/m? (IFA, 2015)

1.2 Production and use

1.2.1 Production

(a)  Production methods

Multiple methods exist for the manufacture
of N-alkyltoluidines, including N,N-dimethyl-
p-toluidine, such as acid-catalysed alkylation of
unalkylated toluidines with lower unbranched
alcohols or ether. Another method involves
reductive alkylation with lower aldehydes or
ketones using metal catalysts under hydrogen
pressure (Bowers, 1996).
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(b)  Production volume

N,N-Dimethyl-p-toluidine was listed as a
high production volume chemical in the USA,
indicating that > 1 million pounds [approxi-
mately 454 tonnes] were produced or imported
between 1990 and 1994 annually (HSDB, 2015).
Annual United States production volumes of
N,N-dimethyl-p-toluidine from 1986 to 2014
are given in Table 1.1. With annual production
reported to be 1-10 million pounds [approxi-
mately 454-4536 tonnes] in 2014, it remains a
high production volume chemical in the USA
(HSDB, 2015). The total tonnage band per annum
is estimated to be between 10 and 100 tonnes in
the European Union (ECHA, 2015). Globally,
more than 130 suppliers of N,N-dimethyl-p-
toluidine could be identified in 2016 with about
two thirds (> 80) located in Asia (ChemicalBook
Inc., 2016).

1.2.2 Use

N,N-Dimethyl-p-toluidine is used as an
accelerator in the preparation of dental materials
and bone cements to activate the polymerization
reaction or when curing methyl methacrylate
monomers. The concentrations in these prepa-
rations are usually between 0.5% and 3% (N'TP,
2012). It has also been used for the preparation
of acrylic denture material for the past 50 years
(HSDB, 2015). In addition, N,N-dimethyl-p-
toluidine is an important ingredient of industrial
glues and artificial fingernail preparations, when
short setting times are needed, and is also used as
an intermediate in the manufacture of dyes and
pesticides (N'TP, 2012).

1.3 Measurement and analysis

N,N-Dimethyl-p-toluidine in dental mate-
rial was analysed by high-performance liquid
chromatography with ultraviolet detection
(Shintani et al. 1993; Stea et al. 1997). Sample
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Table 1.1 Annual production volume of N,N-
dimethyl-p-toluidine in the USA, 1986-2014

Year Production range (pounds)

1986 10 000-500 000 [~4.5-227 tonnes]

1990 10 000-500 000 [~4.5-227 tonnes]

1994 > 1 million-10 million [~ > 454-4536 tonnes]
1998 > 1 million-10 million [~ > 454-4536 tonnes]
2002 > 500 000-1 million [~ > 227-454 tonnes]
2006 > 1 million- 10 million [~ > 454-4536 tonnes]
2014 > 1 million-10 million [~ > 454-4536 tonnes]

Compiled by the Working Group from non-confidential Chemical
Data Reporting information (EPA, 2011, 2015; HSDB, 2015)

preparation was carried out by solid-phase
extraction.

Air monitoring of N,N-dimethyl-p-toluidine
has been described as part of NIOSH Method
2002 (aromatic amines) using gas chromatog-
raphy and flame ionization detection (NIOSH
1994). Sample preparation includes sorption on
silica gel at a sampling rate of 1 L/minute or less,
and the estimated limit of detection is 0.01 mg
per sample.

No analytical procedures were found for
the determination of N,N-dimethyl-p-toluidine
specifically in the environment (air, water),
food, urine or blood, with the exception of the
determination of its N-oxides in enzyme reac-
tion mixtures (i.e. liver microsomes) using
high-performance liquid chromatography with
ultraviolet detection (Seto & Guengerich, 1993).
N,N-Dimethyl-p-toluidine may be determined
by current methods for the determination of
monocyclic aromatic amines in blood or urine
(Richter & Branner, 2002; Weiss & Angerer,
2002; Lamani et al., 2015).

1.4 Occurrence and exposure

1.4.1 Natural occurrence

N,N-Dimethyl-p-toluidine does not occur
naturally.



N,N-Dimethyl-p-toluidine

1.4.2 Environmental occurrence

In the environment, N,N-dimethyl-p-
toluidine is broken down rapidly in air. It travels
through soil and may volatilize from moist soil
and water surfaces (HSDB, 2015).

1.4.3 Occupational exposure

Potential widespread human exposure to
N,N-dimethyl-p-toluidine can occur in occupa-
tional settings related to its use in bone cements,
dental prostheses, industrial glues, and artificial
fingernails. Surgeons, surgical staff, dentists,
dental technicians, nail salon operators, and
users of industrial glues may receive significant
exposure to N,N-dimethyl-p-toluidine by inhal-
ation or through the skin (N'TP, 1999).

The National Occupational Exposure Survey,
which was conducted by the National Institute
for Occupational Safety and Health (NIOSH)
between 1981 and 1983, estimated that 62 720
workers (among whom 27 118 were women)
were potentially exposed to N,N-dimethyl-p-
toluidine in the workplace (NIOSH, 1990). In
2014, three companies in the USA manufactured
N,N-dimethyl-p-toluidine (HSDB, 2015).

A NIOSH investigation of air sampling from
a nail salon measured only trace amounts of
N,N-dimethyl-p-toluidine (Kronoveter, 1977).
No other measurements of occupational expo-
sure were identified.

1.4.4 Exposure of the general population

Sniffing glues, some of which contain 1-7%
of the compound (Misiak & Scheffler, 2003;
3M Company, 2004), could possibly result in
exposureto N,N-dimethyl-p-toluidine (Neumark
etal., 1998; Wu et al., 2008; Marsolek et al., 2010).

Due to its use as polymerization acceler-
ator for the manufacture of bone cement and
dental materials, N,N-dimethyl-p-toluidine
has been identified in a variety of commonly
used bone cements at concentrations of about

10-30 g/kg (~1-3%) (Haddad et al., 1996; Stea
et al., 1997). Exposure from bone cement is
thought to have been responsible for sensitiza-
tion in some patients (Haddad et al., 1996).

Two cases of the accidental ingestion of arti-
ficial fingernail solutions containing unspecified
concentrations of N,N-dimethyl-p-toluidine
have been reported. In the first case, a child
aged 16 months drank 15 mL of solution (estim-
ated to contain about 60 mg of N,N-dimethyl-
p-toluidine or 6 mg/kg body weight [bw]) and
on admission to hospital, methaemoglobin was
43% (normal value, < 2%) (Potter et al., 1988). In
the second case, a baby aged 5 months ingested
30 mL of solution and after 1 hour, methaemo-
globin was 11%. The children recovered after the
administration of methylene blue and oxygen
(Kao et al., 1997).

1.4.5 Exposure assessment and biological
markers

No studies to assess exposure in humans
by measuring N,N-dimethyl-p-toluidine or its
metabolites in the blood or urine were available
to the Working Group.

1.5 Regulations and guidelines

No specific occupational exposure limit has
been reported for N,N-dimethyl-p-toluidine, but
this chemical can cause methaemoglobinaemia.
The German Commission for the Investigation
of Health Hazards of Chemical Compounds
in the Work Area established guidance values
for methaemoglobin-forming amino and nitro
compounds in terms of an umbrella regula-
tion. Methaemoglobin values > 1.5% indicate
that workers are exposed to aromatic amino
and nitro compounds, and the Commission has
recommended a level of 5% as a “ceiling” (Leng
& Bolt, 2006). [The magnitude of exposure to
N,N-dimethyl-p-toluidine leading to this level
has not yet been specified.]
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According to the risk phrases of the Globally
Harmonized System of Classification and
Labelling of Chemicals of the United Nations,
N,N-dimethyl-p-toluidine is harmful if is swal-
lowed (H301), is in contact with skin (H311), or is
inhaled (H331). N,N-Dimethyl-p-toluidine may
also cause damage to organs through prolonged
and repeated exposure (reproductive organs after
oral exposure) (H373) and is harmful to aquatic
life, with long-lasting effects (H412) (ECHA
2015).

2. Cancerin Humans

No data were available to the Working Group.

3. Cancer in Experimental Animals

See Table 3.1

3.1 Mouse

Groups of 50 male and 50 female B6C3F /N
mice (age, 5-6 weeks) were given N,N-dimethyl-
p-toluidine (purity, > 99%) by gavage in corn oil
at doses of 0 (control), 6, 20, or 60 mg/kg bw on 5
days per week for 105 weeks. Survival of females
at 60 mg/kg bw was significantly lower than
that of the group receiving the vehicle control.
The mean body weights of males and females
at 60 mg/kg bw were > 10% lower than those of
the vehicle controls after week 89 and week 65,
respectively. The decreased survival of females at
60 mg/kg bw, and the decrease in body-weight
gain in males and females at 60 mg/kg bw were
attributed to the development of treatment-re-
lated tumours (N'TP, 2012; Dunnick et al., 2014).

In males, treatment-related increases in
hepatocellular tumours were observed in males,
including increases in the incidence of hepato-
cellular adenoma (multiple): 17/50 controls, 19/50
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at 6 mg/kg bw, 27/50 at 20 mg/kg bw (P < 0.05)
and 26/50 at 60 mg/kg bw (P < 0.05); hepato-
cellular carcinoma (multiple): 7/50 controls, 7/50
at 6 mg/kg bw, 16/50 at 20 mg/kg bw (P < 0.05)
and 22/50 at 60 mg/kg bw (P < 0.01); hepato-
cellular carcinoma (including multiple): 22/50
controls (P for trend, 0.002), 25/50 at 6 mg/kg
bw, 30/50 at 20 g/kg bw and 36/50 at 60 mg/kg
bw (P = 0.005); hepatocellular adenoma or carci-
noma (combined): 38/50 controls (P for trend,
0.005), 44/50 at 6 mg/kg bw, 47/50 at 20 mg/kg bw
(P=0.010), and 48/50 at 60 mg/kg bw (P = 0.006);
and hepatoblastoma: 1/50 controls, 5/50 at
6 mg/kg bw, 10/50 at 20 mg/kg bw (P =0.005) and
8/50 at 60 mg/kg bw (P = 0.021). The incidence
of hepatocellular adenoma, hepatocellular carci-
noma or hepatoblastoma (combined) was 38/50
controls (P for trend, 0.006), 45/50 at 6 mg/kg bw,
48/50 at 20 mg/kg bw (P = 0.004), and 48/50 at
60 mg/kg bw (P =0.006). The historical incidence
for hepatoblastoma in studies by gavage in corn
oil was 14/350 (4.0% + 2.8%; range, 0-8%) and
for all routes was 61/1149 (5.3% * 7.1%; range,
0-34%) and that for hepatocellular adenoma,
hepatocellular carcinoma or hepatoblastoma
(combined) in studies by gavage in corn oil was
242/350 (69.1% * 8.0%; range, 58-78%) and for
all routes was 852/1149 (74.2% + 11.5%; range,
52-92%).

In females, treatment-related increases
in the incidence of hepatocellular tumours
were observed, including that of hepatocel-
lular adenoma (multiple): 2/50 controls, 6/50 at
6 mg/kg bw, 29/50 at 20 mg/kg bw (P < 0.01) and
35/50 at 60 mg/kg bw (P < 0.01); hepatocellular
adenoma (including multiple): 17/50 controls (P
for trend, < 0.001), 19/50 at 6 mg/kg bw, 37/50 at
20 mg/kgbw (P<0.001),and 44/50 at 60 mg/kgbw
(P < 0.001); hepatocellular carcinoma (multiple):
1/50 controls, 3/50 at 6 mg/kg bw, 5/50 at 20 mg/kg
bw, and 19/50 at 60 mg/kg bw (P < 0.01); hepa-
tocellular carcinoma (including multiple): 6/50
controls (P for trend, < 0.001), 13/50 at 6 mg/kg
bw (P = 0.049), 18/50 at 20 mg/kg bw (P = 0.002),
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and 31/50 at 60 mg/kg bw (P < 0.001); hepato-
cellular adenoma or carcinoma (combined):
20/50 controls (P for trend, < 0.001), 25/50 at
6 mg/kg bw, 42/50 at 20 mg/kg bw (P < 0.001),
and 45/50 at 60 mg/kg bw (P < 0.001); and hepa-
toblastoma: 0/50 controls (P for trend, 0.007),
1/50 at 6 mg/kg bw, 0/50 at 20 mg/kg bw, and
4/50 at 60 mg/kg bw (P = 0.044). The incidence
of hepatocellular adenoma, hepatocellular carci-
noma or hepatoblastoma (combined) was 20/50
controls (P for trend, < 0.001), 26/50 at 6 mg/kg
bw, 42/50 (P < 0.001) at 20 mg/kg bw, and 45/50 at
60 mg/kg bw (P < 0.001). The historical incidence
for hepatoblastoma in studies on gavage in corn
oil was 1/347 (0.3% =+ 0.8%; range, 0-2%) and for
all routes was 4/1195 (0.3% * 0.8%; range, 0-2%)
and that for hepatocellular adenoma, hepatocel-
lular carcinoma or hepatoblastoma (combined)
in studies on gavage in corn oil was 91/347
(26.2% * 12.7%; range, 8—-40%) and for all routes
was 444/1195 (37.2% + 22.9%; range, 6-82%). In
addition, an increase was observed in the inci-
dence oflungalveolar/bronchiolar adenoma: 2/50
controls (P for trend, < 0.001), 4/50 at 6 mg/kg
bw, 8/50 at 20 mg/kg bw (P = 0.039), and 12/50
at 60 mg/kg bw (P < 0.001); and alveolar/bron-
chiolar adenoma or carcinoma (combined): 2/50
controls (P for trend, < 0.001), 5/50 at 6 mg/kg
bw, 9/50 at 20 mg/kg bw (P = 0.021), and 13/50
at 60 mg/kg bw (P < 0.001). The historical inci-
dence for alveolar/bronchiolar adenoma or carci-
noma (combined) in studies on gavage in corn
oil was 23/346 (6.7% + 3.2%; range, 2-12%) and
for all routes was 100/1196 (8.4% + 4.3%; range,
2-22%). A few alveolar/bronchiolar carcinomas
were found in treated groups (0/50 controls, 1/50
at 6 mg/kg bw, 2/50 at 20 mg/kg bw and 1/50
at 60 mg/kg bw). The incidence for this tumour
was not significant and was within the historical
control range, which was 7/346 (2.0% + 2.0%;
range, 0-4%) in studies on gavage in corn oil
and 44/1196 (3.7% * 3.3%; range, 0-14%) for all
studies. Significant increases were also observed
in the incidence of forestomach squamous cell
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papilloma: 1/50 controls (P for trend, 0.037),
5/50 at 6 mg/kg bw, 6/50 at 20 mg/kg (P = 0.049),
and 7/50 at 60 mg/kg bw (P = 0.017); and fores-
tomach squamous cell papilloma or carcinoma
(combined): 1/50 controls, 6/50 at 6 mg/kg bw,
6/50 at 20 mg/kg bw (P = 0.049) and 7/50 at
60 mg/kg bw (P = 0.017). The historical inci-
dence of forestomach squamous cell papilloma
in studies of gavage in corn oil was 12/348
(3.5% * 1.5%; range, 2-6%) and for all routes was
22/1198 (1.8% + 1.7%; range, 0-6%) and that of
forestomach squamous cell papilloma or carci-
noma (combined) in studies of gavage in corn oil
was 12/348 (3.5% + 1.5%; range, 2—-6%) and for all
routes was 23/1198 (1.9% * 1.6%; range, 0-6%).
One female mouse given 6 mg/kg bw had a fores-
tomach squamous cell carcinoma (0/50 controls,
1/50 at 6 mg/kg bw, 0/50 at 20 mg/kg bw, and
0/50 at 60 mg/kg bw). The historical incidence for
forestomach squamous cell carcinoma in studies
on gavage in corn oil was 0/348 and that for all
routes was 1/1198 (0.1% * 0.4%; range, 0-2%).

Treatment-related non-neoplastic lesions
were seen in the liver, nose, lung, olfactory lobe
and spleen in males and females. In females,
increases in non-neoplastic lesions of the fores-
tomach, bone marrow and mesenteric lymph
node were also observed (NTP, 2012). [The
strength of this study was that it was a 2-year
cancer bioassay in males and females with a large
number of animals per group, multiple doses, and
in compliance with good laboratory practice.]

3.2 Rat

Groups of 50 male and 50 female Fischer
344/N rats (age, 6-7 weeks) were given
N,N-dimethyl-p-toluidine (purity, > 99%) by
gavage in corn oil at doses of 0 (control), 6, 20, or
60 mg/kg bw on 5 days per week for 104 weeks
(males) or 105 weeks (females). At termination
after 2 years, survival in male rats at 60 mg/kg
bw was significantly lower than that in controls,
which was attributed to the development of
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treatment-related tumours. Mean body weights
of males and females at 60 mg/kg bw were > 10%
lower than those in the vehicle-control group
after weeks 61 and 33, respectively (NTP, 2012;
Dunnick et al., 2014).

In males, treatment-related increases in the
incidence of hepatocellular tumours included
those of hepatocellular carcinoma: 0/50 controls
(P for trend, < 0.001), 0/50 at 6 mg/kg bw, 1/50 at
20 mg/kgbw, and 6/50 at 60 mg/kg bw (P =0.009);
and hepatocellular adenoma or carcinoma
(combined): 0/50 controls (P for trend, < 0.001),
0/50 at 6 mg/kg bw, 2/50 at 20 mg/kg bw, and
6/50 at 60 mg/kg bw (P = 0.009). The incidence of
hepatocellular adenoma was 0/50 controls, 0/50
at 6 mg/kg bw, 1/50 at 20 mg/kg bw, and 1/50 at
60 mg/kg bw. The historical incidence of hepato-
cellular carcinoma was 0/299 in studies of gavage
in corn oil and 5/1249 (0.4% * 1.0%; range, 0-4%)
for all routes. Increases were also observed in the
incidence of nasal cavity transitional epithelium
adenoma: 0/50 controls (P for trend, < 0.001),
3/49 at 6 mg/kg bw, 2/50 at 20 mg/kg bw, and
11/49 at 60 mg/kg bw (P < 0.001); and nasal cavity
transitional epithelium adenoma or carcinoma
(combined): 0/50 controls (P for trend, < 0.001),
3/49 at 6 mg/kg bw, 2/50 at 20 mg/kg bw, and
13/49 at 60 mg//kg bw (P < 0.001). The historical
incidence for nasal cavity transitional epithelium
adenoma indicated that they have not previously
been observed in historical controls (studies of
gavage in corn oil: 0/299; all routes: 0/1248). The
incidence of nasal cavity transitional epithelium
carcinoma was not significantly increased by
pairwise comparison, although 2 males given
60 mg/kg bw had these tumours (0/50 controls,
0/49 at 6 mg/kg bw, 0/50 at 20 mg/kg bw, and 2/49
at 60 mg/kg bw; P for trend, 0.033); no histor-
ical control data were available for this tumour
type. There was a non-significant increase in
thyroid gland follicular cell adenoma or carci-
noma (combined) (1/50 controls, 2/49 at 6 mg/kg
bw, 2/50 at 20 mg/kg bw, and 4/49 at 60 mg/kg
bw), although the incidence at 60 mg/kg bw was

outside of the incidence range for this tumour
in historical controls. The incidence for thyroid
gland follicular cell adenoma or carcinoma
(combined) in the historical controls was 9/299
(3.0% = 2.1%; range, 0-6%) in studies on gavage
in corn oil and 23/1239 (1.9% + 2.2%; range,
0-6%) for all routes. A non-significant increase
in the incidence of thyroid gland follicular cell
carcinoma was observed (0/50 controls, 2/49 at
6 mg/kg bw, 1/50 at 20 mg/kg bw, and 2/49 at
60 mg/kg bw), for which the historical control
incidence was 3/299 (1.0% + 1.7%; range, 0-4%)
in studies on gavage in corn oil and 10/1239
(0.8% =+ 1.5%; range, 0-4%) for all routes.

In females, the incidence of hepatocellular
adenoma was significantly increased according
to trend statistics (P = 0.044): 0/50 controls,
1/50 at 6 mg/kg bw, 1/50 at 20 mg/kg bw, and
3/49 at 60 mg/kg bw; and that of hepatocellular
carcinoma was significantly increased at the
highest dose: 0/50 controls, 0/50 at 6 mg/kg bw,
0/50 at 20 mg/kg bw, and 4/49 at 60 mg/kg bw
(P = 0.041). A significant increase in the inci-
dence of hepatocellular adenoma or carcinoma
(combined) was also observed: 0/50 controls
(P for trend, < 0.001), 1/50 at 6 mg/kg bw,
1/50 at 20 mg/kg bw, and 7/49 at 60 mg/kg bw
(P = 0.003). The historical incidence of these
tumours was 1/300 (0.3% + 0.8%; range, 0-2%)
in studies with administration by gavage in corn
oil, and 12/1200 (1.0% + 1.6%; range, 0-4%)
for all routes. A non-significant increase in the
incidence of nasal cavity transitional epithelium
adenoma was also observed (0/50 controls, 1/49
at 6 mg/kg bw, 0/50 at 20 mg/kg bw, and 2/49 at
60 mg/kg bw), although the incidence in females
given the highest dose was outside the historical
range for this tumour, which was 0/299 in studies
on gavage in corn oil, and 1/1196 (0.1% * 0.4%;
range, 0-2%) for all routes.

Treatment-related non-neoplastic lesions
were seen in the liver and nose of males and
females; non-neoplastic lesions also occurred in
the spleen, kidney, and bone marrow of males
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and females. In addition, significant increases
in forestomach and mesenteric lymph node
non-neoplastic lesions were found in male rats
(NTP, 2012). [The strength of this study was
that it was a 2-year cancer bioassay in males
and females, with a large number of animals per
group, multiple doses, and in compliance with
good laboratory practice.]

4, Mechanistic and Other
Relevant Data

4.1 Absorption, distribution,
metabolism, excretion

4.1.1 Absorption, distribution, and excretion

(a)  Humans

No data were available to the Working Group.

(b)  Experimental systems

[U-“C]-Labelled N,N-dimethyl-p-toluidine
was rapidly absorbed after a single oral admin-
istration of 2.5, 25 or 250 mg/kg bw to male and
female Fischer 344 rats and B6C3F, mice (four
animals/treatment group) (Dix et al., 2007).
Absorption of the dose was nearly complete
based on the data on excretion and their simi-
larity to those obtained from groups of rats
and mice injected intravenously. Cumulative
excretion amounted to about 90% in the urine
and 4% in the faeces 24 hours after gavage.
N,N-Dimethyl-p-toluidine-derived radioactivity
appeared to have been widely distributed to the
tissues. At the terminal 24-hour time-point, the
assayed tissues, including blood, liver, kidney,
skin, muscle and adipose tissue, contained 2-5%
of the total dose. In rats, the highest concentra-
tion of radioactivity was detected in the liver,
followed by the kidney and urinary bladder. The
lung and liver contained the highest concen-
trations in mice. The tissue-to-blood ratio of
N,N-dimethyl-p-toluidine-derived radioactivity

180

at these sites was > 1. Male rats excreted about
60% of the total dose in urine within 6 hours of
receiving a dose of 2.5 mg/kg bw, whereas male
and female rats receiving 25 mg/kg bw excreted
about half as much (i.e. about 30%). However,
cumulative excretion in the urine was similar
for both doses at the 24-hour time-point. These
results indicated initial saturation of absorption
and/or elimination of the higher dose. The data
on urinary excretion for 2.5 and 25 mg/kg bw
were similar over time for male mice. Female
mice appeared to excrete less of the higher dose
in the urine than males; however, this difference
was probably due to poor recovery of radiolabel
in the urine of one or more individuals. All of
the other data on disposition in female mice were
similar to those of males. [The Working Group
noted that the data from groups of male rats and
mice that received 250 mg/kg bw by gavage were
compromised by acute toxicity.] Cumulative
excretion of the dose in the high-dose rats
amounted to only ~70%, possibly as a result of
the initial acute toxicity. Most of the unexcreted
radiolabel was present in the gastrointestinal
tract at 24 hours. In a supplemental experiment
reported to the National Toxicology Program,
the absorption and excretion of a high dose were
nearly complete at 72 hours after treatment, with
about 2% of the total dose detected in tissues
and the gastrointestinal tract (NTP, 2012). The
data for male mice receiving 250 mg/kg bw in
this study were not reported here due to death
or unresolved morbidity associated with all indi-
viduals in the treatment group.

4.1.2 Metabolism

(a) Humans

No data were available to the Working Group.

(b)  Experimental systems

See Figure 4.1
As reported by Kim et al. (2007), the metabo-

lism of N,N-dimethyl-p-toluidine was rapid and
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Fig. 4.1 Known and postulated metabolites of N,N-dimethyl-p-toluidine in rats
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Adapted from Kim et al. (2007) and Dunnick et al. (2014)

FMO, flavin-containing monooxygenase; P450, cytochrome P450; coA, coenzyme A

et al., 2007; Dunnick et al., 2014). The forma-

extensive in rats in a study conducted by Dix
et al. (2007). The major radiolabelled metabo-
lite in rat urine was identified as p-(N-acetylhy-
droxyamino)hippuric acid that was catalysed by
cytochrome P450, alcohol and aldehyde dehy-
drogenases, N-acetyl transferase and aralkyl-co-
enzyme A:glycine-N-acyltransferase. The urine
also contained N-methyl-p-toluidine, an oxida-
tive product of N,N-dimethyl-p-toluidine, and a
precursor of the glycine conjugate.
Intermediates in this pathway are postu-
lated to include p-methylphenylhydroxylamine
and an electrophilic p-quinone imine methide
(4-methylene-2,5-cyclohexadiene-1-imine) (Kim

tion of p-methylphenylhydroxylamine may lead
to the oxidation of haemoglobin (Potter et al.
1988) or DNA binding (Marques et al., 1997).
N,N-Dimethyl-p-toluidine N-oxide, considered
to be catalysed primarily by flavin-containing
monooxygenases, was also excreted in urine, as
was a small amount of parent N,N-dimethyl-p-
toluidine (Kim et al., 2007).

181



IARC MONOGRAPHS - 115

Table 4.1 Genetic and related effects of N,N-dimethyl-p-toluidine in non-human mammals in

vivo

Species, strain Tissue End-point/test Results Dose (LED/HID) Reference

(sex)

Rat, Sprague- Liver DNA damage/ * 4 mg/kg bw, gavage and i.p. Taningher et al.

Dawley (M) DNA strand breaks (1993)

Rat, Sprague- Liver DNA damage/ + 60 mg/kg bw, gavage, 4 days ~ NTP (2012)

Dawley (M) DNA strand breaks

Mouse, Balb/C (M) Liver DNA damage/ * 1 mg/kg bw, gavageandi.p. ~ Taningher etal.

DNA strand breaks (1993)

Mouse, B6C3F, (M) Blood DNA damage/ - 75 mg/kg bw x 4 days, gavage NTP (2012)
leukocytes, liver DNA strand breaks

Mouse, B6C3F, (M Peripheral blood Chromosomal damage/ = 125 mg/kg bw per day for NTP (2012)

&F) micronucleus formation 3 mo; gavage

Mouse, B6C3F (M) Peripheral blood Chromosomal damage/ - 75 mg/kg bw x 4 days, gavage NTP (2012)

micronucleus formation

+, positive; -, negative; +, equivocal (variable responses in several experiments within an adequate study); bw, body weight; F, female; HID,
highest ineffective dose; i.p., intraperitoneal; LED, lowest effective dose; M, male; mo, month

4.2 Mechanisms of carcinogenesis

The evidence on the key characteristics of
carcinogens (Smith et al., 2016), concerning
whether N,N-dimethyl-p-toluidine is genotoxic
and alters cell proliferation, cell death, and
nutrient supply, is summarized below.

4.2.1 Genetic and related effects

(a)  Humans

No data in exposed humans were available to
the Working Group. In cultured human lympho-
cytes, the bone cement polymethyl methacrylate,
containing N,N-dimethyl-p-toluidine (2.6% w/w)
and hydroquinone (75 + 15 ppm), significantly
increased the frequency of micronucleus forma-
tion. However, the components of the mixture
were not tested individually (Bigatti et al., 1994).

(b)  Experimental systems
See Table 4.1, Table 4.2, and Table 4.3

(i) In vivo

In the livers of male BALB/c mice and male
Sprague-Dawley rats given N,N-dimethyl-p-
toluidine by gavage or intraperitoneal injection,
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DNA fragmentation was modestly increased by
the alkaline elution test (Taningher et al., 1993).

The alkaline comet assay gave negative results
in liver cells or blood leukocytes of male B6C3F,
mice treated by gavage once daily for 4 days at
30-75 mg/kg bw. In contrast, male Sprague-
Dawley rats given daily doses of 60 mg/kg bw
for 4 days had a small but statistically significant
(P = 0.024) increased percentage of tail DNA in
the liver cells compared with the group adminis-
tered the corn-oil vehicle only (NTP, 2012).

Neither the frequencies of micronucleated
erythrocytes nor the percentage of circulating
reticulocytes were altered in the peripheral
blood of male or female B6C3F /N mice treated
by gavage with N,N-dimethyl-p-toluidine,
suggesting that neither chromosomal damage
nor bone marrow toxicity were induced in mice
within the dose range and time periods tested
(N'TP, 2012).

(i) Invitro

N,N-Dimethyl-p-toluidine =~ showed both
aneugenic and clastogenic activity in a concen-
tration-related manner in the absence of meta-

bolic activation in Chinese hamster V79 cells
(Taningher et al., 1993).
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Table 4.2 Genetic and related effects of N,N-dimethyl-p-toluidine in non-human mammalian

cells in vitro

Test system, tissue  End-point/ Results Agent, concentration Comments Reference
test (LEC/HIC)
Chinese hamster, Chromosomal  + Camphorquinone/DMPT  DMPT alone was not Li et al. (2007
CHO-K1 ovary cell ~damage/ (equimolar), tested; antioxidants had
line micronucleus 0-1 mM preventive effects
formation
Chinese hamster, Chromosomal  + 9-Fluorenone/DMPT DMPT alone was not Lietal. (2008)

CHO-K1 ovary cell ~ damage/ (equimolar),
line micronucleus 0-0.5 mM
formation
Chinese hamster Chromosomal  + DMPT,
lung, V79 cells damage/ 0.3 mM
micronucleus
formation

tested; antioxidants had
preventive effects

Taningher et al.
(1993)

Dose-dependent
response (0.3-1.2 mM)

+, positive; DMPT, N,N-dimethyl-p-toluidine; HIC, highest ineffective concentration; LEC, lowest effective concentration

A concentration-related increase in micronu-
clei was observed in the CHO-K1 ovary cell line
exposed to camphorquinone and N,N-dimethyl-
p-toluidine or 9-fluorenone and N,N-dimethyl-p-
toluidine (P < 0.05), with or without visible light
irradiation (Li et al., 2007, 2008) [N,N-dimethyl-
p-toluidine was not tested alone].

N,N-Dimethyl-p-toluidine ~was margin-
ally positive in Salmonella typhimurium strain
TA100 in the presence and absence of metabolic
activation, and in strain TA104 in the presence
of metabolic activation, but not in TA98 with
or without metabolic activation. The compound
was not mutagenic in plate incorporation tests
(Miller et al., 1986).

Negative results were reported with or without
metabolic activation in Salmonella typhimurium
strains TA97, TA98, TA100 and TA1535 and in
Escherichia coli WP2 uvrA/pKM101 (Taningher
et al., 1993; NTP, 2012).

When tested in a bioluminescent test for
bacterial genotoxicity using dark mutants
of a marine luminous bacterium (Vibrio
fischeri M169) and a 24-hour exposure period,
N,N-dimethyl-p-toluidine showed considerable
genotoxic activity at 4 mM [the half maximal

inhibitory concentration value was also approxi-
mately 4 mM] (Nomura et al., 2006).

Exposure to camphorquinone in association
with N,N-dimethyl-p-toluidine induced DNA
strand breaks in PhiX-174 RF double-stranded
plasmid DNA (Pagoria et al., 2005; Winter et al.,
2005; Lee et al., 2007) [N,N-dimethyl-p-toluidine
was not tested alone].

4.2.2 Altered cell proliferation or death

(a) Humans

No data in exposed humans were available to
the Working Group.

N,N-Dimethyl-p-toluidine did not induce
cytotoxicityin culturedhuman oralkeratinocytes
(OKF6/TERT 2), and simultaneous treatment
with camphorquinone and N,N-dimethyl-p-
toluidine did not affect apoptosis (Volk et al.
2014).

When assessed in human gingival fibroblasts
in vitro, N,N-dimethyl-p-toluidine (500 uM)
induced a significant and sustained accumula-
tion of cells in the GO/G1 stage of the cell cycle
compared with controls at 24 hours, implying
that the growth inhibitory effect resulted from
the arrest of DNA replication. The pattern of cell
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Table 4.3 Genetic and related effects of N,N-dimethyl-p-toluidine in bacterial mutation tests

Species Strain End-point/ Results Concentration Comments Reference
test (LEC/HIC)
Without  With
metabolic metabolic
activation activation
Salmonella TA98 Mutation/ - 10 uL (of Negative in plate Miller et al.
typhimurium  TA100 reverse + + 300 pg/uL)/ incorporation tests (1986)
TA104 mutation + plate
(spot test)
Salmonella TA97, TA98, Mutation/ - - 70 pg/plate Taningher
typhimurium TA100 reverse etal. (1993
mutation
Salmonella TA97, TA98, Mutation/ - - 1000 pg/plate NTP (2012)
typhimurium TA100, reverse
TA1535 mutation
Salmonella TA98, Mutation/ - - 1500 pg/plate NTP (2012
typhimurium TA100 reverse
mutation
Escherichia ~ WP2uvrA/  Mutation/ - - 1500 pg/plate NTP (2012
coli pKM101 reverse
mutation
Vibrio M169 Mutation/  + NT 4 mM Bioluminescence Nomura et al.
fischeri other assay (2006)

+, positive; —, negative; +, equivocal (variable responses in several experiments within an adequate study); DMPT, N,N-dimethyl-p-toluidine;
HIC, highest ineffective concentration; LEC, lowest effective concentration; N'T, not tested

death was consistent with necrosis (

2007).

Masuki et al.

In human osteoblastic cells exposed to

4.3 Data relevant to comparisons

across agents and end-points

different bone-cement extracts, a significant
correlation was found between the concentra-
tion of N,N-dimethyl-p-toluidine present in
the extracts (up to 1 pg/100 mL) and a delay
in cell-replication cycle (Stea et al., 1997). [The
Working Group noted that the extracts did not
contain N,N-dimethyl-p-toluidine only.]

(b)  Experimental systems

In rat polymorphonuclear leukocytes,
N,N-dimethyl-p-toluidine increased cytotox-
icity in a concentration-dependent manner (Liso
et al., 1997).
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N,N-Dimethyl-p-toluidine was not tested by
the Tox21 and ToxCast™ research programmes of
the government of the USA (Kavlock et al., 2012;
Tice et al., 2013). Analyses of other compounds
evaluated in this volume with high-throughput
screening data are presented in the Monograph
on 1-bromopropane in the present volume.

4.4 Susceptibility to cancer

No data were available to the Working Group.
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4.5, Other adverse effects

4.5.1 Humans

Methaemoglobinaemia, which is consistent
with metabolism of N,N-dimethyl-p-toluidine
to p-methylphenylhydroxylamine, was described
in two poisoning cases of children who had
ingested artificial fingernail solutions containing
acetone, ethyl methacrylate, and N,N-dimethyl-
p-toluidine (Potter et al., 1988) or acrylic ester
monomers and N,N-dimethyl-p-toluidine (Kao
et al., 1997).

Allergic responses to dental materials
containing  N,N-dimethyl-p-toluidine  has
been reported (Tosti et al., 1990; Verschueren
& Bruynzeel, 1991). Positive reactions to
N,N-dimethyl-p-toluidine were found in seven
cases, all of whom showed rapid onset of aseptic
loosening of total hip replacements, out of 70
patients (Haddad et al., 1996).

4.5.2 Experimental systems

In a chronic study, N,N-dimethyl-p-toluidine
caused methaemoglobinaemia in F344/N rats
after administration by gavage (NTP, 2012;
Dunnick et al., 2014). Metabolic activation to
p-methylphenylhydroxylamine was inferred
from the presence of p-(N-acetylhydroxyamino)
hippuric acid in the urine of rats given the
compound (Kim et al., 2007; see Section 4.1.2 ).
Macrocytic regenerative anaemia, methaemoglo-
binaemia, and increased Heinz body production
was seen in rats (and to a lesser extent in mice) in
a subchronic gavage study. Bone marrow hyper-
plasia occurred in exposed rats, but not in mice
(NTP, 2012; Dunnick et al., 2014).

5. Summary of Data Reported

5.1 Exposure data

N,N-Dimethyl-p-toluidine is a chemical with
a high production volume that is used worldwide
as an accelerator in the preparation of dental
materials, bone cements, industrial glues and
artificial-fingernail preparations, and also as an
intermediate in the production of dyes and pesti-
cides. Chemical-production workers, surgeons,
surgical staff, dentists, dental technicians, nail-
salon operators, and users of industrial glues
may be exposed to N,N-dimethyl-p-toluidine
by inhalation and through the skin. Exposure
among the general population may occur from
dental material, bone cement, sniffing glue and
fingernail solutions. No quantitative data on
exposure or occupational exposure limits were

identified.

5.2 Human carcinogenicity data

No data were available to the Working Group.

5.3 Animal carcinogenicity data

N,N-Dimethyl-p-toluidine was tested for
carcinogenicity by oral administration (gavage)
in one good laboratory practice (GLP) study in
male and female mice and one GLP study in male
and female rats.

In mice, N,N-dimethyl-p-toluidine caused a
significantly increased incidence (with a signif-
icant positive trend, except for hepatoblastoma
in males) of hepatocellular carcinoma, hepa-
toblastoma, hepatocellular adenoma or carci-
noma (combined), and hepatocellular adenoma,
hepatocellular carcinoma or hepatoblastoma
(combined) in males, and hepatocellular
adenoma, hepatocellular carcinoma, hepato-
blastoma, hepatocellular adenoma or carci-
noma (combined), and hepatocellular adenoma,
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hepatocellular carcinoma or hepatoblastoma
(combined) in females. It also caused a signif-
icantly increased incidence of alveolar/bron-
chiolar adenoma of the lung (with a significant
positive trend), alveolar/bronchiolar adenoma or
carcinoma (combined) of the lung (with a signif-
icant positive trend), forestomach squamous cell
papilloma (with a significant positive trend) and
forestomach squamous cell papilloma or carci-
noma (combined) in female mice.

In rats, N,N-dimethyl-p-toluidine caused a
significantly increased incidence (with a signif-
icant positive trend) of hepatocellular carci-
noma, hepatocellular adenoma or carcinoma
(combined), adenoma of the transitional epithe-
lium of the nasal cavity and adenoma or carci-
noma (combined) of the transitional epithelium
of the nasal cavity in males. A significant positive
trend was observed in the incidence of carcinoma
of the transitional epithelium of the nasal cavity
in males. Increases in the incidence of follicular
cell adenoma or carcinoma (combined) of the
thyroid gland in males were not significant by the
pairwise or trend tests, although the incidence of
these tumours at the highest dose exceeded the
range for historical controls for these tumours.
A significant positive trend was observed in the
incidence of hepatocellular adenoma, hepato-
cellular carcinoma and hepatocellular adenoma
or carcinoma (combined) in females. The inci-
dences of hepatocellular carcinoma and hepa-
tocellular adenoma or carcinoma (combined) in
females given the highest dose were significantly
increased compared with controls. The incidence
of adenoma of the transitional epithelium of the
nasal cavity in females given the highest dose
exceeded the range for historical controls for this
tumour.
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5.4 Mechanistic and other relevant
data

In rats and mice, N,N-dimethyl-p-toluidine
is rapidly absorbed after oral administration.
N,N-Dimethyl-p-toluidine and/or its metabo-
lites are distributed widely to the tissues and the
highest concentrations are detected in the liver
and kidney of rats and lung and liver of mice.
N,N-Dimethyl-p-toluidine is rapidly metabol-
ized and excreted primarily in the urine. The
major metabolic pathway leading to the forma-
tion of p-(N-acetylhydroxyamino)hippuric acid
in rats includes putative reactive intermediates.
The fate of N,N-dimethyl-p-toluidine has not
been determined in humans.

With respect to the key characteristics of
human carcinogens, there is moderate evidence
that N,N-dimethyl-p-toluidine is electrophilic
or can be metabolically activated, is genotoxic,
or alters cell proliferation, cell death or nutrient
supply.

A putative reactive intermediate of
N,N-dimethyl-p-toluidine, p-methylphenyl-
hydroxylamine, was implicated in the formation
of methaemoglobinaemia in a case of uninten-
tional (human) oral exposure to N,N-dimethyl-
p-toluidine. N-Hydroxylated arylamines are
capable of forming DNA adducts. The formation
of an electrophilic p-quinone imine methide as
a result of the metabolism of N,N-dimethyl-p-
toluidine is plausible.

A significant increase in the frequency of
micronucleus formation was observed in cultured
human lymphocytes treated with the bone
cement polymethyl methacrylate containing
N,N-dimethyl-p-toluidine. N,N-Dimethyl-
p-toluidine exhibited aneugenic and clas-
togenic activity in Chinese hamster V79 cells.
N,N-Dimethyl-p-toluidine gave negative or
marginally positive results in other assays,
including mutation in Salmonella and DNA
strand breaks in rats and mice.
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The cell-replication cycle was delayed in
human osteoblastic cells exposed to bone-cement
extracts containing N,N-dimethyl-p-toluidine.
N,N-Dimethyl-p-toluidine had a growth-inhibi-
tory effect in human gingival fibroblasts in vitro
and caused cytotoxicity in rat polymorphonu-
clear leukocytes, but not in cultured human oral
keratinocytes.

There were few other data on other key char-
acteristics of carcinogens (alters DNA repair or
causes genomic instability, induces epigenetic
alterations, induces oxidative stress, induces
chronic inflammation, is immunosuppressive,
modulates receptor-mediated effects, or causes
immortalization).

6. Evaluation

6.1 Cancer in humans

There is inadequate evidence in humans for
the carcinogenicity of N,N-dimethyl-p-toluidine.
6.2 Cancer in experimental animals

There is sufficient evidence in experi-
mental animals for the carcinogenicity of
N,N-dimethyl-p-toluidine.

6.3 Overall evaluation

N,N-Dimethyl-p-toluidine is possibly carcino-
genic to humans (Group 2B).

References

3M Company (2004). 3M™ Scotch-Weld ™ Instant Adhesive
Surface Activator. 3M Material safety data sheet. St
Paul (MN), USA: 3M Company.

Bigatti MP, Lamberti L, Rizzi FP, Cannas M, Allasia G
(1994). In vitro micronucleus induction by polymethyl
methacrylate bone cement in cultured human lympho-
cytes. Mutat Res, 321(3):133-7. doi:10.1016/0165-
1218(94)90037-X PMID:7513063

Bowers JS Jr (1996). Toluidines. In: Elvers B, Hawkins S
editors. Ullmann’s Encyclopedia of Industrial Chemistry.
Volume A27: 5th ed. New York, USA: VCH Publishers;
pp. 159-61.

ChemicalBook Inc (2016). Chemical Book [online data-
base]. Available from: http://www.chemicalbook.com.

DixKJ,GhanbariK, Hedtke-Weber BM (2007). Disposition
of [14C]N,N-dimethyl-p-toluidine in F344 rats and
B6C3F, mice. ] Toxicol Environ Health A, 70(10):789-
98. d0i:10.1080/15287390701206291 PMID:17454555

Dunnick JK, Brix A, Sanders JM, Travlos GS (2014).
N,N-Dimethyl-p-toluidine, a component in dental
materials, causes hematologic toxic and carcino-
genic responses in rodent model systems. Toxicol
Pathol, 42(3):603-15. doi:10.1177/0192623313489604
PMID:23867143

ECHA (2015). N,N-Dimethyl-p-toluidine. Information
on chemicals [online database]. Helsinki, Finland:
European Chemicals Agency. Available from: http://
echa.europa.eu/information-on-chemicals.

EPA (2011). Non-confidential 2006 IUR records by chem-
ical, including manufacturing, processing and use
information. CAS No. 99-97-8, Benzenamine, N,N,4-
trimethyl. Washington (DC), USA: United States
Environmental Protection Agency.

EPA (2015). ChemView [online database]. Washington
(DC), USA: United States Environmental Protection
Agency. Available from: https://java.epa.gov/chemview,
accessed June 2016.

Haddad FS, Cobb AG, Bentley G, Levell NJ, Dowd PM
(1996). Hypersensitivity in aseptic loosening of total hip
replacements. The role of constituents of bone cement.
] Bone Joint Surg Br, 78(4):546-9. PMID:8682817

HSDB  (2015). Dimethyl-p-toluidine. = Hazardous
Substances Data Bank [online database]. Bethesda
(MD), USA: United States National Library of Medicine.
Available from: http://toxnet.nlm.nih.gov/cgi-bin/sis/
htmlgen?HSDB.

IFA (2015). GESTIS Substance Database. Information
systemonhazardoussubstancesofthe German Accident
Insurance. Institut fiir Arbeitsschutz der Deutschen
Gesetzlichen Unfallversicherung (IFA). Available from:
www.dguv.de/ifa/ GESTIS/GESTIS-Stoffdatenbank/.

187


http://dx.doi.org/10.1016/0165-1218(94)90037-X
http://dx.doi.org/10.1016/0165-1218(94)90037-X
http://www.ncbi.nlm.nih.gov/pubmed/7513063
http://www.chemicalbook.com
http://dx.doi.org/10.1080/15287390701206291
http://www.ncbi.nlm.nih.gov/pubmed/17454555
http://dx.doi.org/10.1177/0192623313489604
http://www.ncbi.nlm.nih.gov/pubmed/23867143
http://echa.europa.eu/information-on-chemicals
http://echa.europa.eu/information-on-chemicals
https://java.epa.gov/chemview
http://www.ncbi.nlm.nih.gov/pubmed/8682817
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
http://www.dguv.de/ifa/GESTIS/GESTIS-Stoffdatenbank/

IARC MONOGRAPHS - 115

Kao L, Leikin JB, Crockett M, Burda A (1997).
Methemoglobinemia  from  artificial  finger-
nail solution. JAMA, 278(7):549-50. doi:10.1001/
jama.1997.03550070041034 PMID:9268273

Kavlock R, Chandler K, Houck K, Hunter S, Judson R,
Kleinstreuer N et al. (2012). Update on EPA’s ToxCast
program: providing high throughput decision
support tools for chemical risk management. Chem
Res Toxicol, 25(7):1287-302. doi:10.1021/tx3000939
PMID:22519603

Kim NC, Ghanbari K, Kracko DA, Weber WM,
McDonald JD, Dix KJ (2007). Identification of urinary
metabolites of orally administered N,N-dimethyl-p-
toluidine in male 0aF344 rats. J Toxicol Environ Health
A, 70(10):781-8.  doi:10.1080/15287390701206176
PMID:17454554

Kronoveter KJ (1977). Health hazard evaluation determi-
nation report No. RHE-76-82-361. Hair Zoo, Penfield
(NY), USA: National Institute for Occupational
Safety and Health. [Abstract only]. Available from:
http://www.cdc.gov/niosh/nioshtic-2/00068466.html,
accessed January 2016.

Lamani X, Horst S, Zimmermann T, Schmidt TC (2015).
Determination of aromatic amines in human urine
using comprehensive multi-dimensional gas chro-
matography mass spectrometry (GCxGC-qMS). Anal
Bioanal Chem, 407(1):241-52. do0i:10.1007/s00216-014-
8080-5 PMID:25142049

Lee S, Pagoria D, Raigrodski A, Geurtsen W (2007). Effects
of combinations of ROS scavengers on oxidative DNA
damage caused by visible-light-activated camphorqui-
none/N,N-dimethyl-p-toluidine. ] Biomed Mater Res
B Appl Biomater, 83(2):391-9. doi:10.1002/jbm.b.30808
PMID:17443666

Leng G, Bolt HM (2006). Methemoglobin-forming
substances, aromatic amines, and nitro compounds. In:
Biological Threshold Limit Values, MAK Commission
for the Investigation of Occupational Health Hazards.
The MAK Collection for Occupational Health and
Safety. Wiley Online Library. Available from: http://
onlinelibrary.wiley.com/book/10.1002/3527600418/
topics.

Li YC, Huang FM, Lee SS, Lin RH, Chang YC (2007).
Protective effects of antioxidants on micronuclei
induced by camphorquinone/N,N-dimethyl-p-tolu-
idine employing in vitro mammalian test system.
] Biomed Mater Res B Appl Biomater, 82(1):23-8.
doi:10.1002/jbm.b.30700 PMID:17041928

Li YC, Huang FM, Lee SS, Lin RH, Chou MY, Chang YC
(2008). Protective effects of antioxidants on micronu-
clei induced by irradiated 9-fluorenone/N,N-dime-
thyl-p-toluidine in CHO cells. ] Biomed Mater Res B
Appl Biomater, 84(1):58-63. do0i:10.1002/jbm.b.30843
PMID:17455275

Liso PA, Vazquez B, Rebuelta M, Hernaez ML, Rotger
R, San Roman J (1997). Analysis of the leaching and

188

toxicity of new amine activators for the curing of acrylic
bone cements and composites. Biomaterials, 18(1):15-
20. doi:10.1016/50142-9612(96)00082-8 PMID:9003891

Marques MM, Mourato LLG, Amorim MT, Santos MA,
Melchior WB Jr, Beland FA (1997). Effect of substitu-
tion site upon the oxidation potentials of alkylanilines,
the mutagenicities of N-hydroxyalkylanilines, and the
conformations of alkylaniline-DNA adducts. Chem
Res Toxicol, 10(11):1266-74. doi:10.1021/tx970104w
PMID:9403181

Marsolek MR, White NC, Litovitz TL (2010). Inhalant
abuse: monitoring trends by using poison control data,
1993-2008. Pediatrics, 125(5):906-13. doi:10.1542/
peds.2009-2080 PMID:20403928

Masuki K, Nomura Y, Bhawal UK, Sawajiri M, Hirata I,
Nahara Y et al. (2007). Apoptotic and necrotic influ-
ence of dental resin polymerization initiators in human
gingival fibroblast cultures. Dent Mater ], 26(6):861-9.
doi:10.4012/dmj.26.861 PMID:18203492

Miller EG, Washington VH, Bowles WH, Zimmermann
ER (1986). Mutagenic potential of some chemical
components of dental materials. Dent Mater, 2(4):163-5.
doi:10.1016/S0109-5641(86)80028-8 PMID:3462062

Misiak H, Scheffler I (2003). Activator for cyanoacrylate
adhesives. United States Patent No. US 6,547,917 BI.

Neumark YD, Delva J, Anthony JC (1998). The epide-
miology of adolescent inhalant drug involvement.
Arch Pediatr Adolesc Med, 152(8):781-6. doi:10.1001/
archpedi.152.8.781 PMID:9701138

NIOSH  (1990). Dimethyl-p-toluidine. ~ National
Occupational Exposure Survey (1981-1983). Cincinnati
(OH), USA: National Institute for Occupational Safety
and Health. Available from: http://www.cdc.gov/noes/
noes2/m3033occ.html.

NIOSH (1994). NIOSH manual of analytical methods;
method 2002. Cincinnati (OH), USA: National Institute
for Occupational Safety and Health. Available from:
https://www.cdc.gov/niosh/docs/2003-154/method-
4000.html, accessed June 2016.

Nomura Y, Teshima W, Kawahara T, Tanaka N, Ishibashi
H, Okazaki M et al. (2006). Genotoxicity of dental resin
polymerization initiators in vitro. ] Mater Sci Mater
Med, 17(1):29-32.  d0i:10.1007/s10856-006-6326-2
PMID:16389469

NTP (1999). Summary of data for chemical selec-
tion. N,N-Dimethyl-p-toluidine 99-97-8. National
Toxicology Program. Available from: https:/ntp.niehs.
nih.gov/ntp/htdocs/chem background/exsumpdf/
dmpt 508.pdf, accessed 7 January 2016.

NTP (2012). Toxicology and carcinogenesis studies of
N,N-dimethyl-p-toluidine (CAS No. 99-97-8) in
F344/N rats and B6C3F,/N mice (gavage studies).
Natl Toxicol Program Tech Rep Ser, 579(579):1-211.
PMID:23027199



http://dx.doi.org/10.1001/jama.1997.03550070041034
http://dx.doi.org/10.1001/jama.1997.03550070041034
http://www.ncbi.nlm.nih.gov/pubmed/9268273
http://dx.doi.org/10.1021/tx3000939
http://www.ncbi.nlm.nih.gov/pubmed/22519603
http://dx.doi.org/10.1080/15287390701206176
http://www.ncbi.nlm.nih.gov/pubmed/17454554
http://www.cdc.gov/niosh/nioshtic-2/00068466.html
http://dx.doi.org/10.1007/s00216-014-8080-5
http://dx.doi.org/10.1007/s00216-014-8080-5
http://www.ncbi.nlm.nih.gov/pubmed/25142049
http://dx.doi.org/10.1002/jbm.b.30808
http://www.ncbi.nlm.nih.gov/pubmed/17443666
http://Methemoglobin-formingsubstances
http://Methemoglobin-formingsubstances
http://TheMAKCollectionforOccupationalHealthandSafety
http://TheMAKCollectionforOccupationalHealthandSafety
http://onlinelibrary.wiley.com/book/10.1002/3527600418/topics
http://onlinelibrary.wiley.com/book/10.1002/3527600418/topics
http://onlinelibrary.wiley.com/book/10.1002/3527600418/topics
http://dx.doi.org/10.1002/jbm.b.30700
http://www.ncbi.nlm.nih.gov/pubmed/17041928
http://dx.doi.org/10.1002/jbm.b.30843
http://www.ncbi.nlm.nih.gov/pubmed/17455275
http://dx.doi.org/10.1016/S0142-9612(96)00082-8
http://www.ncbi.nlm.nih.gov/pubmed/9003891
http://dx.doi.org/10.1021/tx970104w
http://www.ncbi.nlm.nih.gov/pubmed/9403181
http://dx.doi.org/10.1542/peds.2009-2080
http://dx.doi.org/10.1542/peds.2009-2080
http://www.ncbi.nlm.nih.gov/pubmed/20403928
http://dx.doi.org/10.4012/dmj.26.861
http://www.ncbi.nlm.nih.gov/pubmed/18203492
http://dx.doi.org/10.1016/S0109-5641(86)80028-8
http://www.ncbi.nlm.nih.gov/pubmed/3462062
http://dx.doi.org/10.1001/archpedi.152.8.781
http://dx.doi.org/10.1001/archpedi.152.8.781
http://www.ncbi.nlm.nih.gov/pubmed/9701138
http://www.cdc.gov/noes/noes2/m3033occ.html.
http://www.cdc.gov/noes/noes2/m3033occ.html.
https://www.cdc.gov/niosh/docs/2003-154/method-4000.html
https://www.cdc.gov/niosh/docs/2003-154/method-4000.html
http://dx.doi.org/10.1007/s10856-006-6326-2
http://www.ncbi.nlm.nih.gov/pubmed/16389469
https://ntp.niehs.nih.gov/ntp/htdocs/chem_background/exsumpdf/dmpt_508.pdf
https://ntp.niehs.nih.gov/ntp/htdocs/chem_background/exsumpdf/dmpt_508.pdf
https://ntp.niehs.nih.gov/ntp/htdocs/chem_background/exsumpdf/dmpt_508.pdf
http://www.ncbi.nlm.nih.gov/pubmed/23027199

N,N-Dimethyl-p-toluidine

Pagoria D, Lee A, Geurtsen W (2005). The effect of
camphorquinone (CQ) and CQ-related photosensi-
tizers on the generation of reactive oxygen species and
the production of oxidative DNA damage. Biomaterials,
26(19):4091-9. doi:10.1016/j.biomaterials.2004.10.022
PMID:15664636

Potter JL, Krill CE Jr, Neal D, Kofron WG (1988).
Methemoglobinemia due to ingestion of N,N-dimethyl-
p-toluidine, a component used in the fabrication of
artificial fingernails. Ann Emerg Med, 17(10):1098-100.
doi:10.1016/S0196-0644(88)80455-4 PMID:3178002

Richter E, Branner B (2002). Biomonitoring of exposure
to aromatic amines: haemoglobin adducts in humans.
J Chromatogr B Analyt Technol Biomed Life Sci,
778(1-2):49-62.  doi:10.1016/50378-4347(01)00466-2
PMID:12376116

Seto Y, Guengerich FP (1993). Liquid chromatographic
determination of para-substituted N,N-dialkylaniline
N-oxides.]ChromatogrA,619(1):71-7.doi:10.1016/0378-
4347(93)80447-C PMID:8245165

Shintani H, Tsuchiya T, Hata Y, Nakamura A (1993). Solid
phase extraction and HPLC analysis of toxic compo-
nents eluted from methyl methacrylate dental mate-
rials. J Anal Toxicol, 17(2):73-8. d0i:10.1093/jat/17.2.73
PMID:8492570

Smith MT, Guyton KZ, Gibbons CF, Fritz JM, Portier CJ,
Rusyn I et al. (2016). Key characteristics of carcino-
gens as a basis for organizing data on mechanisms of
carcinogenesis. Environ Health Perspect, 124(6):713-21.
PMID:26600562

Stea S, Granchi D, Zolezzi C, Ciapetti G, Visentin
M, Cavedagna D et al. (1997). High-performance
liquid chromatography assay of N,N-dimethyl-p-
toluidine released from bone cements: evidence for
toxicity. Biomaterials, 18(3):243-6. d0i:10.1016/50142-
9612(96)00121-4 PMID:9031725

Taningher M, Pasquini R, Bonatti S (1993). Genotoxicity
analysis of N,N-dimethylaniline and N,N-dimethyl-
p-toluidine. Environ Mol Mutagen, 21(4):349-56.
doi:10.1002/em.2850210406 PMID:8491214

TiceRR,AustinCP,KavlockR],BucherJR(2013).Improving
the human hazard characterization of chemicals: a
Tox21 update. Environ Health Perspect, 121(7):756-65.
d0i:10.1289/ehp.1205784 PMID:23603828

Tosti A, Bardazzi F, Piancastelli E, Brasile GP (1990).
Contact  stomatitis due to  N,N-dimethyl-
para-toluidine. Contact Dermat, 22(2):113.
doi:10.1111/j.1600-0536.1990.tb01533.x PMID:2323198

Verschueren GL, Bruynzeel DP (1991). Allergy to
N,N-dimethyl-p-toluidine in dental materials. Contact
Dermat,  24(2):149.  doi:10.1111/j.1600-0536.1991.
tb01680.x PMID:2040161

Volk J, Leyhausen G, Wessels M, Geurtsen W (2014).
Reduced glutathione prevents camphorquinone-in-
duced apoptosis in human oral keratinocytes. Dent

Mater, 30(2):215-26. doi:10.1016/j.dental.2013.11.008
PMID:24355435

Weiss T, Angerer ] (2002). Simultaneous determination of
various aromatic amines and metabolites of aromatic
nitro compounds in urine for low level exposure using
gas chromatography-mass spectrometry. ] Chromatogr
B Analyt Technol Biomed Life Sci, 778(1-2):179-92.
doi:10.1016/S0378-4347(01)00542-4 PMID:12376125

Winter K, Pagoria D, Geurtsen W (2005). The effect of
antioxidants on oxidative DNA damage induced by
visible-light-irradiated camphorquinone/N,N-di-
methyl-p-toluidine.  Biomaterials,  26(26):5321-9.
doi:10.1016/j.biomaterials.2005.01.068 PMID:15814130

Wu LT, Howard MO, Pilowsky DJ (2008). Substance
use disorders among inhalant users: results from the
National Epidemiologic Survey on alcohol and related
conditions. Addict Behav, 33(7):968-73. doi:10.1016/].
addbeh.2008.02.019 PMID:18403132

189


http://dx.doi.org/10.1016/j.biomaterials.2004.10.022
http://www.ncbi.nlm.nih.gov/pubmed/15664636
http://dx.doi.org/10.1016/S0196-0644(88)80455-4
http://www.ncbi.nlm.nih.gov/pubmed/3178002
http://dx.doi.org/10.1016/S0378-4347(01)00466-2
http://www.ncbi.nlm.nih.gov/pubmed/12376116
http://dx.doi.org/10.1016/0378-4347(93)80447-C
http://dx.doi.org/10.1016/0378-4347(93)80447-C
http://www.ncbi.nlm.nih.gov/pubmed/8245165
http://dx.doi.org/10.1093/jat/17.2.73
http://www.ncbi.nlm.nih.gov/pubmed/8492570
http://www.ncbi.nlm.nih.gov/pubmed/26600562
http://dx.doi.org/10.1016/S0142-9612(96)00121-4
http://dx.doi.org/10.1016/S0142-9612(96)00121-4
http://www.ncbi.nlm.nih.gov/pubmed/9031725
http://dx.doi.org/10.1002/em.2850210406
http://www.ncbi.nlm.nih.gov/pubmed/8491214
http://dx.doi.org/10.1289/ehp.1205784
http://www.ncbi.nlm.nih.gov/pubmed/23603828
http://dx.doi.org/10.1111/j.1600-0536.1990.tb01533.x
http://www.ncbi.nlm.nih.gov/pubmed/2323198
http://dx.doi.org/10.1111/j.1600-0536.1991.tb01680.x
http://dx.doi.org/10.1111/j.1600-0536.1991.tb01680.x
http://www.ncbi.nlm.nih.gov/pubmed/2040161
http://dx.doi.org/10.1016/j.dental.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24355435
http://dx.doi.org/10.1016/S0378-4347(01)00542-4
http://www.ncbi.nlm.nih.gov/pubmed/12376125
http://dx.doi.org/10.1016/j.biomaterials.2005.01.068
http://www.ncbi.nlm.nih.gov/pubmed/15814130
http://dx.doi.org/10.1016/j.addbeh.2008.02.019
http://dx.doi.org/10.1016/j.addbeh.2008.02.019
http://www.ncbi.nlm.nih.gov/pubmed/18403132




HYDRAZINE

Hydrazine was considered by the IARC Monographs Working Group in 1973, 1987, and 1998
(IARC, 1974, 1987, 1999). New data have since become available and these have been taken

into consideration in the present evaluation.

1. Exposure Data

1.1 ldentification of the agent

1.1.1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 302-01-2
Chem. Abstr. Serv. Name: Hydrazine
IUPAC Systematic Name: Hydrazine

Synonyms: Levoxine, nitrogen hydride,
diamide, diamine, anhydrous hydrazine,
hydrazine base.

1.1.2 Structural and molecular formulae, and
relative molecular mass

H,N-NH,

Molecular formula: H,N,
Relative molecular mass: 32.05

1.1.3 Chemical and physical properties of the
pure substance

From IPCS (1987a), ECHA (2011), NIOSH
(2014), HSDB (2010)

Description: Colourless, fuming, oily liquid
with a penetrating ammonia-like odour;
odour threshold, 3-9 mg/m?

Note: Anhydrous hydrazine contains less
than 37% water by mass; hydrazine hydrate
[CAS No.: 7803-57-8] corresponds to a 64%
or less aqueous solution of hydrazine (HSDB
2010)

Boiling point: 113.5 °C

Melting point: 2 °C

Vapour density: 1.1 (air = 1)

Solubility: 282.0 g/100 g in water at
25 °C; miscible with methyl, ethyl, propyl,
and isobutyl alcohols; insoluble in chloro-
form and diethyl ether

Volatility: Vapour pressure, 14.4 mm Hg at
25°C

Octanol/water partition coefficient (P): log
K, —2.07 at 25 °C

Flash point: 52 °C

Explosive limits: Upper, 100%; lower, 1.8% by
volume in air

Stability: Hydrazine is stable when stored,
but may cause hazardous reactions when in
contact with strong oxidizing agents or acids.
Contact with cellulose or cotton textiles,
especially at elevated temperatures, may
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result in ignition. Vapours may form explo-
sive mixtures with air when the substance is
heated above its flash point.

Decomposition: Forms
ammonia, and hydrogen

nitrogen oxides,

Conversion factor: 1 ppm = 1.31 mg/m? at
25°C

1.2 Production and use

1.2.1 Production

(a)  Production process

Most hydrazine is produced by a variation of
the Raschig process, where ammonia is oxidized
using alkaline hypochlorite with or without the
presence of a ketone such as acetone or butanone.
It can also be made by the oxidation of ammonia
by hydrogen peroxide in the presence of butanone
and an oxygen-transfer agent (Schiessl, 2003).

Anhydrous hydrazine is made by breaking
the hydrazine-water azeotrope with aniline.
The aniline-water vapour condenses and phase
separates. The water layer, contaminated with a
small amount of aniline and hydrazine, flows to a
biological treatment pond. The aniline and anhy-
drous hydrazine are separated in a final column
(Schiessl, 1995).

(b)  Production volume

(i)  Anhydrous hydrazine

In 2009, hydrazine was produced by three
manufacturers worldwide (SRI, 2009; as cited in
NTP, 2014). Hydrazine was then available from 27
suppliers (ChemSources, 2009; as cited in NTP,
2014). USA imports of “hydrazine and hydroxyl-
amine and their salts” generally increased
between 1989 and 2008, to a maximum of 235
000 tonnes in 1999 (USITC, 2009 as cited in
NTP, 2014).

Anhydrous hydrazine was not manufactured
in the European Union in 2011, and less than 10
tonnes per year was imported to the European
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Union (ECHA, 2011). The following suppliers of
hydrazine in 2016 were identified: 27 suppliers in
China, 26 in the USA, 5 in the United Kingdom,
3in Germany, 2 in Japan, and 1 in each of 5 other
countries; production volumes were not reported
(ChemicalBook, 2016).

(i) Hydrazine hydrate

Production capacity estimates for hydra-
zine hydrate in 1988 were: USA, 25 000 tonnes;
France, 10 000 tonnes; Germany, 10 000 tonnes;
Japan, 5000 tonnes; and United Kingdom, 3000
tonnes (Schirmann, 1989).

By 2011, hydrazine hydrate was manufac-
tured in China, France, Germany, Japan, and the
Republic of Korea, and possibly in the Russian
Federation and the USA. The worldwide market
demand for hydrazine hydrate was then about
80 000-90 000 tonnes per year (ECHA, 2011).

The following suppliers of hydrazine hydrate
in 2016 were identified: 178 suppliers in China,
27 in the USA, 11 in the United Kingdom, 6 in
Japan, 4 in Germany, and 1 in each of 5 other
countries; production volumes were not reported
(ChemicalBook, 2016).

1.2.2 Use

In its hydrated form, hydrazine (solutions
with concentrations ranging from 0.01% to 100%)
is used in multiple applications. It is used to
synthesize pharmaceuticals, agrochemicals, and
chemical blowing agents; as a stabilizing agent of
aromatic amines for manufacture of paints, inks,
and organic dyes; and as a reagent for the treat-
ment of nuclear reactor waste. Hydrazine is used
as a monomer in polymerizations, mostly for
polyurethane coatings and adhesives; as a corro-
sion inhibitor in water treatment, mainly for the
removal of dissolved oxygen; for pH adjustment
in the feed water of boilers; and for the removal
of solids from steam generators, notably in
nuclear and thermal power-generation plants.
Oxygen scavenging of steam by hydrazine may
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also be carried out in paper mills, steel manufac-
ture, and chemical production. It is also used as
a reducing agent in the deposition of metals (e.g.
nickel, chromium, tin, and precious metals); in
plastics and glass manufacture; for recovery of
precious and basic metals from metallic salt solu-
tions; and as effluent sand in the purification of
chemical reagents. Hydrazine is also a laboratory
chemical reagent (ECHA, 2011).

The anhydrous form (at high purity levels,
>90%) is used as a propellant for aerospace vehi-
cles (e.g. satellite propulsion and upper stages of
satellite launchers); as a fuel in military power
units for the F-16 fighter jet aircraft; and in gas
generators for submarine rescue systems (ECHA
2011).

1.3 Measurement and analysis

Hydrazine compounds are highly soluble in
water and can be measured by spectrophotom-
etry (HSDB, 2010).

Sampling and analysis methods for hydra-
zine in a variety of matrices are listed in Table 1.1.
Other hydrazines, such as 1,1- and 1,2-dimethyl-
hydrazine, may interfere with these methods.

In addition, direct-reading papers or indi-
cating tubes, based on colorimetric methods, are
available commercially, with reported limits of
detection of 65 pg/m? for tapes and 330 ug/m? for
tubes (IPCS, 1987a).

More recently, an optical probe for hydrazine
in air has been described. It uses colorimetric,
fluorescent, and chemiluminescent outputs, and
has a limit of detection of 3.2 ppb (0.1 uM) (Cui
et al., 2014).

1.4 Occurrence and exposure
1.4.1 Natural occurrence

Hydrazine is naturally produced by the
algae Azotobacter agile as a result of nitrogen
fixation (ATSDR, 1997), and in tobacco plants
(Choudhary & Hansen, 1998).

1.4.2 Environmental occurrence

Production and use of hydrazine may result
in its release to the environment. It has been
detected at low levels in wastewater samples
(HSDB, 2010).

1.4.3 Occupational exposure

The National Occupational Exposure Survey
estimated that 60 490 workers (including 2841
women) in the USA were potentially exposed
to hydrazine between 1981 and 1983 (NIOSH
1997). National estimates on exposure were not
available from other countries.

Hydrazine is usually handled in closed
systems, but fugitive emissions may occur.
Table 1.2 presents data on occupational expo-
sures for hydrazine.

Data suggested that open manual transfer
of hydrazine hydrate results in exposure to
hydrazine of < 0.02 mg/m?, and that exposure is
lower when closed transfer is used (HSE, 2006).
Exposures of 0.014-0.35 mg/m’® (maximum,
1.18 mg/m?) have been measured in hydrazine
hydrate production, and 0.29-2.59 mg/m’ in
a rocket propellant facility where hydrazine
was handled (Cook et al., 1979; IPCS, 1987a).
Refilling F-16 aircraft with hydrazine resulted in
exposures as high as 10.5 mg/m?, but they were
usually < 0.13 mg/m? (Christensen, 1978; IPCS,
1987a). Exposure during a spillage of hydrazine
was measured as 800 mg/m? (Suggs et al., 1980).

Hydrazine hydrate and acetylhydrazine were
separately measured, as a result combined at
0.8660 pmol/g creatinine (range, not detected
to 14.20 umol/g creatinine) in the urine of prod-
uction workers in five factories who had been
exposed to hydrazine at 0.014 mg/m? (range,
not detected to 0.262 mg/m?) (Nomiyama et al.,
1998a).

1.4.4 Exposure of the general population

No data were available to the Working Group.
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Table 1.2 Occupational exposures to hydrazine

Country  Job/process Numbers Air concentration Reference
of people (mg/m?3)
exposed
Typical Exceptional
USA F-16 fighter jet refilling including nitrogen NR <0.13 6.6-10.5 Christensen (1978
depressurization, catalyst purge, poppet valve
replacement
USA F-16 fighter jet applications 32 0.04-0.05 IPCS (1987a
USA Production 100-800 <0.13 0.13-0.262  IPCS (1987a
USA Production <1100 <0.35 <1.18 IPCS (1987a
USA Derivative manufacture <25 <0.13 ~0.13 IPCS (1987a
NR Evaporation from liquid spill NR 4 IPCS (1987b)
NR At site of leakage NR 800 Suggs et al. (1980
USA Rocket propellant-handling facility NR 0.29-2.59 Cook et al. (1979)
0.013 (inside
RPE)
USA Rocket testing 10-100 0.01-0.02 0.14° IPCS (1987a)
NR Process stream sampling NR 0.05-0.35 1.19 ATSDR (1997)
Japan© Production in 5 factories NR 0.014 ND-0.262  Nomiyama et al.
1998b)
United Manual processing and distributing hydrazine NR 0.0045 HSE (2006
Kingdom¢ hydrate solutions, open transfer (45-60 min) ~ NR 0.0096
Manual processing and distributing hydrazine 0.013
hydrate solutions, open transfer (41 min) NR
Manual processing and distributing hydrazine NR 0.002
hydrate solutions, closed transfer (15 min) NR 0.003

a Short-term samples during specific operations
b Level measured during aeration of the wastewater holding period

¢ The data from Japan and the United Kingdom are for hydrazine hydrate, the others for hydrazine; note that exposures are all measured as

hydrazine, but the processes involved handling of hydrazine hydrate

ND, not detected; NR, not reported; RPE, respiratory protection equipment

Compiled by the Working Group with data reported by ECHA (2011

1.4.5 Exposure assessment in epidemiological
studies

Workers were commonly also exposed to
other carcinogens, which made it difficult to
attribute identified risks specifically to hydra-
zine (Cammarano et al., 1984; Wald et al., 1984;
Zhao et al., 2005; Krishnadasan et al., 2007). In
a nested case—control study of 6107 aerospace
workers and 4607 workers enrolled in a radiation
monitoring programme, 87% of those exposed
to hydrazine were also exposed to trichloro-
ethylene, while levels of radiation were not
reported (Krishnadasan et al., 2007).
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In a retrospective cohort study in aerospace
workers in southern California, USA, which
used interviews, historical facility reports, and
walkthrough surveys, job titles were discussed
and classified into a time-dependent semi-quan-
titative job—exposure matrix (JEM) with respect
to hydrazine compounds (e.g. hydrazine,
1-methylhydrazine, and 1,1-dimethylhydrazine)
(Morgenstern & Ritz, 2001; Zhao et al., 2005;
Ritz et al., 2006). The JEM was used to classify
jobs held for at least 6 or 12 months (depending
on the job) into low, medium, or high exposure.
Morgenstern & Ritz (2001) stated that the cate-
gories reflect the probability, not the amount,
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of hydrazine exposure, but this was not further
clarified (Morgenstern & Ritz, 2001); however,
subsequent reports referred to the classification
in terms of intensity of exposure (Zhao et al.
2005; Ritz et al., 2006); any employee involved
in working hands-on with rocket engines or in
fuel production and testing was assumed to have
been exposed to hydrazine. For example, rocket
test-stand mechanics were assigned to the highest
intensities of exposure because they probably had
the greatest contact with rocket engines (Ritz
etal., 2006). Each job title was assigned to one of
four categories of presumptive exposure (high,
medium, low, or unexposed) for each chemical
reflecting the relative intensity of that exposure
in each of three periods: the 1950-1960s, the
1970s, and the 1980-1990s. A cumulative expo-
sure score for each worker in the cohort was
calculated by summing across all employment
periods. Thus, each job received an intensity
score (0 to 3, from unexposed to highly exposed)
that was multiplied by the number of years in
the job and then summed. In separate analyses,
to take account of the fact that more hydrazine
was used in the 1960s, scores of 1 for low, 4 for
medium, and 9 for high intensities were used for
that decade, retaining the original scores for all
other decades (Ritz et al., 2006). In addition to
hydrazine, there was exposure to other known
carcinogens at the facility, including trichloro-
ethylene, polyaromatic hydrocarbons, mineral
oils, and benzene. In Ritz et al. (2006), a new
JEM was derived assessing these exposures, and
this information was used to adjust the hydra-
zine effect estimates for potential confounding
by co-exposure to other chemicals (Ritz et al.
2006).

In a subsequent nested case—control study of
cancer of the prostate identified through cancer
registries, five controls per case were randomly
selected, matched on age at start date of employ-
ment, and cohort (radiation or aerospace).
For cases and controls, 69% had no identified
exposure to hydrazine; 21% of cases and 24%

of controls were classified as having had low or
moderate exposure; and 11% of cases and 7% of
controls were classified as having had high expo-
sure (Krishnadasan et al., 2007).

A separate and subsequent study at the same
aerospace facility used company records to iden-
tify test-stand mechanics, including those moni-
tored for radiation. These workers were paid
hourly, unlike most of the test-stand workers
(instrument mechanics, inspectors and engi-
neers) who were salaried. The mechanics who
were paid hourly were thought to be most likely
to have been “hands-on” and hence to have had
a higher probability of exposure to hydrazine
and trichloroethylene. Hydrazine was present in
rocket fuel at some but not all rocket-engine test
stands. The electronic personnel files did notiden-
tify on which rocket stands the mechanics had
worked, so the authors used company telephone
numbers to identify a minority of the test-stand
mechanics who were thought to have worked
on stands that used hydrazine. The assignments
were validated by “information gathered from
walkthrough surveys at operating and closed test
stands with knowledgeable personnel who were
involved with engine tests over the years, discus-
sions with over 100 long-term employees (both
retired and active), and review of medical records
of workers, which often identified the test stands
and the chemicals used” (Boice et al., 2006).

Ritz et al. (1999) had been unable to link
workers to specific test stands using company
records, but former employees stated that many
workers frequently changed work locations. In
addition, leakage of fuel was thought to be a
common source of exposure (Ritz et al., 1999).

In a separate study of a cohort of workers
from a site in the east Midlands, United
Kingdom, that manufactured hydrazine in open
tanks and vessels, the exposure assessment was
weaker. No measurements of the concentration
of hydrazine in air had been made, exposure esti-
mates were derived by the simulation of spillages
and calculations using data on the saturated
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vapour pressure of hydrazine. This suggested
that maximum levels of 100 ppm were possible
(Wald et al., 1984). Exposures were estimated to
have been 1-10 ppm in the general plant area,
and up to 100 ppm close to the hydrazine storage
vessels (Wald et al., 1984; Morris et al., 1995).
Those directly involved, for at least 6 months, in
the manufacture of hydrazine or its derivatives,
or its use as a raw material, were classified as
having had high exposure. Moderate exposure
was assigned to those with only an incidental
presence in the hydrazine-manufacturing area
for most of their career, e.g. fitters and engineers.
Their exposure was estimated to have probably
been “< 0.5 or 1 ppm for most of their employ-
ment”. The remainder of the cohort were thought
to have had “little or no exposure”. In the risk
analysis, the years at each exposure level were
calculated on an individual basis (Morris et al.
1995).

1.5 Regulations and guidelines

Hydrazine is classified as a carcinogen in
accordance with Article 57 (a) of the Registration,
Evaluation, Authorisation and Restriction of
Chemicals (REACH) regulations (EC-1907/2006;
ECHA, 2011). Hydrazine is included in the list
of harmonized classification and labelling of
hazardous substances as carcinogen category 1B
(ECHA, 2011).

According to the European Chemicals
Agency (ECHA), the following Globally
Harmonized System of Classification and
Labelling of Chemicals (GHS) hazard statements
apply: H301 “toxic if swallowed™ H311 “toxic
in contact with skin” H314 “causes severe skin
burns and eye damage” H317 “may cause an
allergic skin reaction” H331 “toxic if inhaled™;
H350 “may cause cancer”; H400 “very toxic to
aquatic life”; H410 “very toxic to aquatic life with
long lasting effects”; and H226 “flammable liquid
and vapour” (ECHA, 2016).
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Table 1.3 International limit values for
occupational exposure to hydrazine

Country Limit value, Limit value,
8 hours short-term
ppm mg/m* ppm mg/m?

Australia 0.01 0.013

Austria 0.10 0.130 0.40 0.52

Belgium 0.01 0.013

Canada, Ontario 0.01

Canada, Quebec 0.10 0.130

(Province)

Denmark 0.01 0.013 0.02 0.026

Finland 0.01 0.013 0.052 0.072

France 0.10 0.100

Germany (AGS) 0.017>  0.022>  0.0342> (.0442b
0.0017¢  0.0022¢

Hungary 0.13

Ireland 0.01 0.01

Latvia 0.10

New Zealand 0.01 0.013

People’s Republic of 0.06 0.13

China

Poland 0.05 0.10

Republic of Korea 0.05 0.06

Singapore 0.10 0.13

Spain¢ 010 0.3

Switzerland 0.10 0.13

USA, NIOSH 0.03¢ 0.04¢

USA, OSHA 1.00 1.30

United Kingdom 0.02 0.03 0.10 0.13

+ 15 minutes average value

> Workplace exposure concentration corresponding to the proposed
tolerable cancer risk

¢ Workplace exposure concentration corresponding to the proposed
preliminary acceptable cancer risk

4 Skin, sensitivity

¢ Ceiling limit value

AGS, German Committee on Hazardous Substances (Ausschuss fiir
Gefahrstoffe); NIOSH, National Institute for Occupational Safety and
Health; OSHA, Occupational Safety and Health Administration
From the GESTIS Substance Database (IFA, 2015)

The United States Environmental Protection
Agency (EPA) Integrated Risk Information
System classifies hydrazine as a B2 carcinogen, a
probable human carcinogen based on sufficient
evidence of carcinogenicity in animals. The inha-
lation unit risk rate was stated as 4.9 x 103 per
ng/m?based on alinearized multistage procedure
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“extra risk model.” The oral cancer slope factor
was stated as 3.0 (mg/kg per day)' [these values
are applicable to lifetime exposure] (EPA, 2016).

Hydrazine was listed as a chemical that may
cause cancer in 1988, under California’s prop-
osition 95, The Safe Drinking-water and Toxic
Enforcement Act 1986 (OEHHA, 2014).

The American Conference of Governmental
Industrial Hygienists (ACGIH) recommended
an 8-hour time-weighted average (TWA) of
0.013 mg/m? (0.01 ppm) as the threshold limit
value for occupational exposures to hydrazine in
workplace air, and have categorized it as an A2
“suspected human carcinogen” (ACGIH, 1997).

Other 8-hour TWA workplace limits vary
from the proposed preliminary acceptable cancer
risk value of 0.0017 ppm [0.0022 mg/m?] in
Germany, to the Occupational Safety and Health
Administration (OSHA) value of 1.3 mg/m? (IFA,
2015) in the USA. Several countries have also
set short-term exposure limits (STELs) varying
between 0.02 and 0.4 ppm [0.026-0.52 mg/m?]
(IFA, 2015; Table 1.3).

The Agency for Toxic Substances and Disease
Registry of the Centers for Disease Control and
Prevention (CDC) in the USA has set a minimal
risk level (MRL) of 0.004 ppm [0.00524 mg/m?]
for inhalation exposures of intermediate dura-
tion (ATSDR, 2016).

2. Cancer in Humans

See Table 2.1

Wald et al. (1984) studied 427 men in the east
Midlands, United Kingdom, who were potentially
exposed to hydrazine at a hydrazine-production
plant between 1945 and 1971 (exposure at this
plant ended in 1971), with at least 6 months of
employment during this period. Workers were
divided into presumed high, moderate, and low
exposure groups. High exposure was estimated
to be 1-10 ppm, moderate was < 1 ppm, and low

exposure was little or no exposure. Follow-up
went to 1982 in this original report and was
extended in subsequent reports by Morris et al.
(1995, 2015). The most recent follow-up until
2012 identified 205 deaths (Morris et al., 2015).
Mean length of exposure was 6.8 years and mean
follow-up was 32 years. There was no statistically
significant excess risk for any cancer. The relative
risk (RR) of mortality for cancer of the lung was
0.72 (95% confidence interval, CI, 0.42-1.15; 17
deaths), and no significant or close to significant
excess of lung cancer was seen at any exposure
level or duration (RR for high exposure group,
1.22; 95% CI, 0.45-2.67). There was no marked
excess of cancer of the digestive system for all
men combined (RR, 1.02; 95% CI, 0.65-1.53;
23 deaths) nor for any exposure level or dura-
tion group (RR for high exposure, 0.44; 95% CI,
0.05-1.58). Few men were in the high exposure
category, and there were only six lung cancers
and two digestive cancers in this group. There
was an overall deficit of all-cause mortality
(standardized mortality ratio, SMR, 0.77), and
the authors noted that these workers were not
allowed to smoke at work due to the explosive
nature of hydrazine.

[The Working Group noted that this cohort
was of limited value for the evaluation of hydra-
zine since there were few deaths among men
judged to have high exposure, while other expo-
sure groups were exposed only incidentally or
were judged not to have been exposed.]

Ritzetal. (1999) studied a cohort of 6107 male
workers who worked at the Santa Susana Field
Laboratory rocket testing facility (Rocketdyne)
near Los Angeles, California, USA. Workers had
to have been employed before 1980 and worked
at least 2 years, and not to have been exposed
to radiation (i.e. no evidence of monitoring).
Mortality follow-up went until 1994; no data
on cancer incidence were reported. The average
length of follow-up was 29 years. Exposure assess-
ment was based on job title, and a JEM was devel-
oped to estimate exposure depending on job title
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and year of employment. Work history records
were available from the company. Inventories of
hydrazine over time were also available for 1955-
1994. Workers were assigned by expert judgment
to categories of no, low, medium, and high prob-
ability of exposure to hydrazine, without refer-
ence to intensity of exposure; the low exposure
group was small and results for this group were
not reported. Hydrazine used in rocket fuel can
exist as three variants: hydrazine itself, 1-methyl-
hydrazine, and 1,1-dimethylhydrazine, but
these could not be separated and exposure was
analysed generically as “hydrazine” irrespective
of the particular variant. Two sets of analyses
were conducted, based on minimum length of
duration of exposure (6 months or 24 months:
HYD-6 or HYD-24, respectively). In some anal-
yses, the exposure variable was high exposure by
decade, as it was thought that intensity changed
over time. No quantitative estimates of hydra-
zine exposure intensity were given. Exposure
was analysed as a time-dependent variable, using
highest exposure at any time, and retaining
that highest exposure category if subsequent
exposure was lower. Cancer of the lung was of
primary interest in the analysis, but data for
cancers of the lymphoid and haematopoietic
tissues (ICD-9, 200-208), bladder and kidney;,
upper aerodigestive tract (ICD-9, 140-141 and
161) and pancreas were also reported. Covariates
included in internal analyses were age, time since
hire, and pay grade, and lags of 0, 10, and 15 years
were used. Results shown were similar for both
duration of exposure groups (HYD-6, n = 1053;
HYD-24, n = 827). Relative risks for cancer of
the lung for high exposure with a 15-year lag
were 1.93 (95% CI, 1.27-2.93) or 2.10 (95% CI,
1.36-3.25) for high exposure within the HYD-6
and HYD-24 groups, respectively. No elevation
in risk of cancer of the lung was seen for medium
exposure. Analyses of high exposure (using the
HYD-6 group) by decade showed that excesses of
cancers of the lung, and lymphoid and haemato-
poietic tissues were greatest in 1960-1969. In the
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high-exposure group, mortality from cancer of
the lymphoid and haematopoietic tissues (RR
for HYD-6, 2.83; 95% CI, 1.22-6.56; and RR for
HYD-24, 1.42; 95% CI, 0.54-3.72; 15-year lag),
and bladder and kidney cancer (RR for HYD-6,
1.65;95% CI,0.59-4.56;and RR for HYD-24, 1.80;
95% CI, 0.63-5.12) was also increased. Limited
data on smoking for 295 workers showed no asso-
ciation between smoking and estimated occu-
pational exposure to hydrazine. Furthermore,
relative risks for a group of smoking related-can-
cers other than lung showed no positive trends
with exposure.

Ritz et al. (2006) updated the earlier study
(Ritzetal.,1999) on this cohort for mortality until
2001. A few workers from the previous cohort
were found not to have been eligible, resulting
in a cohort size of 6044. Cancer incidence
between 1988 and 2000 was also ascertained in
California and eight other states of the USA for
5049 workers who were alive as of the beginning
of 1988. Death certificate information indicated
that cancer incidence would have approximately
89% complete coverage using only these states
during the follow-up. Exposure assessment was
updated via walkthrough surveys, interviews
with company personnel, and review of records.
Each job title was assigned to one of four catego-
ries (no exposure, low, moderate, high) in three
periods (1950-1969, 1970-1979, and 1980-1999).
Employees with direct exposure to rocket engines
or fuel production and testing were presumed to
have been exposed to hydrazine. Exposure inten-
sity was scored annually 0-3 for each job (3 being
highest exposure), based on the four categories
above, and then summed across employment
years to derive a cumulative exposure score.
Further details of exposure assessment are avail-
able in Zhao et al. (2005). Cox regression was
conducted with calendar time as the time vari-
able. Pay grade, age, time since hire, and expo-
sures to trichloroethylene or mineral oils were
included in all models. Cumulative exposure
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scores were divided into three semiquantitative
categories, low (< 3), medium (3 to < 12), and
high (> 12) for analyses; 56% (3401) of workers
were judged to have had no/low exposure, 26%
(1593) moderate exposure, and 17% (1050) high
exposure.

During follow-up, 2117 workers had died
(35%) and 691 incident cancers were found.
Mean duration of employment was 16 years.
Rate ratios for cancer of the lung with no lag for
mortality (194 deaths) were 1.00, 1.46 (95% CI,
0.96-2.22), and 1.49 (95% CI, 0.94-2.35) for no/
low, moderate, and high exposures, respectively
(P for trend, 0.065), and for incidence (92 cases)
the RRs were 1.00, 1.15 (95% CI, 0.60-2.20), and
2.31 (95% CI, 1.21-4.43) for the same exposure
categories (P for trend, 0.007). With 20 years
lag, these were respectively 1.00, 1.24 (95% CI,
0.78-1.96), and 1.67 (95% CI, 0.99-2.83) (P for
trend, 0.031) for mortality, and 1.00, 1.18, (95%
Cl, 0.62-2.24), and 2.49 (95% CI, 1.28-4.86) (P
for trend, 0.003) for incidence. For cancer of the
colorectum, the relative risks for incidence (90
cases) were 1.00, 1.64 (95% CI,0.86-3.11),and 2.09
(95% CI, 1.02-4.31) (P for trend, 0.043) for no lag,
and 1.00, 1.75 (95% CI, 0.93-3.30), and 2.16 (95%
CI, 1.02-4.59) (P for trend, 0.041) for 20 years lag.
There was evidence for positive trends for cancer
of the kidney (17 deaths, 16 incident cases) and
pancreas (39 deaths, 21 cases), but these did not
attain statistical significance. No trends were seen
with “NHL and leukaemia” for either mortality
or incidence (0 and 20-year lags), in contrast to
the earlier mortality follow-up. Limited data on
smoking for 200 workers showed no association
between smoking and estimated occupational
exposure to hydrazine. Furthermore, relative
risks for all smoking related-cancers other than
lung showed no positive trends with exposure.
[The Working Group noted that this cohort
was particularly informative because it is rela-
tively large, with semi-quantitative exposure

assessment, and included cancer incidence as
well as mortality.]

Krishnadasan et al. (2007) conducted a
nested case—control study of 362 cases of cancer
of the prostate and 1805 controls, matched on
date of first employment and age at diagnosis.
The study was nested within two cohorts, 4607
radiation-exposed Rocketdyne workers and the
same 6107 rocket-testing Rocketdyne workers
studied by Ritz et al. (2006). Exposures to hydra-
zine, trichloroethylene, polycyclic aromatic
hydrocarbons, benzene, and mineral oil were
evaluated. Incident cases of prostate cancer were
ascertained in California and eight other states of
the USA, asin Ritz et al. (2006). Based on a JEM,
odds ratios (20-year lag) for those with high and
low exposure to hydrazine, versus no exposure,
were 0.84 (95% CI, 0.48-1.5) and 0.75 (95% CI,
0.50-1.1), respectively (P for trend, 0.30). [This
study was largely uninformative, given the earlier
data from Ritz et al. (2006), where no trends for
prostate cancer were observed for hydrazine
exposure among the rocket-testing workers.]

Boice et al. (2006) studied a group of 8372
Rocketdyne workers who worked for 6 months
or more at the Santa Susana Field Laboratory
rocket-testing facility from 1948 onward, and
had potential exposure to hydrazine. Women
were included among the rocket-testing facility
workers, representing 15% of the cohort. Also
included were 182 test-stand mechanics who
were exposed to radiation. Analyses were limited
to mortality, with no incidence data. Mortality
comparisons were made using California referent
rates, as well as referent rates based on 32 979
other Rocketdyne workers who did not do rocket
testing and had no potential exposure to hydra-
zine. Internal comparisons were also conducted.
Follow-up of test facility workers was conducted
until 1999 and identified 2251 deaths (27% of the
cohort). Among the 8372 rocket-testing workers,
1651 (20%) were test-stand mechanics, judged to
have potential exposure to hydrazine. Of these
however, Boice et al. (2006) estimated that only
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315 (30%) were likely to have been exposed to
hydrazine, while 205 others were judged to have
possible but unlikely exposure to hydrazine, and
the remainder were judged to have had no expo-
sure to hydrazine. These definitions were based
on job title and other company records. Some
test-stand mechanics were also classified as being
exposed to trichloroethylene, with 121 of these
thought to have been exposed to both hydrazine
and trichloroethylene.

Cancer mortality analyses of all rocket-
testing workers compared with California popu-
lation rates were unremarkable and not signif-
icantly different from the null for any specific
type of cancer analysed, including lung (SMR,
0.89; 95% CI, 0.78-1.02). All-cause mortality was
also decreased (SMR, 0.83; 95% CI, 0.80-0.86).
Analyses by duration of employment also showed
no significant excesses for any type of cancer for
workers with longest duration of employment.
Analyses of male test-stand mechanics paid
hourly also did not show significant excesses for
any cancer type, nor were there any significant
excesses for those with > 5 years employment.
The standardized mortality ratio for lung cancer
was 1.07 (95% CI, 0.82-1.37) based on California
referent data; the standardized mortality ratio
for lung cancer for > 5 years employment was
1.06 (95% CI, 0.66-1.60). For the 315 test-stand
workers estimated to have likely hydrazine
exposure, the standardized mortality ratio for
all cancers was 1.09 (95% CI, 0.75-1.52). The
standardized mortality ratio for lung cancer in
this group was 1.45 (95% CI, 0.81-2.39). Findings
for deaths for other specific cancers were unre-
markable and based on small numbers. Internal
analyses of likely exposed, possibly exposed,
versus not exposed to hydrazine for test-stand
workers showed no evidence of a positive trend
with increasing likelihood of exposure (analyses
controlled for pay grade, hourly vs salaried).
Analyses of test-stand mechanics by decade of
exposure, comparing those with 3 or more years
employment with those with less than 3 years
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employment, showed the highest lung cancer
mortality risk (RR, 1.40; 95% CI, 0.80-2.47) in
the group exposed 1960-1969 (n = 1454), with
an excess (RR, 1.29; 95% CI, 0.70-2.40) also seen
in those exposed before 1960 (n = 984). Some
internal analyses using Cox regression were
also conducted among test-stand mechanics by
length of employment and likelihood of hydra-
zine exposure (likely, possible, none). These
analyses, in which follow-up time was the time
variable, and which controlled for year of birth,
year of hire, pay grade (hourly or salaried), and
exposure to trichloroethylene, did not show any
significant trends for either lung cancer or colon
cancer. A smoking survey carried out among
about 75 hourly-paid and 75 salaried test-facility
workers, found that about 60% of hourly workers
had ever smoked versus 40% salaried workers,
suggesting the importance of controlling for
pay grade. [The Working Group noted that
Boice et al. (2006) is an informative study with
relatively large number of deaths and extensive
exposure characterization by assigned catego-
ries. The Working Group further noted that
while the two cohorts of Rocketdyne workers
(Boice et al., 2006; Ritz et al., 2006) had impor-
tant overlap, they were different populations.
As noted above, the cohort studied by Boice
etal. (2006) had a shorter minimum employment
period and included women and workers hired
in both earlier and later years. Furthermore, Ritz
et al. (2006) considered all test-stand mechanics
to have been exposed, while Boice et al. (2006)
considered only a minority to have had likely or
possible exposures based on presumed test-stand
assignment. However, as pointed out in Zhao
et al. (2005), test-stand mechanics frequently
rotated among different test stands, making the
classification used by Boice et al. (2006) impre-
cise. Furthermore, Ritz et al. (2006) included
incidence data, while Boice et al. (2006) included
only mortality data. Hence, few results in the
two studies are directly comparable. It is of note
that test-stand mechanics exposed before 1960
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(RR for lung cancer, 1.29) and during the 1960s
(RR, 1.40), with > 3 years employment versus
< 3 years employment in Boice et al. (2006) may
be roughly comparable to the workers with high
and moderate exposure with a 20-year lag in Ritz
etal. (2006) (lung cancer mortality for those with
moderate and high exposure, lung cancer RR,
1.24 and 1.67, respectively). These groups, across
the two studies, showed a moderate excess of lung
cancer. It should also be noted that in Boice et al.
(2006), the group with likely or possible expo-
sure had a lung cancer rate ratio of 1.45 versus
the non-exposed. Finally, there was a notable
increase in incidence of lung cancer in the Ritz
et al. (2006) study in the group with high expo-
sure and a 20-year lag (RR, 2.49).]

3. Cancer in Experimental Animals

Hydrazine or hydrazine salts were previously
reviewed by the IARC Monographs Working
Group (Volume 4, IARC, 1974; Supplement 7,
IARC, 1987; and Volume 71, TARC, 1999). The
Working Group concluded that there was suffi-
cient evidence in experimental animals for the
carcinogenicity of hydrazine (IARC, 1999). In the
present Monograph, the Working Group evalu-
ated the studies of carcinogenesis in experimental
animals that had been reviewed previously, and
also reviewed any new studies published since
the earlier review.

Hydrazine was found to cause tumours
of the lung in mice with an incidence of 100%
(Biancifiori & Ribacchi, 1962), and was then
subsequently used in the laboratory to study
formation of tumours of the lung in mice, rats,
and hamsters. Most of the studies in mice in
the present Monograph were single-dose studies
designed to investigate possible mitigating agents
for hydrazine, or mechanisms of lung-tumour
induction by hydrazine.

See Table 3.1

3.1 Mouse

3.1.1 Gavage

A group of 22 female BALB/c mice (age, 8
weeks) was given hydrazine sulfate in water as
251 daily gavage doses at 1.13 mg per mouse
during 46 weeks. By the end of the experiment (46
weeks), the mice had 100% incidence [P < 0.0001]
of pulmonary adenoma [the majority] or carci-
noma. A group of 216 untreated control female
mice allowed to live their full lifespan (up to 121
weeks) had no pulmonary tumours (Biancifiori
& Ribacchi, 1962). [While a high incidence of
pulmonary tumours was reported in treated mice
versus controls, the study lacked experimental
details and had a poor experimental design. For
example, the initial number of treated mice was
not given and no vehicle controls were included.]

In a follow-up study, Biancifiori et al. (1963)
treated a group of 84 female BALB/c mice (age,
~50 days) with hydrazine sulfate at 1.13 mg
per day in water by gavage for up to 310 days.
About three mice were killed every 10th day.
The incidence of pulmonary tumours for the
groups killed between day 200 and 240 was 15/15
(100%), between day 250 and 290 was 13/15 (87%),
between day 300 and 340 was 14/14 (100%), and
between day 350 and 380 was 8/8 (100%). [No
information was provided if controls were used.
While high incidences of pulmonary tumours
were reported in treated mice, this study lacked
experimental details and had a limited experi-
mental design. The study was inadequate for the
evaluation.]

Groups of 21 male and 21 female CBA/Cb/
Se mice (age, 8 weeks) were treated daily with
hydrazine sulfate at a total dose of 283 mg in
water by gavage for 36 weeks, and then main-
tained for their lifetime (Biancifiori et al., 1964).
Groups of 37 male and 47 female CBA/Cb/Se
mice served as untreated controls. Groups of 10
male and 10 female BALB/c mice (age, 8 weeks)
were treated daily with hydrazine sulfate at a total
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Hydrazine

dose of 32 mg in water by gavage for 4 weeks and
held for their lifetime. Groups of 22 male and 23
female BALB/c mice served as untreated controls.
Exposure of male and female CBA/Cb/Se mice to
hydrazine sulfate caused a significant increase in
the incidence of pulmonary adenoma or carci-
noma (combined) [mainly adenoma] (males:
16/21 (76%) [P < 0.0001] versus 1/37 (3%) controls;
females: 19/21 (90%) [P < 0.0001] versus 4/47 (9%)
controls) and hepatoma [hepatocellular tumours]
(males: 13/21 (62%) [P < 0.0001] versus 4/37 (11%)
controls; females: 15/21 (71%) [P < 0.0001] versus
2/47 (4%) controls) in exposed mice. Exposure of
maleand female BALB/c mice tohydrazine sulfate
caused a significant increase in the incidence of
pulmonary adenoma or carcinoma (combined)
[mainly adenoma] (males: 7/8 (88%) [P < 0.006]
versus 6/22 (27%) controls; females: 8/10 (80%)
[P < 0.003] versus 5/23 (22%) controls). [The data
for the CBA/Cb/Se mice experiment were also
reported in Severi & Biancifiori (1968). While
high incidences of pulmonary and liver tumours
were reported in exposed CBA/Cb/Se mice, and
a high incidence of pulmonary tumours was
reported in exposed BALB/c mice, the Working
Group noted the poor experimental design, lack
of experimental details and vehicle controls,
use of a single dose, and small number of mice
in treated groups (especially for the BALB/c
groups).]

A group of 20 male and female (combined)
newborn BALB/c mice was given hydrazine
sulfate in sodium bicarbonate (total dose of
17 mg) daily by gavage for 60 days and were then
held for up to age 425 days. A group of 20 male
and female (combined) mice served as vehicle
controls. There was a 100% (20/20) [P < 0.0001]
incidence of lung adenoma or carcinoma
(combined) (carcinoma, 16%) in the treated
group compared with a 15% incidence (3/20,
adenoma only) in controls (Milia et al., 1965).
[While a high incidence of pulmonary tumours
was reported in treated mice versus controls, the
Working Group noted the lack of experimental

details, limited experimental design, and use of
a single dose level.]

A group of 25 female Swiss mice [age at start
not reported] was given hydrazine sulfate at a
dose of 0.25 mg per day by gavage in water on 5
days per week for up to 40 weeks. A group of 85
untreated female Swiss mice served as controls.
The incidence of bronchiolo-alveolar adenoma or
carcinoma (combined) was 6/13 (46%) (P < 0.001)
in treated mice that survived for up to 60 weeks,
versus 8/79 (10%) controls (Roe et al., 1967). [The
Working Group noted that experimental details
were poorly described, only one sex was used, the
duration of exposure was short, and there was
poor survival in the treated group.]

In a study to investigate a possible hormonal
effect on the formation of tumours by hydra-
zine sulfate, Biancifiori (1969) treated groups of
23 to 26 intact virgin or gonadectomized male
and female CBA/Cb/Se mice (age, 8 weeks)
with hydrazine sulfate as 150 daily doses of
0.14, 0.28, or 0.56 mg (total doses of 21, 42, or
84 mg) by gavage over about 25 weeks. The mice
were then held for their lifetime. No concurrent
controls were reported. In the groups receiving
the highest dose, the incidence of pulmonary
tumours [histopathology not further specified]
was 87% (21/24) in intact virgin females and
20% (5/25) in intact virgin males. In the groups
receiving the intermediate dose, the incidence
of pulmonary tumours was 56% (16/25) and
16% (4/25), respectively. In groups receiving the
lowest dose, the incidence of pulmonary tumour
was 40% (10/25) and 7% (2/26), respectively. In
gonadectomized mice, the incidence of pulmo-
nary tumours [mainly adenoma] was 28% (7/25)
in females and 21% (5/23) in males at the highest
dose, 24% (6/25) and 11% (3/26) at the interme-
diate dose, and 8% (2/25) and 12% (3/25) at the
lowest dose. [The Working Group noted that the
study had limited description of experimental
details (including histopathology), and lacked
concurrent controls.]
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A group of 30 female (BALB/c x DBA/2) F,
(CDF,) mice (age, 7-8 weeks) was given hydra-
zine sulfate (total dose, 41.6 mg) in aqueous 2%
sodium bicarbonate by gavage once per week
for 8 weeks, and then held for up to 33 weeks.
A group of 10 female mice served as vehicle
controls. Pulmonary tumours [not further spec-
ified] were observed in 13/28 (46%) [P < 0.05]
treated mice compared with 1/10 (10%) controls
(Kelly et al., 1969). [While a high incidence of
pulmonary tumours was reported in treated
mice versus controls, the Working Group noted
the lack of experimental details, limited descrip-
tion of the histopathology, and the limited exper-
imental design including the use of one sex, only
10 control animals, and a single dose.]

Groups of 24-26 male and female CBA/Cb/Se
mice (age, 8 weeks) were treated with hydrazine
sulfate at a dose of 0.14, 0.28, 0.56, or 1.13 mg
per day (total dose: 21, 42, 84, or 170 mg) by
gavage in water 150 times over 25 weeks, and
then held for their lifetime (Biancifiori, 1970a).
Groups of 30 males and 29 females served as
untreated controls. Exposure of male and female
mice to hydrazine sulfate caused a dose-re-
lated significant increase in the incidence of
hepatoma [mainly hepatocellular carcinoma]
(males: 3/30 (10%), 1/26 (4%), 7/25 (28%), 12/25
(48%) [P < 0.003], 15/25 (60%) [P < 0.0001];
females: 1/29 (3%), 0/25, 2/25 (8%), 16/24 (66%)
[P < 0.0001], 15/24 (62.5%) [P < 0.0001]; for
untreated controls, and the groups at 21, 42, 84,
and 170 mg, respectively]). Multiple pulmonary
tumours were reported to be present in many
treated animals, but data on tumour incidence
were not provided. [The Working Group noted
the lack of vehicle controls.]

Groups of 20-26 male and 19-25 female
BALB/c mice (age, 8 weeks) were treated with
hydrazine sulfate at a dose of 0.14, 0.28, 0.56, or
1.13 mg per day (total dose, 21, 42, 84, or 170 mg)
by gavage in water for 150 daily doses over 25
weeks, or at a dose of 1.13 mg per day (total dose,
32 mg) for 28 daily doses over 4 weeks, and then
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held for their lifetime (Biancifiori, 1970b). Groups
of 25 males and 25 females served as untreated
controls. Hydrazine sulfate significantly
increased the incidence of pulmonary adenoma
or carcinoma (combined) [mainlyadenoma] inall
dosed groups compared with controls. Tumour
incidence for males was: 6/25 (24%), 13/24 (54%)
[P < 0.05], 15/24 (62.5%) [P < 0.008], 17/26 (65%)
[P < 0.004], 17/20 (85%) [P < 0.0001], 20/22 (91%)
[P < 0.0001]; and for females was: 1/25 (4%), 8/25
(32%) [P < 0.02], 17/19 (89%) [P < 0.0001], 19/25
(76%) [P < 0.0001], 15/20 (75%) [P < 0.0001] and
20/22 (91%) [P < 0.0001]; for untreated controls,
and the groups treated with 21, 42, 84, 32, and
170 mg, respectively. [The Working Group noted
the limited description of experimental details,
including body-weight gain or survival, and the
lack of vehicle controls.]

Groups of 22-25 intact virgin, breeders, or
gonadectomized female BALB/c mice (age, 8
weeks) were treated with hydrazine sulfate at a
dose of 1.13 mg (total dose, 170 mg) by gavage in
water as 150 daily doses, and then held for their
lifetime (Biancifiori, 1970c¢). Threegroupsof25-26
intact virgin, breeders, or gonadectomized mice
served as untreated controls. Hydrazine sulfate
increased the incidence of pulmonary tumours
to 90% (20/22) [P < 0.0001, mainly adenoma] in
intact virgins versus 4% (1/25) in controls, 100%
(25/25) [P < 0.0001; adenoma:carcinoma, about
1:1] in breeders versus 8% (2/25) in controls, and
60% (15/25) [P < 0.05, mainly adenoma] in gona-
dectomized mice versus 27% (7/26) in controls.
[The Working Group noted the poor description
of experimental details, including duration of
actual exposure, body-weight gain or survival,
and the lack of vehicle controls and use of a single
dose.]

Biancifiori (1971) gave five groups of 25-31
8-week-old male and female intact virgin, gona-
dectomized, or breeder (female only) C3H/Cb/
Se mice, 150 daily doses of 1.13 mg/dose (170 mg
total dose) of hydrazine sulfate in water by gavage
over 25 weeks. The animals were then held for
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their lifetime. Five groups of 23-25 intact virgin,
gonadectomized or breeder animals served as
untreated controls. Hydrazine sulfate increased
the incidence of pulmonary tumours to 26%
(7/27) [P < 0.01, mainly adenoma] in intact virgin
males versus 0% (0/25) in controls, and to 48%
(13/27) [P < 0.0004, mainly adenoma] in intact
virgin females versus 4% (1/25) in controls. The
incidence of pulmonary tumours was 4% (1/25)
[adenoma] in gonadectomized males versus 4%
(1/24) in controls, and 19% (5/26) in gonadec-
tomized females versus 12% (3/25) in controls.
Hydrazine sulfate increased the incidence of
pulmonary tumours to 39% (12/31) [P < 0.01;
adenoma:carcinoma, about 2:1] in female
breeders versus 13% (3/23) in controls. [The
Working Group noted the limited description
of experimental details, including body-weight
gain or survival, and the lack of vehicle controls,
and use of a single dose.]

In a study to investigate the effect of antioxi-
dants on the formation of tumours of the lung in
mice by hydrazine sulfate, groups of 30 male and
30 female Swiss mice (age, 10 weeks) were treated
with hydrazine sulfate at daily doses of 0 (control)
or 1.1 mg by gavage in water for 5 days per week
for up to 15 months. Five groups of treated mice
were also simultaneously treated with 1.1 mg per
day of the following antioxidants: L-arginine,
pyridoxine hydrochloride, folic acid, L-arginine
+ L-sodium glutamate, or L-sodium glutamate +
pyridoxine hydrochloride. The experiment was
terminated at 15 months, except for the control
group, which was maintained for lifetime. In all
of the six groups treated with hydrazine sulfate,
the incidence of lung tumours [not further speci-
fied] in males and females (combined) was signif-
icantly increased and ranged from 17/31 (55%) to
26/33 (79%) [P < 0.0001, for all treated groups
versus the control group], while the incidence in
the control group was 1/47 (2%) (Maru & Bhide,
1982). [The Working Group noted that this study
used a single dose, reported combined tumour
incidence for males and females, and reported no

clinical signs, body weights, mortality informa-
tion, or histological description of tumours.]

In a study of perinatal exposure in Swiss
mice in which hydrazine sulfate was used to
induce lung tumours, exposed groups of male
and female Swiss mice (parental generation)
and groups of 6 (unexposed F)) or 22 males
and females (combined) of their F, generation
were treated with hydrazine sulfate (in distilled
water) at 0 (unexposed F)) or 1.1 mg per day,
5 days per week, by gavage, at age 10-11 weeks,
for their lifetime, respectively (Menon & Bhide,
1983). Two groups of 10 (unexposed F,) or 35
males and females (combined) of the F, genera-
tion, were also exposed or not (unexposed F,) to
hydrazine sulfate transplacentally and through
lactation. A group of 20 males and females
served as untreated controls. To raise the F,
progeny of hydrazine-treated females, dams
received hydrazine (1.1 mg per day) from day 1
of gestation, and continued to receive hydrazine
treatment through lactation until death. To raise
the exposed F, progeny, F, males and females
(combined) were treated with hydrazine from
the age of 11 weeks for a period of 4 weeks, and
were then kept for mating; pregnant F, females
continued to receive hydrazine from day 1 of
gestation through lactation until death. To raise
the unexposed F, progeny, F, parents were of the
untreated F, generation.

The incidence of adenocarcinoma of the lung
in the parental generation exposed to hydrazine
sulfatewas72% (21/29; P<0.05,X2test, versus 1/20
untreated controls) in females and 88% (30/34;
P < 0.05, X2 test, versus 1/20 untreated controls)
in males. F, mice receiving hydrazine sulfate
only during gestation and lactation, and subse-
quently given distilled water from a young adult
age showed a 50% (3/6; P < 0.05, X2 test, versus
1/20 untreated controls) incidence of adenocarci-
noma of the lung, while F, mice raised from the
same stock of parents and receiving hydrazine
sulfate at 1.1 mg per day showed a 90% (20/22;
P < 0.05, X2 test, versus 1/20 untreated controls)
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incidence of adenocarcinoma of the lung. The
F, generation of mice, whose parents received
distilled water during gestation and lactation,
and then distilled water by gavage from a young
adult age (unexposed F, generation controls),
had a 10% (1/10) incidence of adenocarcinoma of
the lung, while the F, generation of mice, whose
parents received hydrazine sulfate by gavage for
4 weeks and which were themselves exposed to
hydrazine sulfate during gestation and lactation,
showed a 45% (16/35; P < 0.05, X2 test, versus 1/10
unexposed F, generation controls) incidence of
adenocarcinoma of the lung. [The Working
Group noted that the study used only a single
dose, reported combined tumour incidences for
males and females, and did not report on clinical
signs, body weights or mortality.]

3.1.2 Drinking-water

Toth (1969) reported on a study in three
strains of mice treated with hydrazine sulfate.
Groups of 110 (control) or 50 male and female
Swiss mice (age, 6 weeks) were given drink-
ing-water containing 0% or 0.012% [120 mg/L]
hydrazine sulfate (average daily dose, 0.74 mg
and 0.65 mg for males and females, respectively)
for their lifetime. Exposure of male and female
Swiss mice to hydrazine sulfate caused a signif-
icant increase in the incidence of adenoma or
carcinoma (combined) of the lung: males, 25/50
(50%) [P < 0.0001] versus 11/110 (10%) controls;
females, 24/50 (48%) [P < 0.0001] versus 14/110
(13%) controls. Additionally, groups of 30
(control) or 40 male and female AKR mice (age,
6 weeks) were given drinking-water containing
0% or 0.012% hydrazine sulfate (average daily
dose, 0.63 mg for males and females) for their
lifetime, and groups of 30 (control) or 41 male
and 30 (control) or 40 female C3H mice (age, 6
weeks) were given drinking-water containing 0%
or 0.012% hydrazine sulfate (average daily dose,
0.98 mg and 0.84 mg for males and females,
respectively) for their lifetime. No significant
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increase in tumour incidence was observed in
male and female AKR or C3H mice exposed to
hydrazine sulfate. [The Working Group noted
the use of a single dose.]

Inastudyto see whether the formation oflung
tumours by hydrazine could be inhibited by argi-
nine glutamate, groups of 20 or 37-38 male A/]
mice (age, 6 weeks) were given drinking-water
containing hydrazine sulfate at a concentration
of 0 or 325 mg/L and feed containing 0% or 1%
arginine glutamate for up to 48 weeks (Yamamoto
& Weisburger, 1970). Hydrazine sulfate caused a
significant increase [P < 0.0001] in the incidence
oflungadenoma or carcinoma (combined) (38/38;
100%) in exposed mice compared with control
mice (12/20; 60%). Upon addition of arginine
glutamate, the incidence of pulmonary tumours
in hydrazine-treated mice was not significantly
affected, and arginine glutamate did not change
the incidence of pulmonary tumours in control
mice. [The Working Group noted the use of a
single dose.]

Groups of 50 male and 50 female NMRI
mice (age, 5-6 weeks) were given drinking-water
containing hydrazine hydrate at a concentra-
tion of 0, 2, 10, or 50 ppm ad libitum for up to
2 years. A significant reduction in body weight
was observed in groups at the highest dose. There
was no difference in survival in any of the treated
groups or controls. There was a significant
increase (P < 0.05) in the incidence of benign lung
tumours in females at the highest dose (15/50)
compared with controls (6/50). There was no
other significant increase in tumour incidence
in any of the treatment groups compared with
controls (Steinhoft et al., 1990). [The Working
Group noted the limited description of the
pathology of the lesions observed in treated and
control mice.]

Matsumoto et al. (2016) reported the results
of a study that complied with good laboratory
practice (GLP) in which groups of 50 male and
50 female Crj:BDF, mice (age, 6 weeks) were
given drinking-water containing hydrazine
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monohydrate at a concentration of 0, 20, 40, or 80
ppm (males), and 0, 40, 80, or 160 ppm (females)
adlibitum for 2 years. Body weights of males at the
intermediate and highest dose and of all groups
of treated females were significantly decreased in
a dose-related manner compared with controls.
There was no significant difference in survival in
any of the treated groups compared with controls,
except in females at the lowest dose, in which
survival was better than in controls. In females
at the highest dose, hydrazine monohydrate
caused a significant increase in the incidence of
hepatocellular adenoma (14/50, 28%; P < 0.05)
compared with controls (5/50, 10%), and a signif-
icant increase in the incidence of hepatocellular
adenoma or carcinoma (combined) (17/50, 34%;
P < 0.05) compared with controls (7/50, 14%).
There was a significant, dose-dependent positive
trend (P < 0.01, Peto trend test) in the incidences
of haemangioma of the liver, hepatocellular
adenoma, hepatocellular carcinoma, and hepa-
tocellular adenoma or carcinoma (combined) in
treated female mice. There was also a significant,
dose-dependent positive trend (P < 0.05, Peto
trend test) for the incidence of haemangioma
or haemangiosarcoma (combined) of the liver
in females. There was no significant increase
in the incidence of any tumours in males. [The
strengths of this GLP study included the use of
multiple doses, a high number of animals per
group, and two sexes.]

3.1.3 Intraperitoneal injection

Two groups of 20 newborn male and female
(combined) BALB/c/Cb/Se mice were treated by
intraperitoneal injection of hydrazine sulfate
(in water) once a day for 90 days (0 or 19 mg
total dose/mouse) and then held for up to 270
days (Milia et al., 1965). There was a 100% inci-
dence (20/20) [P < 0.0001] of lung adenoma or
carcinoma (combined) (carcinomas, 27%) in
the treated group compared with a 10% inci-
dence (2/20, adenomas only) in controls. [The

Working Group noted the limited description of
experimental design, small number of animals
per group, use of only one dose, and absence
of discussion of clinical signs, survival or body
weights.]

Groups of 9 (control) or 30 male CDF, mice
(age 7-8 weeks) were treated by intraperitoneal
injection of saline (control) or hydrazine sulfate
in 2% aqueous sodium bicarbonate once a week
for 8 weeks (0 or 20.8 mg total dose/mouse) and
then held for up to 33 weeks (Kelly et al., 1969).
There was a non-significant increase in the inci-
dence of pulmonary tumours [not further spec-
ified] in 6/30 treated animals (20%) versus 1/9
(10%) in controls. [The Working Group noted the
poor description of experimental details, the use
of a single dose, the small number of controls, the
short exposure time, and absence of discussion
of clinical observations or pathology.]

Groups of 30 male and 30 female (combined)
white mice (strain and age not reported) [weight,
~20 g] were treated with hydrazine at a dose of
0 (control) or 400 mg/kg body weight (bw) in
physiological saline in 16 intraperitoneal injec-
tions administered over 46 days, and were then
held for up to 313 days (Juhdsz et al., 1966). It
was reported that 13/34 (38%) mice surviving the
treatment developed tumours of the haemato-
poietic and lymphoid tissues (reticulum cell
sarcoma or myeloid leukaemia) [P < 0.0001]
between days 100 and 313 of the experiment. No
reticulum cell sarcoma or myeloid leukaemia
was reported in the 60 controls after 1 year. [The
Working Group noted the poor description of
experimental details, the use of a single dose, the
high mortality in treated animals, the reported
combined tumour incidences, the short expo-
sure time, the absence of discussion of clinical
observations or pathology, and the poor descrip-
tion and discussion of tumour incidences.]

In a study of hydrazine and a modifying
factor (irradiation), groups of 29 or 40 male and
female C57BL/6 mice (equal numbers of each sex
per group) (age, 6-8 weeks) were exposed once to
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400 R total-body irradiation and, starting 1 week
after irradiation, given intraperitoneal injections
of aqueous hydrazine sulfate at a dose of 0 or
95 mg/kg bw once per week for 10 weeks, and
then held for up to 62 weeks. A group of 36 mice
received no irradiation and weekly injections of
hydrazine sulfate, and were also held for up to
62 weeks. A fourth group of at least 75 animals
served as untreated controls. In the non-irradi-
ated groups, lung adenomas were observed in
5/18 (28%) [not significant] mice treated with
hydrazine sulfate compared with 9/75 (12%)
untreated controls. The incidence of leukaemia
was not increased in the irradiated/hydrazine
treated group (4/29) compared with irradiat-
ed-only controls (2/25) (Mirvish etal., 1969). [The
Working Group noted the use of a single dose,
the limited description of experimental details,
the short exposure time, the lack of reporting of
clinical signs, body weights, and mortality infor-
mation or histological description of tumours.]

3.1.4 Inhalation

Groups of 400 female C57BL/6 mice (age, 7
weeks) were exposed to 0 (concurrent control),
0.05,0.25, or 1.0 ppm [0, 0.04, 0.2, and 0.8 mg/m?]
anhydrous hydrazine (purity, 99.8%) by inhala-
tion for 6 hours per day, 5 days per week, for 1 year,
and then held foran additional 15 months. Deaths
during exposure were below 10% in all groups,
and exposed mice demonstrated significantly
higher mortality than controls at the end of the
experiment, but without any dose-response rela-
tionship (controls, 72-79%; exposed, 84-87%).
An increase in the incidence of lung adenoma
was reported in mice at the highest dose (12/379,
3%) [P < 0.05] versus controls (4/378, 1%). No
information on lung tumours was given for the
other exposure groups (Vernot et al., 1985). [The
Working Group noted the low doses used and
the lack of tumour data for the groups receiving
the lowest and intermediate doses.]
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3.2 Rat

3.2.1 Gavage

Groups of 14-28 male and female CB/Se rats
were given “pure” hydrazine sulfate as a daily
gavage dose in water at 0, 12 (females only), or 18
(males only) mg/day for 68 weeks, and then held
for their lifetime. Pulmonary adenoma or carci-
noma was observed in 3/14 (21%) [P < 0.05] treated
males and 5/18 (28%) [P < 0.02] treated females.
Malignant liver tumours were observed in 4/13
(30%) [P < 0.01] treated males. No pulmonary
or liver tumours were observed in control males
(0/28) or females (0/22) (Biancifiori et al., 1966;
Severi & Biancifiori 1968). [The Working Group
noted the short duration of exposure, the small
number of rats per exposure group, the use of a
single dose, and the limited description of exper-
imental design and results.]

3.2.2 Drinking-water

Groups of 50 male and 50 female Wistar rats
were given drinking-water containing hydrazine
hydrate (purity, 99.3%) at a concentration of 0,
2, 10, or 50 ppm ad libitum for their lifetime. A
significantreductioninbody weight was observed
in males and females at the highest dose. There
was no significant difference in survival in any
of the treated groups or controls. There was a
significant increase (P < 0.01) in the incidences of
hepatocellular adenoma in males at the highest
dose (4/49) and females at the highest dose (4/47),
and of hepatocellular carcinoma in females at
the highest dose (3/47; one of the tumours may
not have been a primary tumour). The inci-
dence of hepatocellular adenoma or carcinoma
(combined) in females at the highest dose (7/47)
was significantly increased [P < 0.01]. No hepa-
tocellular tumours were observed in the 50 male
and 50 female controls (Steinhoff & Mohr, 1988).

In a GLP study, groups of 50 male and 50
female F344/DuCrj rats (age, 6 weeks) were
given drinking-water containing hydrazine
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monohydrate at a concentration of 0, 20, 40, or
80 ppm ad libitum for 2 years (Matsumoto et al.,
2016). Body weights of males and females at the
intermediate and highest doses were significantly
decreased in a dose-related manner compared
with controls. Survival in females at the highest
dose was significantly reduced compared with
controls, while survival was similar to controls
for all other groups of treated females and for
all groups of treated males. Hydrazine monohy-
drate in male rats caused a significant positive
trend in the incidence of hepatocellular adenoma
(0/50, 0/50, 0/50, 3/50; P < 0.01 by Peto trend
test) and hepatocellular adenoma or carcinoma
(combined) (0/50, 0/50, 0/50, 4/50; P < 0.01 by
Peto trend test). In female rats, hydrazine mono-
hydrate caused a significant positive trend in the
incidence of hepatocellular adenoma (1/50, 0/50,
3/50, 4/50; P < 0.05 by Peto trend test), hepatocel-
lular carcinoma (0/50, 0/50, 0/50, 4/50; P < 0.01
by Peto trend test), and hepatocellular adenoma
or carcinoma (combined) (1/50, 0/50, 3/50, 6/50;
P < 0.01 by Peto trend test). There was also a
significant increase and positive trend in the
incidence of interstitial cell tumours of the testis
(37/50, 45/50%, 43/50, 44/50; *P < 0.05; P < 0.05
by Peto trend test). [The strengths of this GLP
study included the use of multiple doses, a high
number of rats per group, and two sexes.]

3.2.3 Inhalation

Groups of 150 (controls) or 100 male and
female F344 rats (age, 7 weeks) were exposed to
anhydrous hydrazine (purity, 99%) at a concen-
tration of 0 (control), 0.05, 0.25, 1.0, or 5.0 ppm
[0, 0.04, 0.2, 0.8, or 4.0 mg/m?] by inhalation for
6 hours per day, 5 days per week for 1 year, and
then held for an additional 18 months. Deaths
during exposure were low in all groups (below
10%), and mortality was similar in all groups at
the end of the study. A significant increase in
the incidence of adenomatous polyps [adenoma]
of the nose was reported in males exposed to

the higher two doses (0/146, 2/96, 1/94, 9/97%,
58/98% *P < 0.01) and in females at the highest
dose (0/145, 2/97, 0/98, 2/94, 28/95*; *P < 0.01). A
significant increase in the incidence of thyroid
carcinoma was also reported in males at the
highest dose (7/146, 6/96, 5/94, 9/97, 13/98*%;
**P <0.05) (Vernot et al., 1985).

Groups of 100 male and 100 female F344 rats
(age, 9-11 weeks) were exposed to anhydrous
hydrazine (purity, 98.8%) at a concentration
of 0, 75, or 750 ppm [0, 98 and 980 mg/m?] by
inhalation for 1 hour per day, 1 day per week,
for 10 weeks, and then held for 24-30 months.
Polypoid adenomas of the nose were found in
4/99 (4%, P < 0.05) males at the highest dose,
and 6/95 (6%, P < 0.05) females at the highest
dose. In addition, one nasal squamous cell carci-
noma was reported in males. No nasal tumours
were observed in 98 male and 98 female controls
(Latendresse et al., 1995). [The Working Group
noted that this study was inadequate for the
evaluation because of inadequate exposure for a
study of full carcinogenicity.]

3.3 Hamster
3.3.1 Gavage

Groups of 23-56 male and female (sex distri-
bution not given) Syrian golden hamsters (age,
8 weeks) were treated with hydrazine sulfate
(purity not reported) at a total dose of 0, 180, or
280 mg by gavage in water for 15 or 20 weeks,
and then held for life (Biancifiori, 1970a). There
was a significant decrease in survival in treated
hamsters compared with controls. No informa-
tion on body weight was provided. No signif-
icant increase in the incidence of tumours was
reported. A significant increase in cirrhosis of the
liver was reported in both treatment groups, but
not in the controls. [The Working Group noted
that the study used a short duration of exposure,
and was considered inadequate for the evalua-
tion because of inadequate reporting of results
in controls.]
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3.3.2 Drinking-water

Groups of 50 male and 50 female Syrian
golden hamsters (age, 9 weeks) were given drink-
ing-water containing hydrazine sulfate (purity
not reported) at a concentration of 0.012%
[120 mg/L] for life. The average daily intake of
hydrazine sulfate was 2.3 mg for both sexes.
There was a slight decrease in body weight, but no
effect on survival in treated animals compared
with controls. No significant increases in the
number of tumours produced were reported
in treated hamsters. A non-significant increase
in the incidence of polypoid adenoma of the
caecum was reported in treated males (3/49, 6%)
and females (4/45, 9%) compared with controls,
but statistics and tumour incidence in controls
were not provided (Toth, 1972). [The Working
Group considered that the study was inadequate
for the evaluation because of the use of a single
dose and because of the inadequate reporting of
results in controls.]

Groups of 40 male Syrian golden hamsters
(age at start not given; weight, 50-60 g at 1 week
before exposure) were given drinking-water
containing hydrazine sulfate (purity, > 99%)
at a concentration of 0 (control), 170, 340, or
510 mg/L for 2 years (average doses, 0, 4.6, 8.3,
and 10.3 mg/kg bw per day) (Bosan et al., 1987).
There was a significant decrease in survival in all
treated groups. Hepatocellular carcinomas were
observed in hamsters treated with the two higher
doses of hydrazine sulfate after 78 weeks of expo-
sure. The incidences of hepatocellular carcinoma
were 0/31 (controls), 0/31, 4/34 (12%), and 11/34
(32%; [P < 0.0004]).

Groups of 25-40 male Syrian golden hamsters
(age at start not given; weight, 50-70 g at 1 week
before exposure) were given drinking-water
containing hydrazine sulfate (purity, > 99%) at a
concentration of 0 (control), 170, 340, or 510 mg/L
forupto 21 months (average doses calculated from
consumption data: 0, 4.2, 6.7, and 9.8 mg/kg bw
per day) (FitzGerald & Shank, 1996). There was
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a significant decrease in survival in all treated
groups. The incidence of hepatocellular adenoma
was 0/25 (control), 1/30 (3%), 4/43 (9%), and 10/40
(25%) [P < 0.005], and the incidence of hepato-
cellular carcinoma was 0/25 (control), 0/30, 1/43
(2%) and 3/40 (8%), respectively. [The Working
Group noted that the incidence of hepatocellular
adenoma or carcinoma (combined) was signifi-
cantly increased [P < 0.005] in the group at the
highest dose compared with controls.]

3.3.3 Inhalation

Groups of 200 male Syrian golden hamsters
(age, 7 weeks) were exposed to anhydrous
hydrazine (purity, 98.8%) at a concentration of
0 (control), 0.25, 1.0, or 5.0 ppm [0, 0.2, 0.8 or
4.0 mg/m’] by inhalation for 6 hours per day,
5 days per week, for 1 year, and then held for an
additional 1 year (Vernot et al., 1985). Exposure
to hydrazine had no effect on body weights of
hamsters in any treated group compared with
controls. Deaths during exposure were high
in all exposure groups (32-33% versus 19% in
controls), but mortality was similar in all groups
at the end of the study (2 years). A significant
increase in the incidence of nose adenomatous
polyps [adenoma] was reported in the group at
the highest dose: 1/181 (1%) controls; 0/154; 1/148
(1%); 16/160* (10%), *P < 0.01. A non-significant
increase in the incidence of parafollicular cell
adenoma of the thyroid gland was also reported
in the group at the highest dose (4/137, 3%,
versus 0/145 in controls), as was a non-significant
increase in the incidence of adenocarcinoma of
the colon in the groups at the intermediate and
highest dose (2/129, 2% and 3/139, 2%, respect-
ively, versus 0/158 in controls) (Vernot et al.
1985).
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4, Mechanistic and Other
Relevant Data

4.1 Absorption, distribution,
metabolism, excretion

4.1.1 Absorption, distribution, excretion

(a) Humans

Organ toxicity after accidental or intentional
exposure to hydrazine demonstrated absorption
into the systemic circulation and distribution to
target tissues (Nagappan & Riddell, 2000; Kao
etal., 2007). After occupational exposure, hydra-
zine was absorbed and excreted in the urine
(Nomiyama et al., 1998a). Exposure to the ther-
apeutic drug isoniazid, containing a hydrazine
group, resulted in excretion of hydrazine and its
metabolites in the urine (Timbrell et al., 1977;
Blair et al., 1985; Donald et al., 1994; Preziosi,
2007).

(b)  Experimental systems

Absorption of hydrazine was rapid after
either oral or dermal administration in exper-
imental animals. Hydrazine was detected in
femoral blood within 30 seconds after applica-
tion of a dose of 3-15 mmol/kg bw to an area
of shaved chest skin of anaesthetized dogs. The
serum concentration of hydrazine peaked within
the first hour for most doses, followed by a slow
decline over a 6-hour holding period. Unchanged
hydrazine was excreted in the urine. Mortality
was high across the dosing range (Smith & Clark,
1972). When hydrazine hydrate (corresponding
to hydrazine free base at 3-81 mg/kg bw) was
given orally (gavage) to rats, hydrazine was at its
greatest concentration in the plasma and liver
within 30 minutes after dosing, with the excep-
tion of a peakin plasma concentration 90 minutes
after administration of the highest dose (Preece
et al., 1992a). The liver to plasma ratio of hydra-
zine decreased with increasing dose, suggesting

saturation of uptake by theliver. An effect on dose
elimination was also observed, with about 40% of
the lowest dose but less than 20% of the highest
dose being excreted in the urine within 24 hours
after administration. Dambrauskas & Cornish
(1964) investigated the fate of hydrazine in rats
given hydrazine hydrate at a dose of 60 mg/kg
bw by subcutaneous injection. The dose was well
distributed, with hydrazine detected in adipose,
blood, brain, kidney, liver, lung, muscle, skin,
and other tissues within 2 hours after dosing.
About 13% of the total administered dose was
recovered in the assayed tissues as unchanged
hydrazine, with the highest concentration
present in the kidney (41-56 pg/g). Hydrazine
(8% of the total administered dose) was excreted
in the urine. Matsuyama et al. (1983) provided
additional evidence that hydrazine crosses the
blood-brain barrier in rats. After intravenous
injection, hydrazine was detected in the brain
accompanied by an increase in gamma-amino-
butyric acid (GABA) over a period of 10 hours.
Hydrazine was rapidly absorbed and distributed
to tissues when administered as hydrazine sulfate
at a dose of 0.31 mmol/kg bw by subcutaneous
injection in rats (Kaneo et al., 1984). Springer
et al. (1981) recovered up to 75% of ['*N]-labelled
hydrazine from single doses of 1 mmol/kg bw
administered by various injection routes (intra-
peritoneal, subcutaneous, intravenous) in rats.
Up to 25% of the total administered dose was
recovered as nitrogen (N,) in expired air within
48 hours. An additional 50% was excreted in
the urine as unchanged hydrazine and acid-la-
bile metabolite(s). The disappearance of intrave-
nously administered hydrazine from blood was
described as biphasic, with calculated half-lives
of 0.74 and 27 hours. In mice, intraperitoneal
administration of ['°N]-labelled hydrazine sulfate
at 1 mmol/kg bw resulted in rapid distribution to
tissues including blood, brain, liver, kidney, and
lung (Nelson & Gordon, 1981). Clearance from
tissues was extensive by 24 hours. About 30% of
the administered dose was recovered as N, and
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40% was recovered in the urine as hydrazine
and metabolites within 48 hours after injection
(Nelson & Gordon, 1981).

Mice excreted about 50% of an administered
dose of either 40 or 60 mg/kg bw as unchanged
hydrazine in the urine within 48 hours after
a subcutaneous injection. Less than 1.5% of
the administered hydrazine remained in each
carcass at this time-point. The unrecovered dose
was assumed to be metabolites (Dambrauskas &
Cornish, 1964).

4.1.2 Metabolism

(a)  Humans

Hydrazine was metabolized to acetylhydra-
zine (monoacetylhydrazine) in exposed workers
(Nomiyama et al, 1998a). In male Japanese
workers, the rate of acetylation was dependent on
polymorphisms in N-acetyltransferase (NAT2),
with half-lives of about 2 and 4 hours in rapid
and slow acetylators, respectively (Koizumi
etal., 1998). Acetylhydrazine and diacetylhydra-
zine have been detected in the urine of subjects
receiving isoniazid (Ellard & Gammon, 1976;
Timbrell et al., 1977). Oxidative metabolism of
hydrazine was demonstrated in human micro-
somes based on disappearance of the chemical
over time from the incubation mixture; however,
the rate of metabolism was slower than in rat
microsomes (Jenner & Timbrell, 1995). A review
of isoniazid metabolism indicated that pathways
of hydrazine biotransformation are similar in
humans and other mammals (Preziosi, 2007).
The metabolism of hydrazine is discussed in
greater detail below.

(b)  Experimental systems

Pathways of hydrazine metabolism in exper-
imental animals include oxidation and acetyl-
ation (Colvin, 1969; Fig. 4.1). Acetylhydrazine
and/or diacetylhydrazine have been observed
in the urine of animals treated with hydrazine.
The presence and/or relative abundance of these

228

acetylated metabolites are species-dependent.
Bollard et al. (2005) detected diacetylhydrazine
in the urine of rats and mice treated orally with
hydrazine hydrochloride at a dose of 100 or
250 mg/kg bw. In contrast, acetylhydrazine was
detected in the urine in rats, but not in mice. This
result was attributed to higher activity of N-acetyl
transferase in the mouse. Dogs, unlike rats and
mice, have little to no capacity to acetylate hydra-
zine (McKennis et al., 1959). This limitation may
have contributed to the prolonged elimination of
hydrazine in dogs as reported by Smith & Clark
(1972). Rabbits treated with hydrazine excreted
diacetylhydrazine in the urine (McKennis et al.,
1959). Kaneo et al. (1984) demonstrated that
metabolism of hydrazine to acetylhydrazine in
rats was reversible. Acetylhydrazine may give
rise to a carbon-centred acetyl radical or carbo-
cation, capable of binding to macromolecules or
oxidation to carbon dioxide (CO,) (Sinha, 1987;
Morike et al., 1996; Preziosi, 2007). Hydrazine
may also give rise to hydrazones (Preziosi
2007). The metabolite 1,4,5,6-tetrahydro-6-
oxo-3-pyridazine carboxylic acid, a derivative
of oxoglutarate hydrazone, was found in the
urine of rats and mice treated with hydrazine
(Nelson & Gordon, 1981; Delaney & Timbrell,
1995; Bollard et al., 2005). Hydrazine is oxidized
to N, in rats and mice (Nelson & Gordon, 1981;
Springer et al., 1981). Degradation of hydrazine
to ammonia (NH,) may be possible, especially
in dogs (McKennis et al., 1959; Colvin, 1969;
Preziosi, 2007). Oxidative metabolism of hydra-
zine was catalysed primarily by cytochrome
P450s (CYPs) in rat microsomes (Noda et al.
1987; Jenner & Timbrell, 1995). Mixed function
oxidases may also play a role (Jenner & Timbrell,
1995). Results from incubation in rat hepatocytes
suggested the involvement of CYP2E1, CYP2BI,
and CYP1A1/2 in the metabolism of hydrazine
(Delaney & Timbrell, 1995). CYP activity was
demonstrated in the metabolism of ['°N,]-[“C]-
labelled acetylhydrazine to N, and CO, in the
rat (Morike et al., 1996). A hydrazine radical,
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Fig. 4.1 Proposed metabolic scheme for hydrazine in mammals
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potentially giving rise to a diimide (diazene), was
identified in microsomal incubations of hydra-
zine using a spin-trapping method (Noda et al.
1985).

4.2 Mechanisms of carcinogenesis

The evidence on the "key characteristics” of
carcinogens (Smith et al., 2016) - concerning
whether hydrazine is genotoxic, induces oxida-
tive stress, alters cell proliferation, cell death or
nutrient supply, and modulates receptor-medi-
ated mechanisms - is summarized below.

4.2.1 Genetic and related effects
See Table 4.1 and Table 4.2

(a)  Humans

No data on exposed humans were available to
the Working Group.

One study reported the induction of single-
strand breaks and alkali-labile sites (comet assay)
in human lung cells in vitro (Robbiano et al.,
2006).

(b)  Experimental systems

Considerable information was previously
reviewed by the IARC Monographs Working
Group regarding whether hydrazine is geno-
toxic in experimental systems (IARC, 1999).
Multiple studies identified N7-methylguanine
and O¢-methylguanine in the livers of mice, rats
(including neonates) and hamsters treated with
hydrazine in vivo. The available data suggested
that the DNA methylation mechanism involved
reaction of hydrazine with endogenous formal-
dehyde, followed by metabolism of the resulting
hydrazone to a methylating agent, most likely
diazomethane. Other reports concerned the
formation of DNA adducts (not characterized)
in M13mpl8 viral DNA in vitro.

One study found that hydrazine induced
organ-specific genotoxicity in mice, and that the
target organs for DNA damage (alkaline comet
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assay) depended on the route of administration.
DNA damage was found in the stomach, liver,and
lungs of mice given hydrazine as a single intra-
peritoneal dose at 100 mg/kg bw. When the same
dose was administered orally, DNA damage was
also found in the colon and brain (Sasaki et al.

1998). More recently, another study reported the
induction of single-strand breaks and alkali-la-
bile sites (comet assay) in primary lung cells from
male rats as well as in the lungs of rats given a
single oral dose of hydrazine (Robbiano et al.,
2006). Lack of induction of sister-chromatid
exchanges in bone marrow or liver of mice, and
conflicting results on induction of micronuclei
in mouse bone-marrow cells (in one study out of
three), were observed (IARC, 1999).

Hydrazine induced DNA strand breaks in
rat hepatocytes and unscheduled DNA synthesis
in mouse hepatocytes. There were conflicting
results for the induction of gene mutations in
mouse lymphoma L5178Y cells (one positive
result and two negative, all in the absence of
exogenous metabolic activation). Hydrazine
induced sister-chromatid exchanges and chro-
mosomal aberrations in Chinese hamster ovary
cells, but gave negative results for the induction
of chromosomal aberrations in rat liver RL1 cells
(IARC, 1999).

Hydrazine was mutagenic in yeast and
bacteria, induced DNA damage in bacteria, and
caused somatic mutations in Drosophila (IARC,
1999).

4.2.2 Oxidative stress

(a) Humans

No data in exposed humans were available to
the Working Group.

In human hepatoma HepG2 cells, hydrazine
(0.25-2.0 mM) depleted reduced glutathione in
a concentration-dependent manner, whereas
reactive oxygen species (ROS) were decreased, as
assessed using the dye 2',7'-dichlorodihydrofluo-
rescein diacetate (Olthof et al., 2009).
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(b)  Experimental systems

(i) Non-human mammals in vivo

In Wistar rats fed diets containing 0.5%
hydrazine dichloride for 7 days, there were
significant increases in lipid-soluble fluorophores
(lipofuscin) in the liver, heart, muscle, and spleen
(Antosiewicz et al., 2002). This index of oxidative
stress induction by hydrazine was diminished in
the heart and skeletal muscle by the antioxidant
a-tocopherol diacetate.

In Wistar rats, hydrazine (intraperitoneal
dose of 80 mg/kg bw) decreased hepatic
glutathione levels, increased levels of malondi-
aldehyde (a measure of lipid peroxidation), and
increased levels of 8-hydroxy-2'-deoxyguanosine
DNA adducts (8-OHdG, a measure of oxidative
DNA damage). These changes were prevented by
tea melanin (Hung et al., 2003).

In Sprague-Dawley rats, hydrazine dihydro-
chloride (0, 120, or 240 mg/kg bw by gavage)
increased levels of the precursor amino acids
of glutathione biosynthesis in the urine and/
or plasma and increased plasma 5-oxoproline
(a product of glutathione metabolism) (Bando
etal., 2011).

Several studies have reported suppression by
antioxidants of the induction of megamitochon-
dria (enlarged and abnormally shaped mito-
chondria that are thought to arise by membrane
fusion) by hydrazine. For instance, in Wistar rat
liver, hydrazine-induced formation of megami-
tochondria, and accompanying increases in lipid
peroxidation were suppressed by co-treatment
with coenzyme Q,,(CoQ,,). CoQ,,did not prevent
the decrease in reduced glutathione that was
observed in rats treated with hydrazine (Adachi
etal., 1995). The formation of megamitochondria
intheliver of Wistar rats fed diets containing 1.0%
hydrazine for 7 days was also suppressed by a-to-
copherol (intraperitoneal dose of 700 mg/kg bw).
A marked increase in hepatic level of lipid-sol-
uble fluorophores, an indicator of oxidative
stress, was also observed in hydrazine-treated
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rats; however, these increases were not prevented
by a-tocopherol (Antosiewicz et al., 1994). The
formation of megamitochondria in the livers of
Wistar rats fed diets containing 0.5% hydrazine
for 7 days was suppressed by various free radical
scavengers including CoQ,, a-tocopherol,
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(4-OH-TEMPO), and by allopurinol, a xanthine
oxidase inhibitor (Wakabayashi et al., 1997). In
addition, 4-OH-TEMPO lowered hepatic lipid
peroxidation, assessed by measuring levels of
thiobarbituric acid reactive substances (TBARS)
and oflipid-soluble fluorophores. Allopurinol was
less effective than 4-OH-TEMPO in preventing
loss of mitochondrial phosphorylating ability
and in preventing lipid peroxidation in liver
(Matsuhashi et al., 1997; Wakabayashi et al.,
1997). An increase in the rate of generation of
hydrogen peroxide was also observed in isolated
liver mitochondria obtained from Wistar rats
that had been fed diets containing 1% hydrazine
for 3 days (Karbowski et al., 1999). [The Working
Group noted that induction of megamitochon-
dria by hydrazine is probably due to free radicals
generated by exposure to this agent, and that the
hepatotoxicity of hydrazine is probably due to
induction of oxidative stress.]

Perfusion of Sprague-Dawley rat livers with
hydrazine,acetylhydrazine,orisoniazidat5mMin
the presence of the spin-trapping agent a-phenyl-
tert-butylnitrone produced the carbon-centred
radical that was shown to be the same acetyl
radical (Sinha, 1987).

(i) Non-human mammalian cells in vitro

During CYP-mediated oxidative metabolism
of hydrazine by rat liver microsomes, the forma-
tion of a free radical intermediate was detected
by electron spin resonance spectroscopy using
a-phenyl-tert-butylnitrone as the spin-trapping
agent; the radical species trapped with a-phenyl-
tert-butylnitrone was identified as a hydra-
zine-derived metabolite by mass spectrometry
(Noda et al., 1985). Inhibitors of CYP, and the
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antioxidant ascorbic acid decreased the genera-
tion of hydrazine radical by rat liver microsomes
(Matsuki et al., 1991).

Lipid peroxidation (TBARS) was increased
significantly in rat liver slices incubated with
hydrazine at 15 mM for 10 hours. This increase
was associated with extensive hepatic necrosis
(Walubo et al., 1998).

Exposure of primary rat hepatocytes (isolated
from Fischer 344 rats) to hydrazine (at 25 mM
and above) reduced catalase activity, depleted
reduced glutathione, and increased oxidized
glutathione and lipid peroxidation (TBARS),
while ROS was increased at hydrazine concentra-
tions of 100 mM and above (Hussain & Frazier,
2002).

Hydrazine (8 mM) increased the formation
of hydrogen peroxide and ROS, and protein
carbonylation in hepatocytes isolated from
Sprague-Dawley rats. ROS formation and protein
carbonylation were decreased by a ROS scav-
enger (4-OH-TEMPO) and by a CYP inhibitor
(1-aminobenzotriazole) (Tafazoli et al., 2008).

Hung et al. (2003) showed that melanin
derived from tea reduced hydrazine-induced
free radical formation in rat hepatocytes isolated
from Wistar rats, as assessed by measuring
chemiluminescence intensity.

In hepatocytes isolated from Sprague-Dawley
rats, the effects of hydrazine and isoniazid on
lipid peroxidation and mitochondrial depolar-
ization were significantly reduced by pre-treat-
ment with N-acetylcysteine. Hydrazine (8 mM)
significantly increased ROS whether or not
glutathione was depleted, and also increased
lipid peroxidation and mitochondrial membrane
depolarization (Heidari et al., 2013).

Incubation of primary Wistar rat hepatocytes
with hydrazine (2 mM) induced the formation of
megamitochondria, decreased the mitochondrial
membrane potential, and increased intracellular
levels of ROS (assessed using 2',7'-dichlorodihy-
drofluorescein diacetate) (Teranishi et al., 1999).

These changes were suppressed by co-treatment
of hepatocytes with the free radical scavenger
CoQ,, (1 uM).

In primary cultures of Wistar rat hepato-
cytes, mitochondria were enlarged by hydrazine,
and mitochondria were substantially larger in
hepatocytes isolated from rats pre-treated with
phenobarbital and then incubated with hydra-
zine. The effect of phenobarbital was attrib-
uted to the induction of CYP, which had been
reported to metabolize hydrazine and generate
free radicals (Noda et al., 1987). In addition,
compared with controls, levels of malondial-
dehyde in homogenates of hepatocyte cultures
treated with hydrazine at 2 mM were elevated
(155%) after incubation for 4 hours and signifi-
cantly increased (240%) after incubation for 22
hours (Karbowski et al., 1997).

(iii)  Acellular systems

Hydrazine (0.5 mM) produced fragmenta-
tion of calf thymus DNA in a cell-free system
containing manganese (Mn) or copper (Cu)
ions. DNA damage induced by hydrazine plus
Mn(II) or Mn(III) was inhibited by hydroxyl
radical scavengers or superoxide dismutase, but
not by catalase; while DNA damage caused by
hydrazine plus Cu(II) was inhibited by catalase,
but not by hydroxyl radical scavengers or super-
oxide dismutase. Electron spin trapping using
5,5-dimethyl-1-pyrroline N-oxide confirmed
that hydrazine plus Mn(III) produced hydroxyl
free radical via superoxide and not via hydrogen
peroxide. Thus, ROS may also be produced
by nonenzymatic activation of hydrazine
(Yamamoto & Kawanishi, 1991).

4.2.3 Altered cell proliferation, death, or
nutrient supply

(a) Humans

No data were available to the Working Group.
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(b)  Experimental systems
(i) In vivo

In Syrian golden hamsters given drink-
ing-water containing hydrazine sulfate (170, 340,
or 510 mg/L for up to 21 months), increases in
megalocytosis, intranuclear inclusions, bile duct
hyperplasia, and foci of cellular alteration were
observed after 18 months in the groups receiving
the intermediate and highest doses. However,
incorporation into liver DNA of “C-thymidine,
administered before termination as an index of
cell replication, was not different in any of the
exposure groups compared with controls at any
interim evaluation (FitzGerald & Shank, 1996).

No studies were identified that showed
suppression of apoptosis by hydrazine. In an
inhalation study, increases in the incidence of
apoptosis based on histological criteria were
reported in the nose of Fischer 344 rats exposed
to hydrazine (750 ppm) for 1 or 10 hours.
Increased incidences of proliferative nasal
lesions, including epithelial hyperplasia and
adenoma, were also observed in these rats held
for up to 28 months after exposure (Latendresse
et al., 1995).

Hepatic steatosis and hyperlipidaemia were
induced in Wistar rats given hydrazine as a
single intraperitoneal injection at 50 mg/kg
bw. Compared with controls, exposed rats had
increased levels of triglycerides, cholesterol,
free fatty acids, and total lipids in plasma and
liver tissue. Hydrazine also caused a decrease in
levels of triglycerides and total lipids in adipose
tissue (Vivekanandan etal., 2007). [The Working
Group noted that increased mobilization of
triglycerides from adipose tissue to the liver by
hydrazine may contribute to the development of
hepatic steatosis by this chemical.]

In C57Bl/6 mice, significant increases (more
than twofold) in the hepatic expression of several
genes involved in triglyceride and cholesterol
synthesis, lipid transport, and fatty acid oxidation
were detected 24 hours after administration of a
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single oral dose of hydrazine sulfate (100 mg/kg
bw). The gene expression profiles resulting from
hydrazine exposure were consistent with prod-
uction and intracellular transport of hepatic
lipids being favoured over removal of fatty acids
(Richards et al., 2004).

(i) Invitro

In hepatocytes isolated from Wistar rats,
pre-labelled with [“C]palmitate, and incubated
with2-12mM hydrazine, the percentage of radio-
labelled triglycerides appearing in the medium
decreased with increasing concentrations of
hydrazine [these results indicated that reduced
secretion of triglycerides from liver cells might
also be a factor in hydrazine-induced hepatic
steatosis] (Waterfield et al., 1997). Waterfield
et al. (1997) also reported the following hepatic
or hepatocellular effects: lactate dehydrogenase
leakage, adenosine triphosphate (ATP) and
glutathione S-transferase depletion, increase in
citrulline level, inhibition of protein synthesis,
taurine leakage, and triglyceride accumulation.

Dilworth et al. (2000), using metabolically
competent rat liver spheroids, also showed ATP
depletion after hydrazine treatment that required
even higher concentrations than hepatocytes in
primary culture. Garrod et al. (2005) observed an
increase in triglycerides and f-alanine, combined
with a decrease in hepatic glycogen, glucose,
choline, taurine, and trimethylamine-N-oxide
(TMAO) in the rat liver 24 hours after a dose of
hydrazine of 90 mg/kg bw. In the renal cortex,
2-aminoadipate, and B-alanine increased, which
concurred with a decrease in TMAO, myo-ino-
sitol, choline, taurine, glutamate, and lysine.

4.2.4 Receptor-mediated effects

(a) Humans

No data were available to the Working Group.
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Fig. 4.2 Proposed pathway for the metabolic generation of a methylating electrophile from
formaldehyde hydrazone, a condensation product of hydrazine and formaldehyde
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(b)  Experimental systems

In C57Bl/6 mice, a single dose of hydrazine
sulfate at 100 or 300 mg/kg bw increased hepatic
gene expression by peroxisome proliferation-ac-
tivated receptor (PPAR) and sterol regulatory
element-binding protein transcription factors
after 24 hours (Richards et al., 2004)

To detect possible toxicity pathways with
hydrazine in Sprague-Dawley rat liver, a combi-
nation of genomics, proteomics, and metabo-
lomics was used to detect changes in mRNA,
proteins, and endogenous metabolites after a
single oral dose (30 or 90 mg/kg bw). The results
of these combined techniques suggested that
hydrazine can affect hepatic oxidative stress,
Ca?* concentration, and thyroid hormone home-
ostasis, glucose and lipid metabolism; several
mechanistic pathways for toxicity in the rat liver
were described (Kleno et al., 2004a, b).

In addition to hepatotoxicity, effects on the
central nervous system in rodents have been asso-
ciated with changes in GABA levels. Specifically,
these changes were caused by depletion of pyri-
doxal phosphate, which requires gamma-am-
inobutyrate aminotransferase and glutamate
decarboxylase (IPCS, 1987a).

4.2.5 Other mechanisms

No additional mechanistic data in exposed
humans or human cells were available to the
Working Group.

Concerning epigenetic effects, hydrazine
increased the labelling of methylguanines upon
co-administration of L-[methyl-“C]methio-
nine or [“C]formate in rodents (Lambert &
Shank, 1988). In Syrian golden hamsters given
drinking-water containing hydrazine sulfate
(170-510 mg/L) for up to 21 months, hypo-
methylation of cytosines occurred at the highest
exposure level (FitzGerald & Shank, 1996). In
this 21-month study, Zheng & Shank (1996)
reported hypomethylation in the p53 tumour
suppressor gene and in the c-jun proto-oncogene,
and hypermethylation in the c-Ha-ras proto-on-
cogene and in the DNA methyltransferase gene.
No changes were detected for c-fos, c-myc, and
y-glutamyltranspeptidase. Lambert & Shank
(1988) proposed a pathway for the generation
of a methylating elctrophile from formaldehyde
hydrazine, a condensation product of hydrazine
and formaldehyde (Fig. 4.2).

Inflammatory infiltrates were only of
minimal severity in animals killed after a single
exposure or 10 exposures of 1 hour to hydrazine
at 750 ppm, or at least 2 years after exposure
(Latendresse et al., 1995).
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4.3 Data relevant to comparisons
across agents and end-points

For all compounds evaluated in the present
volume of the IARC Monographs, including
hydrazine, analyses of high-throughput
screening data generated by the Tox2l and
ToxCast™ research programmes of the govern-
ment of the USA (Kavlock et al., 2012; Tice

on the proximal tubular kidney cells, lungs,
central nervous system, haematological system,
and ocular regions, while behavioural effects
like lethargy and depression were also reported
(HSDB, 2010).

Hydrazine and mono-acetyl hydrazine are
formed as reactive metabolites of isoniazid,
and may play a role in its toxicity (reviewed by
Hassan et al., 2015). In the metabolism of isoni-

et al., 2013) are presented in the Monograph on
1-bromopropane, in the present volume.

4.4 Cancer susceptibility

No data were available to Working Group.

4.5 Other adverse effects

4.5.1 Humans

Hydrazine 1is hepatotoxic, nephrotoxic,
immunotoxic, and neurotoxic in humans.
Hydrazine produces strong irritation of the skin,
eye, and mucous membranes, and can also cause
skin sensitization. After ingestion, reported
systemic effects are vomiting, muscle tremor,
convulsions, seizures, paresthesia, anorexia,
weight loss, kidney damage, and centrolobular
fatty changes of the liver (SCOEL, 2010). No data
concerning reproductive toxicity in humans were
available to the Working Group (HSDB, 2010).

4.5.2 Experimental systems

The toxicological effects of hydrazine in
experimental animals were comparable to those
seen in humans, with pronounced effects on the
liver, kidneys and lungs. In the rat, liver accu-
mulation of lipids, swelling of mitochondria,
and formation of microbodies in the hepatocytes
were observed. In general, similar hepatic lesions
were observed in rat, mice, hamsters, dogs,
and monkeys, but the intensity of the effects
was species-dependent. In addition, effects in
experimental animals have also been observed
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azid, NAT2 is responsible for the formation of
acetyl hydrazine, which is further oxidized by
CYP2E1 to N-hydroxy acetyl hydrazine that is
eventually converted to acetyl diazine. The latter
compound may be the toxic metabolite itself, or
break down further to the reactive acetyl onium
ion, acetyl radical, and ketene, which in turn
can bind covalently to hepatic macromolecules,
resulting in liver toxicity.

5. Summary of Data Reported

5.1 Exposure data

Hydrazine exists as anhydrous hydrazine
(containing < 37% water by mass), or as hydra-
zine hydrate (an aqueous solution containing
< 64% hydrazine). Hydrazine is used in the
manufacture of pharmaceuticals, agrochemi-
cals, chemical blowing agents, paints, inks and
organic dyes, polyurethane coatings, and adhe-
sives. In addition, hydrazine has several direct
applications as an oxygen scavenger, a corrosion
inhibitor, a reducing agent, and a propellant.
Exposure predominantly occurs in the work-
place, with highest exposures in facilities where
hydrazine is handled as rocket propellant and in
the refilling of fighter aircrafts. No exposure of
the general population has been identified.
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5.2 Human carcinogenicity data

Associations between cancer and exposure to
hydrazine have been studied in workers manu-
facturing hydrazine in the United Kingdom, and
in workers testing rocket engines at a field labo-
ratory in California, USA.

The manufacturing cohort study used a crude
measure of exposure and had a small number of
cancer deaths. This study was judged to be unin-
formative for the purposes of evaluation.

Two investigations featuring overlapping
cohorts of rocket-testing workers at the same
facility in California, USA, were considered to
be more informative. One study was restricted
to mortality with wider criteria for eligibility,
including workers employed for shorter dura-
tion. This study also had a narrower definition
of exposure, classifying a smaller proportion of
workers as highly exposed. The other study at
the California rocket-testing facility included
incidence data and had a broader definition of
exposure. Nevertheless, some subgroups in both
studies were roughly comparable and these
showed an excess of cancer of the lung. The
study of incidence also showed a statistically
significant positive exposure-response rela-
tionship for cancer of the lung. Taken together,
the findings of these studies were suggestive of
excesses of cancer of the lung attributable to
exposure to hydrazine for workers with higher
exposure and earlier exposure periods. Although
analyses of these studies were not adjusted for
tobacco smoking, internal analyses of expo-
sure-response are unlikely to be confounded by
smoking. Furthermore, in the study of incidence,
smoking data for a subset of workers suggested
that the proportion of smokers was similar in
workers with or without exposure to hydrazine,
and no excess of other smoking-related cancers
was observed.

5.3 Animal carcinogenicity data

Hydrazine (usually administered as hydra-
zine sulfate) was tested in studies of carci-
nogenicity in mice treated by gavage, in the
drinking-water, by intraperitoneal injection, or
by inhalation. Hydrazine was tested in studies
in rats and hamsters treated by gavage, in the
drinking-water, or by inhalation.

In mice, hydrazine caused a significant
increase in the incidence of adenoma and/or
carcinoma of the lung in four different strains
of males and/or females treated by gavage in 11
studies. Most of these studies were single-dose
studies; tumour incidences usually ranged from
75% to 100%, and tumour multiplicity often
ranged from 3 to 10 in the treated groups. A
significant increase in the incidence of hepato-
cellular adenoma or carcinoma (combined) was
also observed in males and females in two of these
gavage studies. In addition, hydrazine caused a
significant increase in the incidence of adenoma
or carcinoma of the lung in three different strains
of male and/or female mice when administered
in the drinking-water in three studies; a signif-
icant increase in the incidence of lung adenoma
or carcinoma (combined) in males and females
(combined) when administered by intraperi-
toneal injection in one study; and a significant
increase in the incidence of tumours of the
haematopoietic and lymphoid tissues (reticulum
cell sarcoma or myeloid leukaemia) in males and
females (combined) when administered by intra-
peritoneal injection in one study. In one study
in female mice given drinking-water containing
hydrazine, there was a significant increase (with
a significant positive trend) in the incidence of
hepatocellular adenoma, and hepatocellular
adenoma or carcinoma (combined); there was
also a significant positive trend in the incidence
of hepatocellular carcinoma, liver haemangioma,
and liver haemangioma or haemangiosarcoma
(combined). Hydrazine also caused a significant
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increase in the incidence of lung adenoma in one
study in female mice treated by inhalation.

In onestudyin rats, hydrazine caused a signif-
icant increase in the incidence of lung adenoma
or carcinoma (combined) in males and females
treated by gavage; a significant increase in the
incidence of malignant liver tumours was also
reported in males. Hydrazine caused a signifi-
cant increase in the incidence of hepatocellular
adenoma in two strains of male and female rats
given drinking-water containing hydrazine in
two studies, a significant increase in the inci-
dence of hepatocellular adenoma or carcinoma
(combined) and of hepatocellular carcinoma in
female rats in these two studies, and a signifi-
cant increase in the incidence of hepatocellular
adenoma or carcinoma (combined) and of inter-
stitial cell tumours of the testes in male rats in one
of these studies. Hydrazine caused a significant
increase in the incidence of nasal adenoma in
male and female rats, and of thyroid carcinoma
in male rats, treated by inhalation in one study.

In male hamsters given drinking-water
containing hydrazine, there was a significant
dose-related increase in the incidence of hepato-
cellularadenoma or carcinoma (combined) in one
study, and a significant increase in the incidence
of hepatocellular carcinoma in another study.
Hydrazine also caused a significant dose-related
increase in the incidence of nasal adenoma in
male hamsters treated by inhalation in a third
study.

5.4 Mechanistic and other relevant
data

In humans and other mammals, hydrazine is
absorbed rapidly.

With respect to the key characteristics of
human carcinogens, there is strong evidence that
hydrazine is electrophilic or can be metaboli-
cally activated. Acetylated metabolites as well as
unchanged hydrazine have been detected in the
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urine of exposed humans. Hydrazineis acetylated
in rodents and rabbits. Oxidative metabolism of
hydrazine via formation of nitrogen and carbon
dioxide has been demonstrated in mammals.
Reactive intermediates include nitrogen- and
carbon-centred-radicals, as well as a postulated
carbocation.

There is strong evidence that hydrazine is
genotoxic, primarily from experimental systems.
DNA single-strand breaks were observed in
a single study of human lung cells exposed to
hydrazine. The frequency of single-strand breaks
was also increased in the lungs of exposed rats
and in rat lung cell cultures. In mice, hydra-
zine induced formation of DNA strand breaks
in the liver, lung, and stomach. DNA adducts
from hydrazine, N7-methylguanine and
O¢-methylguanine, were detected in the liver of
mice, rats, and hamsters exposed to hydrazine
in vivo. Hydrazine was mutagenic in yeast and
bacteria, and induced DNA damage in bacteria
and somatic mutations in Drosophila.

There is strong evidence that hydrazine
induces oxidative stress in experimental systems.
Numerous studies have shown that exposure to
hydrazine induces oxidative stressin mammalian
systems, both in vivo and in vitro. In hepatocytes
isolated from rats, hydrazine decreased levels
of reduced glutathione, and increased various
indicators of the formation of reactive oxygen
species. In addition, most of these changes were
prevented by co-treatment with antioxidants.
The production of free-radical intermediates
during cytochrome P450 mediated metabolism
of hydrazine was demonstrated by electron spin
resonance spectroscopy using a spin-trapping
agent.

There is strong evidence that hydrazine alters
cell proliferation, cell death, and nutrient supply
in experimental systems. Hepatic steatosis
was induced in rats, and reduced secretion of
triglycerides was seen in isolated rat hepatocytes
treated with hydrazine. In a study of exposure by



Hydrazine

inhalation, apoptosis was increased in the nasal
epithelium of rats.

There is weak evidence that hydrazine modu-
lates receptor-mediated effects. Gene interac-
tions with the peroxisome proliferator-activated
receptors and sterol regulatory-element binding
protein have been observed in mice. Hydrazine
was considered marginally active in the Tox21
aryl hydrocarbon receptor reporter-gene assay.

There were few data on other key characteris-
tics of carcinogens (alters DNA repair or causes
genomic instability, induces epigenetic altera-
tions, induces chronic inflammation, is immu-
nosuppressive, or causes immortalization).

6. Evaluation

6.1 Cancer in humans

There is limited evidence in humans for the
carcinogenicity of hydrazine. A positive asso-
ciation has been observed between exposure to
hydrazine and cancer of the lung.

6.2 Cancer in experimental animals

There is sufficient evidence in experimental
animals for the carcinogenicity of hydrazine.
6.3 Overall evaluation

Hydrazine is probably carcinogenic to humans
(Group 2A).
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TETRABROMOBISPHENOL A

1.

1.1.

I.1.

Exposure Data

Identification of the agent

From NTP (2014), ECHA (2006)

1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 79-94-7
Chem. Abstr. Serv. Name: Tetrabromobis-

phenol A
EINECS No.: 201-236-9
IUPAC Name: 2,2',6,6'-Tetrabromo-4,4'-

isopropylidenediphenol
Synonyms:2,2-Bis(3,5-dibromo-4-hydroxy-
phenyl) propane; phenol, 4,4'-iso-propyl-
idenebis,  (dibromo-);  4,4"-isopropyl-
idene-bis(2,6-dibromophenol); phenol, 4,4"-
(1-methylethylidene)bis(2,6-dibromo-);
3,3",5,5'-tetrabromobisphenol-A; tetrabromo-
dihydroxy diphenylpropane

Acronyms: TBBP-A; TBBP; TBBPA

1.1.2 Structure and molecular formula, and

relative molecular mass

Br Br
HO (IZ OH
CH;
Br Br

Molecular formula: C .H,Br,O,
Relative molecular weight: 543.88

1.1.3 Physical and chemical properties of the

pure substance

Description: White crystalline powder at
20 °C containing 58.4% bromine

Boiling point: ~316 °C (decomposes at
200-300 °C)

Melting point: 181-182 °C

Density: 2.12 g/cm?

Volatility: Vapour pressure, 6.24 x 10~ kPa
at 25°C

Water solubility: 1.26 mg/L at 25 °C

Octanol/water partition coefficient:
log K., 5.9

ow>
Decomposition: When heated to decomposi-
tion, emits bromine vapours

Conversion factor: 1 ppm = 22.6 mg/m?> at
20 °C.
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Fig. 1.1 Global market demand for tetrabromobisphenol A, 1995-2004
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From Covaci et al. (2009); numbers were calculated from data published in ECHA (2008

1.2 Production and use

1.2.1 Production

(a)  Production methods

The production process for tetrabromo-
bisphenol A involves the bromination of
bisphenol A in the presence of a solvent, such
as methanol, a halocarbon alone, or a halo-
carbon with water, or 50% hydrobromic acid, or
aqueous alkyl monoethers (ECHA, 2006). Due
to the nature of the process and the by-products
(e.g. hydrobromic acid and methyl bromide) that
can be formed, the production process is largely
conducted in closed systems (Covaci et al., 2009).

(b)  Production volume

Tetrabromobisphenol A is a compound
with a high production volume that is currently
produced in China, Israel, Japan, Jordan, and the
USA, but no longer in the European Union. The
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total global production volume of tetrabromo-
bisphenol A is estimated at > 100 000 tonnes per
year (ECHA, 2008). Except for a minor reduction
in production between 2000 and 2002, an overall
increasing trend was observed in the estimated
global market demand for tetrabromobisphenol
A from 109 000 tonnes per year in 1975 to 170 000
tonnes per year in 2004 (Fig. 1.1).

1.2.2 Use

Approximately 58% of tetrabromobisphenol
Aisused asareactive brominated flame retardant
in epoxy, polycarbonate and phenolic resins in
printed circuit boards, 18% is used for the prod-
uction of tetrabromobisphenol A derivatives and
oligomers, while 18% is used as additive flame
retardant in the manufacture of acrylonitrile-
butadiene-styrene resins or high impact poly-
styrene (Covaci et al., 2009).




Tetrabromobisphenol A

(@)  Reactive applications

Tetrabromobisphenol A is used primarily as
an intermediate in the manufacture of polycar-
bonate unsaturated polyester and epoxy resins,
in which it becomes covalently bound in the
polymer. Polycarbonates are used in commu-
nication and electronic equipment, electronic
appliances, transportation devices, sports and
recreational equipment, and lighting fixtures
and signs. Unsaturated polyesters are used in
the manufacture of simulated marble floor tiles,
bowling balls, furniture, coupling compounds
for sewer pipes, buttons, and automotive patching
compounds. Flame-retardant epoxy resins may
be used mainly for the manufacture of printed
circuit boards (Lassen et al., 1999). Moreover,
epoxy resins containing tetrabromobisphenol
A are used to encapsulate certain electronic
components (e.g. plastic/paper capacitors, micro-
processors, bipolar power transistors, “inte-
grated gate bipolar transistor power modules”
and “application specific integrated circuits” on
printed circuit boards) (ECHA, 2008).

(b)  Additive applications

Tetrabromobisphenol A is generally used
with antimony oxide for optimum performance
as an additive fire retardant (IPCS, 1995) that
is applied in acrylonitrile-butadiene-styrene
resins that are used in automotive parts, pipes
and fittings, refrigerators, business machines
and telephones (ECHA, 2008), and can also be
applied to high-impact polystyrene resins used
in casings of electrical and electronic equipment,
furniture, building and construction materials
(IPCS, 1995). The largest additive use of tetra-
bromobisphenol A is in television casings for
whichapproximately 450 tonnesare used peryear.
Other uses include: personal computer monitor
casings, components in printers, fax machines
and photocopiers, vacuum cleaners, coffee
machines and plugs/sockets (ECHA, 2008). As
additive flame retardant, tetrabromobisphenol A

does not react chemically with the other compo-
nents of the polymer, and may therefore leach
out of the polymer matrix after incorporation
(Covaci et al., 2009).

1.3 Measurement and analysis

Several studies have reported on different
methods for extraction of tetra-bromobisphenol
A from different environmental and biological
matrices (Table 1.1; Covaci et al., 2009). Solid-
phase extraction on pre-packed C, cartridges
was the most commonly reported method for
the extraction/clean-up of tetrabromobisphenol
A from liquid samples, including water (Wang
et al., 2015a), plasma (Chu & Letcher, 2013)
and milk (Nakao et al., 2015). More aggressive
extraction techniques such as Soxhlet extraction,
pressurized liquid extraction, ultrasound-as-
sisted extraction and microwave-assisted extrac-
tion were required for the efficient extraction
of tetrabromobisphenol A from solid samples,
including dust (Abdallah et al., 2008), soil (Tang
et al., 2014), sediment (Labadie et al., 2010),
sewage sludge (Guerra et al., 2010), polymers
(Vilaplana et al., 2009), and frozen animal tissues
(Tang et al., 2015). The inclusion of a relatively
polar organic solvent (e.g. dichloromethane
or acetone) was found to be necessary for the
efficient extraction of tetrabromobisphenol A
(Covaci et al., 2009). Hyphenated chromato-
graphic methods coupled to mass spectrometric
detection were commonly applied for the quan-
titative determination of tetrabromobisphenol A
in various media (Table 1.1; Covaci et al., 2009).
Other methods of analysis including enzyme-
linked immunosorbent assay (Bu et al., 2014) and
capillaryelectrophoresis (Blanco etal.,2005) were
also reported for the determination of tetrabro-
mobisphenol A in environmental samples.
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1.4 Occurrence and exposure

1.4.1 Natural occurrence

Tetrabromobisphenol A does not occur natu-
rally (ECHA, 2006).

1.4.2 Environmental occurrence

Tetrabromobisphenol A was first detected in
the environment in 1983 at a level of 20 ng/g in
sediment from the NeyaRiverin Japan (Watanabe
etal., 1983). Several studies have detected tetrabro-
mobisphenol A in various biotic and abiotic
matrices from different parts of the world over
the past few years (Table 1.2 and Table 1.3). This
chemical was detected in air, dust, water, soil,
sediment, and sewage sludge from various areas
across the globe (Covaci et al., 2009), including
the Arctic, which indicates its ability to undergo
long-range transport (Xie et al., 2007; de Wit
et al., 2010). The frequent detection of tetrabro-
mobisphenol A and the ubiquitous nature of this
contaminant indicates that it is continuously
released into the environment due to its reported
half-life in the soil (t, , = 48-84 days) (N'TP, 2014).
Moreover, tetrabromobisphenol A is frequently
detected in biotic samples, including fish, birds,
and human tissue (Covaci et al., 2009; Table 1.3).

A recent review reported that China was
the region most affected by pollution with
tetrabromobisphenol A. The most serious
cases of tetrabromobisphenol A pollution
were found in Guiyu, Guangdong (a primi-
tive e-waste dismantling site), with concentra-
tions reaching 66 010-95 040 pg/m? in the air
(mean, 82 850 pg/m?), in Shouguang, Shandong
(a tetrabromobisphenol A-manufacturing site)
with concentrations ranging from 1.64 to
7758 ng/g dry weight in the soil (mean, 672 ng/g)
and in Chaohu Lake, Anhui (industrial concen-
tration site), with concentrations reaching
850-4870 ng/L in water (Liu et al., 2016).
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1.4.3 Occupational exposure

Occupational exposures to tetrabromo-
bisphenol A have been measured in facilities
manufacturing electronic productsand, at higher
concentrations, in recycling facilities.

Mean concentrations of tetrabromobisphenol
A in the air were reported to be 30 ng/m? in the
dismantling hall and 140 ng/m? in the shredder
at an electronic products recycling plant, and to
be several orders of magnitude higher than those
found in the other indoor microenvironments
investigated (e.g. 0.036 ng/m? in the offices)
(Sjodin et al., 2001).

A low concentration of tetrabromobisphenol
A (0.011 ng/m?) was measured in the particulate
matter collected from a medical equipment-man-
ufacturing building (Batterman et al., 2010).

Occupational exposure of workersto tetrabro-
mobisphenol A ata Chinese printed circuit-board
plant via ingestion, dermal absorption, and inha-
lation of dust varied widely by process, with the
greatest estimated exposures being 1930, 431,
and 96.5 pg/kg body weight (bw) per day, respec-
tively. Raw-material warehouse workers were the
most highly exposed, with an average overall
exposure of 2413 pg/kg bw per day. Dust inges-
tion was the predominant pathway of exposure
(Zhou et al., 2014).

Low levels (< 0.09-63 ng/cm?) of tetrabro-
mobisphenol A were detected in patch samples
attached to clothing of workers at an electronics
dismantling facility and a circuit board factory
in Finland. However, tetrabromobisphenol A was
below the limit of quantification (< 2 ng/hand) in
handwash samples (Mikinen et al., 2009).

Tetrabromobisphenol A was also detected in
the serum of workers at levels that are presented
in Table 1.3.
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Table 1.2 Concentrations of tetrabromobisphenol A in abiotic matrices

Matrix (number of samples) Location Concentration Reference
Mean® (range) or range
Air
Particulate matter in office air (56) China 949 [GM] (30-59 140) ng/g Ni & Zeng (2013)
Homes (5) United Kingdom 16 (9-22) pg/m? Abdallah et al. (2008)
Offices (5) 16 (4-33) pg/m?
Public microenvironments (4) 26 (17-32) pg/m?
Outdoor air (5) 0.8 (0.7-0.9) pg/m?
Cars (20) United Kingdom 3(0.2-5) pg/m? Abdallah & Harrad (2010)
Homes (2) Japan 8-20 pg/m? Takigami et al. (2009)
Outdoor air (2) 7.0-9.5 pg/m?
Indoor air microenvironments (4) Japan 200 (< 100-600) pg/m? Inoue et al. (2006
Indoor air at an electronics recycling plant Sweden 200 (110-370) pg/m? Sjodin et al. (2001)
and other work environments
Outdoor air rural site Germany < 0.04-0.85 pg/m? Xie et al. (2007)
Outdoor air Wadden Sea 0.31-0.69 pg/m?
Outdoor air itolztnht—izastern < 0.04-0.17 pg/m?
E-waste recycling site China 82 850 (66 010-95 040) pg/  Reported in Liu et al.
m? (2016)
Dust
House dust (34) China 250 (< 1-2300) mg/g Wang et al. (2015b
House dust (42) Colombia 21 (< 1-280) mg/g
House dust (28) Greece 36 (< 1-630) mg/g
House dust (35) India 45 (< 1-640) mg/g
House dust (14) Japan 360 (12-1400) mg/g
House dust (16) Republic of Korea 130 (43-370) mg/g
House dust (17) Kuwait 12 (< 1-36) mg/g
House dust (22) Pakistan 50 (< 1-800) mg/g
House dust (23) Romania 28 (< 1-380) mg/g
House dust (19) Saudi Arabia 61 (< 1-360) mg/g
House dust (22) USA 91 (< 1-650) mg/g
House dust (12) Viet Nam 99 (< 1-670) mg/g
Houses (35) United Kingdom 87 (0.5-382) mg/g Abdallah et al. (2008)
Offices (28) 49 (0.5-140) mg/g
Cars (20) 6.0 (0.5-25) mg/g
Public microenvironments (4) 220 (52-350) mg/g
Primary schools and daycare centres (43) United Kingdom 200 (17-1400) mg/g Harrad et al. (2010)
House dust (45) Belgium 11.7 [median] mg/g D’Hollander et al. (2010)
Office dust (10) 70.4 [median] mg/g
House dust (20) Germany 44 (3-233) mg/g Fromme et al. (2014)
Gym dust (4) USA 680 (200-900) mg/g La Guardia & Hale (2015)
Water
Lake water (9) United Kingdom 0.14-3.20 mg/L Harrad et al. (2009)
River and lake water (9) Poland 260-490 mg/L Kowalski & Mazur (2014)
River water (5) France <0.035-0.064 mg/L Labadie et al. (2010)
Surface water (14) China 230 (ND-920) mg/L Xiong et al. (2015)
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Table 1.2 (continued)

Matrix (number of samples) Location Concentration Reference
Mean® (range) or range
Surface water in industry site China 850-4870 mg/L Reported in Liu et al.
(2016)
Soil
Soil from e-waste recycling site (5) China 5-17 mg/g Han et al. (2013
Land-use soils (6) China <0.3-144 mg/g Huang et al. (2014)
Agricultural and industrial soils (11) Spain Agricultural, 0.3 mg/g; Sanchez-Brunete et al.
industrial, 3.4-32.2 mg/g (2009)
Agricultural soils (38) China 107 [GM] (1.6-7758) mg/g Zhu et al. (2014
Soil from tetrabromobisphenol A China 672 (1.64-7758) mg/g Reported in Liu et al.
manufacturing site (2016)
Sediment and sewage sludge
Sediment (7) and sludge (7) Spain Sludge, < 10-1329 mg/g; Guerra et al. (2010
sediment, < 9-15 mg/g
Lake sediment (9) England 0.3-3.8 mg/g Harrad et al. (2009)
Sediment (rivers and ponds) (31) Czech Republic 3.8-17.7 mg/g Hlouskovd et al. (2014)
River bed sediments (5) France 0.07-0.3 mg/g Labadie et al. (2010)
Nakdong river sediment Republic of Korea  0.5-150 mg/g Lee et al. (2015
Dongjiang river sediment (17) China 3.8-230 mg/g Zhang et al. (2009)
Scheldt basin sediment (20) Netherlands 5.4 (< 0.1-67) mg/g Morris et al. (2004)
Skerne river sediment (22) England 451 (< 2.4-9750) mg/g Morris et al. (2004)
Lake Mjosa sediment (3) Norway 0.04-0.13 mg/g Schlabach et al. (2004)
Marine sediment Japan 5.5mg/g Suzuki & Hasegawa
(2006)
Marine sediment Singapore 0.05-0.06 mg/g Zhang et al. (2015a)
Sewage sludge (Montreal water waste Canada 300 mg/g Saint-Louis & Pelletier
treatment plant) (2004)
Municipal sewage sludge (52) China 20.5 [GM] (1-259) mg/g Song et al. (2014)
Municipal sewage sludge (57) Sweden 2 [median] (< 0.3-220) mg/g  Oberg et al. (2002)
Municipal (4) and industrial (7) sludge Republic of Korea  4-618 mg/g Hwang et al. (2012)
Sewage sludge (17) Spain 104 (< 10-472) mg/g Gorga et al. (2013
Sewage sludge (4) Canada 2-28 mg/g Chu et al. (2005)

@ Arithmetic mean unless indicated otherwise in square brackets

GM, geometric mean; ND, not detected
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Table 1.3 Concentrations of tetrabromobisphenol A reported in biological matrices or tissues

Species (No. of samples) Matrix or Location Concentration Reference
tissue Mean (range) or range
(ng/g lipid weight)?
Humans
Occupational exposure:
Electronics dismantling (4) Serum Sweden <1.1-4.0 Hagmar et al. (2000a
Computer technicians (19)  Serum Sweden 0.54-1.85 Jakobsson et al. (2002)
Electronics dismantling (5) Serum Norway 1.3 (0.64-1.8) Thomsen et al. (2001)
Circuit board producers (5) Serum 0.54 (< 0.1-0.80)
Laboratory personnel (5) Serum 0.34 (< 0.1-0.52)
General population:
General population (21) Serum Belgium 80 ng/L Dirtu et al. (2008)
General population (93) Serum Norway 0.31-0.71 Thomsen et al. (2002)
General population (24) Serum Japan 0.001 (ND-3.7) Nagayama et al. (2000)
General population (20) Adipose New York, USA  0.048 (< 0.003-0.464) Johnson-Restrepo et al.
tissue (2008)
Men (60) Serum Japan 0.05-0.95 Fujii et al. (2014a
Women (91) Milk France 4.11 (0.06-37.3) mg/g fresh weight ~ Cariou et al. (2008)
Serum 19.8 (0.23-93.2) mg/g fresh weight
Cord serum 103 (2-649) mg/g fresh weight
Mothers (30) Milk Czech Republic < 2-688 Lankova et al. (2013)
Mothers (19) Milk Japan 1.9 (< 0.02-8.7) Nakao et al. (2015)
Mothers (110) Milk Ireland 0.33 Pratt et al. (2013
Mothers (34) Milk England 0.06 (0.04-0.65) Abdallah & Harrad
(2011)
Mothers (43) Milk Boston, USA 0.03-0.55 Carignan et al. (2012)
Mothers (103) Milk China 0.41 (< LOD-12.5) Shi et al. (2013)
Mothers and infants (78) Serum Republic of Mothers, 10.7 (< 0.05-74); Kim & Oh (2014)
Korea infants, 83 (< 0.05-713)
Other species
Common whelk (3) Whole North Sea 45 (5.0-96) Morris et al. (2004
Sea star (1) Whole Tees estuary, UK 205
Hermit crab (9) Whole North Sea 11 (< 1-35)
Mysid (2) Whole Scheldt estuary ~ 0.8-0.9 Verslycke et al. (2005)
Snakehead fish (5) Whole China 0.04-1.3 Tang et al. (2015
Mud carp (5) Whole China 0.03-2.85 Tang et al. (2015
Fish (45) Whole Japan 0.01-0.11 Ashizuka et al. (2008)
Fresh water fish (30) Muscle England <0.3-1.7 Harrad et al. (2009)
Fish (59) Muscle Czech Republic ~ 60.8 (5-203) Svihlikova et al. (2015)
Whiting (3) Muscle North Sea 136 (< 97-245) Morris et al. (2004)
Cod (2) Liver North Sea <0.3-0.8
Hake (1) Liver Atlantic <0.2
Eel (19) Muscle Scheldt estuary 1.6 (< 0.1-13)
Eel (11) Muscle Dutch rivers 0.3 (<0.1-1.3)
Yellow eel (4) Muscle Scheldt basin <0.1-2.1
Yellow eel (5) Muscle Dutch rivers <0.1-1.0
Perch, pike, smelt, vendace, Muscle Norway 1.0-13.7 Schlabach et al. (2004)

trout (12)
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Table 1.3 (continued)

Species (No. of samples) Matrix or Location Concentration Reference

tissue Mean (range) or range

(ng/g lipid weight)*

Bull shark (13) Muscle Florida, USA 0.03-35.6 Johnson-Restrepo et al.
Atlantic sharpnose shark Muscle Florida, USA 0.87 (0.5-1.4) (2008)
(©)
African penguins (3) Muscle Gdansk zoo, 2.7-8.9 Reindl & Falkowska

Liver Poland 4-9.3 (2015)

Adipose 3-12

Brain 7-15

Egg 114+2.6
Cormorant (2) Liver Wales and 2.5-14 Morris et al. (2004

England, UK
Common tern (10) Egg Western Scheldt  <2.9
Predatory bird (62) Egg Norway <0.003-0.013 Herzke et al. (2005)
Harbour seal (2) Blubber Wadden Sea <14 Morris et al. (2004)
Harbour porpoise (9) Blubber North Sea 83 (0.1-418)
Harbour porpoise (1) Blubber Tyne/Tees rivers, 0.31
UK

Harbour porpoise (82) Blubber UK <5-35 Law et al. (2006a
Bottlenose dolphin (15) Blubber Florida, USA 0.05-8.48 Johnson-Restrepo et al.

2008)

2 Unless otherwise indicated
LOD, limit of detection; ND, not detected

1.4.4 Exposure of the general population

As a reactive flame retardant, the only poten-
tial for exposure is from unreacted tetrabromo-
bisphenol A, which may exist where an excess
has been added during the production process.
When used as an additive (up to 22% by weight),
the potential for the migration of tetrabromo-
bisphenol A out of the matrix is greater, due to
abrasion, weathering and high temperatures
(ECHA, 2006).

Exposure of the general population predom-
inantly occurs through the diet and through
ingestion of indoor dust. While intake by very
young children is predominantly via ingestion of
indoor dust, intake by adults occurs mainly via
the diet. Very young children are estimated to
have a higher daily intake than adults. Exposure
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may occur prenatally, and tetrabromobisphenol A
has been measured in breast milk (see Table 1.3).

Averageestimated exposuresofthepopulation
in the United Kingdom to tetrabromobisphenol
A via inhalation of outdoor and indoor air from
different microenvironments were 100-300 pg
per day (Abdallah et al., 2008). In Japan, adults
were reported to inhale tetrabromobisphenol A at
67-210 pg per day, while the exposure of children
was 37-114 pg per day (Takigami et al., 2009).
The daily intake of tetrabromobisphenol A in a
Chinese population via inhalation and ingestion
of indoor dust particles of different particle sizes
accumulated in air-conditioner filters was esti-
mated. The results revealed that approximately
28.7 pg/kg bw per day particulate matter (PM), ,-
bound tetrabromobisphenol A can be inhaled
deep into the lungs, while 14.5 pg/kg bw per day
PM,,-bound tetrabromobisphenol A tends to be
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deposited in the upper parts of the respiratory
system. The average adult intake of tetrabromo-
bisphenol A was 17.6 pg/kg bw per day via dust
inhalation and 966.2 pg/kg bw per day via dust
ingestion (Ni & Zeng, 2013).

Several studies have highlighted the impor-
tance of the accidental ingestion of indoor dust
as a pathway of human exposure to tetrabromo-
bisphenol A. The significance of this pathway
increases for toddlers who ingest more dust (due
to increased hand-to-mouth behaviour) than
adults, spend more time in close proximity to
the floor and have lower personal hygiene stand-
ards. Moreover, the body weight of toddlers and
children results in higher exposure to tetra-
bromobisphenol A when estimated on a per-kilo-
gram of body weight basis (Harrad et al., 2010).
Human exposure to tetrabromobisphenol A via
the ingestion of indoor dust was estimated in
12 countries (Table 1.2). The highest estimated
daily intake in dust was reported for infants and
toddlers in Japan (median, 820 and 430 pg/kg
bw per day, respectively), the Republic of Korea
(median, 500 and 260 pg/kg bw per day, respec-
tively) and China (median, 140 and 70 pg/kg bw
per day, respectively). The estimated daily intake
values for these three countries were several
times higher than those found for other coun-
tries (Wang et al., 2015b).

In the United Kingdom, average estimated
daily intakes of tetrabromobisphenol A from the
ingestion of dust were 1600 and 4400 pg/day for
adults and toddlers, respectively, contributing
34% and 90% of their overall daily intake of
tetrabromobisphenol A from the air, dust and
diet (Abdallah et al., 2008).

The average dietary intake of tetrabromo-
bisphenol A by adults and toddlers in the United
Kingdom was 1600 and 5400 pg/kg bw per day,

the non-detects was assumed to be half the limit
of detection, hence the estimates of overall dietary
intake are largely dependent on the limit of detec-
tion of the method (0.36 pg/kg whole weight).]

In a smaller study on six food groups, the total
average dietary intake of tetrabromobisphenol A
by the Dutch population was 40 pg/kg bw per day
(de Winter-Sorkina et al., 2003).

Tetrabromobisphenol A was measured in
48 Chinese total diet study samples collected in
2007. The medium bound estimated daily intake
of tetrabromobisphenol A for an average adult
from foods of animal origin was 256 pg/kg bw
per day (Shi et al., 2009). In Japan, the daily adult
intake of tetrabromobisphenol A ranged from
4 to 40 ng in 10 duplicate diet samples collected
in 2004 from Okinawa. In 2009, the estimated
intake of tetrabromobisphenol A from an ana-
lysis of another 10 duplicate diet studies from the
same area decreased to 0.5-7.5 ng per day. The
average estimated dietary intake of a Japanese
adult was 185 pg/kgbw per day (Fujii et al., 2014b).

Dietary exposure to tetrabromobisphenol A
among nursing infants via breast milk is well
documented. The average estimated daily intake
of tetrabromobisphenol A for a Japanese nursing
infantwas 3.4 ng/kgbw per day (Fujiietal.,2014b).
The average intake of tetrabromobisphenol A of
a baby aged 1 month in the United Kingdom via
breast milk was estimated at 1000 pg/kg bw per
day (Abdallah & Harrad, 2011). In China, the
average estimated daily intake of tetrabromo-
bisphenol A via human milk was 5094 pg/kg
bw per day for nursing infants aged 1-6 months
(Shi et al., 2009).

Tetrabromobisphenol A was also detected
in all umbilical cord samples from 16 Japanese
mothers (16 + 5.5 pg/g wet weight), indicating
potential prenatal exposure (Kawashiro et al.,
2008).

respectively, from 19 food groups (ESA, 2006).
[The Working Group noted that these estimates
should be regarded with caution due to the large
number of “non-detects” in the samples analysed.
The concentration of tetrabromobisphenol A in

[The Working Group noted that, in the above
studies, the dust PM,, fraction, rather than the
higher inhalable fraction, was reported.]
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1.5 Regulations and guidelines

There are no current restrictions on the
production of tetrabromobisphenol A or its
derivatives in the European Union or world-
wide. The only exposure limit value for tetrabro-
mobisphenol A was provided by the United
Kingdom Committee on Toxicology as a
tolerable daily intake of 1 mg/kgbw per day (COT,
2004). According to the Global Harmonized
System of Classification and Labelling of
Chemicals, tetrabromobisphenol A is very toxic
to aquatic life (H400), with long-lasting effects
(H410) (ECHA., 2016).

2. Cancerin Humans

No data were available to the Working Group.

3. Cancer in Experimental Animals
See Table 3.1

3.1 Mouse

Groups of 50 male and 50 female B6C3F /N
mice (age, 5-6 weeks) were given tetrabromo-
bisphenol A (purity, > 99%) in corn oil by gavage
at doses of 0 (control), 250, 500 or 1000 mg/kg bw
on5days per week for up to 105 weeks (N'TP,2014).
Survival of males and females at 1000 mg/kg bw
was significantly lower than that of their respec-
tive vehicle-control group. Mean body weights of
females at 1000 mg/kg bw were more than 10%
lower than those of the vehicle controls after
week 25. This decrease in survival at 1000 mg/kg
bw was attributed to forestomach toxicity, which
consisted of ulcers, inflammation, and/or hyper-
plasia. Because of the large decrease in survival
of mice at 1000 mg/kg bw, this dose was not used
in the statistical analysis for treatment-related
tumour formation.
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In male mice, increases in the incidence
of hepatoblastoma were observed at both 250
and 500 mg/kg bw (2/50 controls, 11/50 at
250 mg/kg bw (P = 0.006), and 8/50 at 500 mg/kg
bw [not significant]). The incidence of hepatoblas-
toma in the treated groups exceeded the upper
bound of the range for historical controls for this
tumour in studies with gavage in corn oil and
for all routes. The historical incidence of hepato-
blastoma in male mice for studies with gavage
in corn oil was 9/250 (3.6% * 2.6%; range, 0-6%)
and for all routes was 40/949 (4.2% + 3.5%; range,
0-12%). [Hepatoblastomas are uncommon spon-
taneous neoplasms that may occur after chemical
administration, and have been seen after other
chemical treatments (Bhusari et al., 2015).] An
increased incidence of liver foci (clear cell and
eosinophilic foci) and a significant increase in the
incidence of hepatocellular adenoma (multiple)
were seen in treated males (12/50 controls, 20/50
at 250 mg/kg bw, and 28/50 at 500 mg/kg bw
(P < 0.05)). However, the incidence of hepato-
cellular adenoma (including multiple) was not
increased in treated males (32/50 controls, 33/50
at 250 mg/kg bw, and 38/50 at 500 mg/kg bw). The
historical incidence of hepatocellular adenoma
(including multiple) in male mice in studies in
which tetrabromobisphenol A was administered
by gavage in corn oil was 145/250 (58.0% =+ 5.1%;
range, 52-64%), and for administration by all
routes was 594/949 (62.6% + 9.1%; range, 48-78%).
The incidence of hepatocellular carcinoma was
not significantly increased in male mice (11/50
controls, 15/50 at 250 mg/kg bw, and 17/50 at
500 mg/kg bw) and was within the historical
ranges; the historical incidence of hepatocel-
lular carcinoma in male mice in gavage studies
(in corn oil) was 87/250 (34.8% * 10.9%; range,
22-44%), and for administration by all routes
was 348/949 (36.7% + 11.4%; range, 22-56%).
However, the incidence of hepatocellular carci-
noma or hepatoblastoma (combined) was signifi-
cantly increased at 250 mg/kg bw (12/50 controls,
24/50 at 250 mg/kg bw (P = 0.008), and 20/50
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at 500 mg/kg bw). The historical incidence of
hepatocellular carcinoma or hepatoblastoma
(combined) in male mice in gavage studies (in
corn oil) was 93/250 (37.2% + 10.0%; range,
24-48%) and for administration by all routes
was 371/949 (39.1% * 11.6%; range, 22-54%). The
incidence of caecum or colon tumours (adenoma
or carcinoma, combined) in male mice was 0/50
controls, 0/50 at 250 mg/kg bw, and 3/50 at
500 mg/kg bw, which was statistically signifi-
cantly increased by the trend test (P = 0.039), but
not by pairwise comparison. For the three male
mice at 500 mg/kg bw with tumours of the large
intestine, one had a caecum carcinoma, one had
a colon carcinoma and one had a colon adenoma.
The incidence of these tumours (3/50) exceeded
the range for historical controls in gavage studies
(in corn oil) and for administration by all routes.
The historical incidence for caecum or colon
adenoma or carcinoma (combined) in male
mice in gavage studies (in corn oil) was 0/250
and for administration by all routes was 4/950
(0.4% =+ 0.8%; range, 0-2%). A significant posi-
tive trend (P = 0.014) in the incidence of haem-
angiosarcoma (all organs) (1/50 controls, 5/50 at
250 mg/kg bw, and 8/50 at 500 mg/kg bw) was
observed in males and the incidence at 500 mg/kg
bw was also significantly increased (P = 0.019).
The incidence of haemangiosarcoma (all organs)
in historical controls in gavage studies (in corn
oil) was 28/250 (11.2% + 6.4%; range, 2-18%).

No significant increase in the incidence of
tumours was observed in female mice treated
with tetrabromobisphenol A. Treatment-related
non-neoplastic lesions were found in the fore-
stomach in male and female mice, and in the
kidney in male mice (N'TP, 2014).

[The strengths of this study, which complied
with good laboratory practice, included the use of
multiple doses, the large number of animals per
group, and the treatment of males and females.]

3.2 Rat

Groups of 50 male and 50 female Wistar Han
[Crl:WI(Han)] rats (age, 6-7 weeks) were given
tetrabromobisphenol A (purity, > 99%) by gavage
at doses of 0 (control), 250, 500, or 1000 mg/kg
bw on 5 days per week for up to 104 (males) or 105
(females) weeks (N'TP, 2014). Mean body weights
of the males at 500 and 1000 mg/kg bw were at
least 10% lower than those of the vehicle-control
group after week 25. The mean body weights in
the other groups of treated males and all groups
of treated females were similar to those of the
corresponding controls.

3.2.1 Original transverse examination of the
uterus

In treated female rats, an increase in the
incidence of uterine epithelial tumours was
observed. The incidence of uterine adenoma was
significantly increased according to trend statis-
tics (P = 0.010), but not pairwise statistics (0/50
controls, 0/50 at 250 mg/kg bw, 3/50 at 500 mg/kg
bw,and 4/50 at 1000 mg/kg bw), and the historical
incidence in female rats was 0/150 (all routes). The
incidence of uterine adenocarcinoma was also
increased according to trend statistics (P = 0.016),
but not pairwise statistics (3/50 controls, 3/50 at
250 mg/kg bw, 8/50 at 500 mg/kg bw, and 9/50
at 1000 mg/kg bw), and the historical incidence
(all routes) in female rats was 7/150 (including
one carcinoma of the endometrium). Malignant
mixed Miillerian tumours were present in
treated groups (0/50 controls, 4/50 at 250 mg/kg
bw, 0/50 at 500 mg/kg bw, and 2/50 at 100 mg/kg
bw), but were not seen in historical control data
(all routes of exposure, 0/150). The incidence of
uterine adenoma, adenocarcinoma, or malig-
nant mixed Millerian tumour (combined) was
increased in treated groups (3/50 controls, 7/50 at
250 mg/kg bw, 11/50 at 500 mg/kg bw (P = 0.013),
and 13/50 at 1000 mg/kg bw (P = 0.005)), with a
statistically positive trend (P = 0.003), and the
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historical incidence for these uterine tumours
(combined) by all routes was 7/150 (4.7% * 2.3%;
range, 2-6%). In addition, cystic endometrial
hyperplasia was reported in this initial evalua-
tion (8/50 controls, 13/50 at 250 mg/kg bw, 11/50
at 500 mg/kg bw, and 18/50 at 1000 mg/kg bw
(P<0.05)). These findings were based on the tradi-
tional histopathology review of the uterus from
the United States National Toxicology Program
(NTP), with a transverse section through each
uterine horn approximately 0.5 cm from the
cervix of the uterus. The cervix and vagina were
not investigated in most animals in this original
review of uterine pathology.

3.2.2 Residual longitudinal examination of
the uterus

While the initial (original) review of the
uterus showed a treatment-related carcinogenic
effect, an additional examination of the uterus
called the “residual longitudinal” examination
was conducted to examine all remaining parts of
the uterus, cervix, and vagina more completely.
This residual longitudinal examination consisted
of trimming, embedding and sectioning the
remaining uterine tissue, cervix, and vagina
(remaining in the formalin-fixed samples)
longitudinally. Additional non-neoplastic and
neoplastic uterine lesions were found in this
review that supported the original carcinogenic
findings. The findings in Table 3.1 are presented
as: the original carcinogenic findings; the
carcinogenic findings of the residual longitudinal
examination; and the combined carcinogenic
findings of the original and residual longitu-
dinal examinations. There were no historical
control data for the residual or residual and
original (combined) uterine tumour findings
(NTP, 2014).

After the residual longitudinal examination
of the uterus, the incidence of atypical endo-
metrial hyperplasia was significantly increased
in all treated groups (2/50 controls, 13/50 at
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250 mg/kg bw (P < 0.01), 11/50 at 500 mg/kg bw
(P<0.01) and 13/50 at 1000 mg/kg bw (P < 0.01)).
This lesion had not been identified in the original
transverse review. [This lesion is considered to
be preneoplastic (Bartels et al., 2012; van der Zee
etal., 2013; NTP, 2014).] The incidence of uterine
tumours in the residual longitudinal examina-
tion was: uterine adenoma - 3/50 controls, 2/50
at 250 mg/kg bw, 1/50 at 500 mg/kg bw, and 3/50
at 1000 mg/kg bw; uterine adenocarcinoma (P for
trend, 0.003) — 4/50 controls, 9/50 at 250 mg/kg
bw, 15/50 at 500 mg/kg bw (P = 0.002), and 15/50
at 1000 mg/kg bw (P = 0.005); malignant mixed
Miillerian tumours - 0/50 controls; 0/50 at
250 mg/kg bw, 0/50 at 500 mg/kg bw, and 1/50 at
1000 mg/kg bw; and uterine adenoma, adenocar-
cinoma, or malignant mixed Miillerian tumour
(combined) (P for trend, 0.008) — 6/50 controls,
10/50 at 250 mg/kg bw, 16/50 at 500 mg/kg
bw (P = 0.007), and 16/50 at 1000 mg/kg bw
(P =0.015) (NTP, 2014).

3.2.3 Original transverse and residual
longitudinal examinations of the uterus
(combined)

The incidence of uterine tumours in the
original and residual examinations (combined)
was: uterine adenoma - 3/50 controls, 2/50 at
250 mg/kg bw, 4/50 at 500 mg/kg bw, and 6/50 at
1000 mg/kg bw; uterine adenocarcinoma (P for
trend, 0.002) - 4/50 controls, 10/50 at 250 mg/kg
bw, 15/50 at 500 mg/kg bw (P = 0.002), and 16/50
at 1000 mg/kg bw (P = 0.002); malignant mixed
Miillerian tumours - 0/50 controls, 4/50 at
250 mg/kg bw, 0/50 at 500 mg/kg bw, and 2/50 at
1000 mg/kg bw; and uterine adenoma, adenocar-
cinoma or malignant mixed Miillerian tumours
(combined) (P trend, < 0.001) — 6/50 controls,
11/50 at 250 mg/kg bw, 16/50 at 500 mg/kg
bw (P = 0.007), and 19/50 at 1000 mg/kg bw
(P = 0.002). The incidence of endometrium
hyperplasia (atypical) was 2/50 controls, 13/50 at
250 mg/kg bw (P < 0.01), 11/50 at 500 mg/kg bw
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(P<0.01), and 13/50 at 1000 mg/kg bw (P < 0.01).
These uterine tumours were highly metastatic,
with metastasis found in 24% (11/45) of the rats
with uterine adenocarcinomas and 66% (4/6) of
those with malignant mixed Miillerian tumours.
Metastases of uterine tumours were found in the
intestine, liver, mesentery, pancreas, glandular
stomach, adrenal cortex, lymph nodes, spleen,
thymus, skeletal muscle, lung, kidney and/or
urinary bladder (NTP, 2014; Dunnick et al.,
2015).

Based on current knowledge of the histogen-
esis of malignant mixed Miillerian tumours,
the epithelial component is considered to be
the primary component in these tumours, and
the mesenchymal component is derived from
the carcinoma. In the current study all the
metastases were carcinomas, which supports
this hypothesis. For this reason, the malignant
mixed Miillerian tumours were combined with
the epithelial tumours (NTP, 2014).

3.2.4 Other findings

The incidence of testicular (interstitial cell)
adenoma in male rats occurred with a significant
(P = 0.023) positive trend (0/50 controls, 0/50 at
250 mg/kg bw, 1/50 at 500 mg/kg bw, and 3/50 at
1000 mg/kg bw), and the incidence at the highest
dose exceeded the incidence of this tumour in
historical controls by all routes of administration
(4/150). Treatment-related non-neoplastic lesions
of the ovary (rete ovarii, cyst) were observed in
female rats (N'TP, 2014).

[The strengths of this study, which complied
with good laboratory practice, included the use
of multiple doses, large numbers of animals per
group, and the use of males and females.]

3.3 Co-carcinogenicity

In one study (Imai et al., 2009), groups of six
Fischer 344 rat dams [age not reported] received
diets containing tetrabromobisphenol A [purity

not reported, chemical grade at 0% (control),
0.01%, 0.1% or 1%, or drinking-water containing
0.01% of potassium perchlorate, for 3 weeks
after parturition. Pups were selected randomly
at 4 days after birth, to give approximately four
males and four females in each litter, to maxi-
mize the uniformity of the growth rates of the
offspring. The weaned offspring in each group
were treated for 2 weeks in the same manner
as their dams. All offspring (age, 6 weeks)
received drinking-water containing N-bis(2-
hydroxypropyl)nitrosamine (DHPN) (0.08%
DHPN for males, and 0.2% DHPN for females)
for 4 weeks. In addition, the female offspring (age,
7 weeks) received a single dose of 7,12-dimethyl-
benz[a]anthracene (50 mg/kg bwin 5 mL sesame
oil) by gavage. All surviving male offspring were
killed at age 39 weeks, and all surviving female
offspring were killed at age 47 weeks. The liver,
kidneys, lungs, oesophagus, thyroid, testes,
epididymides, ovaries, urinary bladder, skin with
mammary tissue, any subcutaneous nodules and
other macroscopic abnormalities were fixed in
formalin and routinely processed for histological
examination. The incidence of thyroid follicular
cell adenoma in female offspring treated with
1% tetrabromobisphenol A, and the incidence
of transitional cell papilloma of the urinary
bladder in female offspring treated with 0.01%,
0.1%, and 1% tetrabromobisphenol A, were
increased compared with controls. The inci-
dence of thyroid gland follicular cell adenoma
in female offspring was 13/22 (59%) controls,
12/14 (86%) with potassium perchlorate, 9/13
(69%) with 0.01% tetrabromobisphenol A,
11/17 (65%) with 0.1% tetrabromobisphenol
A, and 12/13 (92%; P < 0.05) with 1% tetrabro-
mobisphenol A. The incidence of transitional
cell papilloma of the urinary bladder in female
oftspring was: 0/23 (0%) in controls, 1/15 (7%)
with potassium perchlorate, 3/13 (23%; P < 0.05)
with 0.01% tetrabromobisphenol A, 4/17 (24%;
P < 0.05) with 0.1% tetrabromobisphenol A, and
4/13 (31%; P < 0.05) with 1% tetrabromobisphenol
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A. Treatment with tetrabromobisphenol A had
no significant effect on tumour incidence in male
oftspring. [The Working Group noted the lack of
control groups treated with tetrabromobisphenol
A only. No historical data were available for this
study, and no explanation was given as to why
the group size varied. In addition, these data
were not analysed to determine whether a litter
effect occurred. The study was judged to be inad-
equate for the evaluation of the carcinogenicity
of tetrabromobisphenol A.]

4, Mechanistic and Other
Relevant Data

4.1 Absorption, distribution,
metabolism, excretion

4.1.1 Absorption, distribution, and excretion

(a) Humans

After administration of tetrabromobisphenol
A as a single oral dose at 0.1 mg/kg bw in human
subjects, conjugated metabolites were detected
in the blood, with maximum concentrations
observed between 2 and 6 hours. A small amount
of the administered dose was excreted in the
urine. The parent compound was below the limit
of detection in all blood samples collected from 1
to 178 hours. The longest-lived conjugate reached
its limit of detection in the blood at 124 hours
(Schauer et al., 2006).

Tetrabromobisphenol A has been detected in
the serum, tissues, and milk, as a result of envi-
ronmental or occupational exposure. It has been
detected in milk in surveys of the general popu-
lation conducted in France, Japan, the United
Kingdom, and the USA (Cariou et al., 2008;
Abdallah & Harrad, 2011; Carignan et al., 2012;
Akiyama et al., 2015), and in the serum of the
general population in France, Japan, and Norway,
as well as from exposed workers in Norway and
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Sweden (Hagmar et al., 2000b; Thomsen et al.,
2001; Jakobsson et al., 2002; Thomsen et al., 2002;
Hayama etal., 2004; Cariou et al., 2008). In many
studies, mean concentrations of free tetrabromo-
bisphenol A in tissues and fluids were < 1 ng/g
of lipid, and were below the limit of detection
in some subjects. In one study, adipose tissue
obtained from cosmetic surgery contained about
0.05 ng/g of lipid (Johnson-Restrepo et al., 2008).

The half-life of tetrabromobisphenol A was
estimated to be 2.2 days in a study of four occupa-
tionally exposed humans (Hagmar et al., 2000b).

In a study in vitro, human skin penetration
was about 3.5% (of a total dose of 100 nmol/cm?)
within 24 hours of application (Knudsen et al.,
2015).

(b)  Experimental systems

Tetrabromobisphenol A was readily absorbed
after oral administration of [“C]-labelled doses
in male or female rats (Hakk et al., 2000; Kuester
et al., 2007; Knudsen et al., 2014). After dermal
application in female rats, about 8% of the total
dose (100 nmol/cm?) reached the systemic circu-
lation within 24 hours (Knudsen et al., 2015). The
extent of absorption was calculated to be 3-11%
of a total dose to male rats by dermal exposure
(6 hours per day for 90 days) to up to 600 mg/kg
bw (Yu et al., 2016).

Systemic bioavailability was <5% in female
Wistar Han rats. The elimination half-life from
plasma was 133 minutes following intravenous
administration of 25 mg/kg bw, and about 290
minutes after oral administration of 250 mg/kg
bw (Knudsen et al., 2014).

After intravenous administration of a
20 mg/kg bw dose in male Fischer 344 rats,
tetrabromobisphenol A disappeared rapidly
from the blood, with distribution and elimina-
tion half-lives of 5 and 82 minutes, respectively
(Kuesteretal.,2007). A similar dose administered
by gavage resulted in a peak concentration in the
blood at 30 minutes, with an elimination half-life
similar to that after intravenous administration.
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The level of tetrabromobisphenol A was below
the limit of quantitation after 4 hours after either
oral or intravenous administration. There was
evidence of enterohepatic circulation, as also
supported by Hakk et al. (2000) and Knudsen
et al. (2014).

After oral administration of a dose of
250 mg/kg bw, tetrabromobisphenol A-derived
radiolabel was detected in all assayed tissues
1 hour after treatment of female Wistar Han rats.
Over 24 hours, the greatest amount of radiolabel
was detected in the tissues and/or contents of the
gastrointestinal tract. Ofthe othertissuesassayed,
the liver and pancreas contained the highest
concentrations. No significant sex-specific
differences in cumulative 72-hour oral disposi-
tion data were observed (Knudsen et al., 2014). In
studies of repeated dosing in rats, accumulation
of the administered dose was not observed in any
of the tissues assayed after oral administration of
up to 1000 mg/kg bw per day for 14 consecutive
days (Kuester et al., 2007; Kang et al., 2009).

The major route of excretion of a dose of
20 mg/kg bw administered intravenously in
male Fischer 344 rats was in the faeces, which
contained about 75% of the total dose at 24 hours
(Kuester et al., 2007). More than 90% of orally
administered doses of 25, 250, or 1000 mg/kg bw
in female Wistar Han rats was excreted in the
faeces, up to 2% was excreted in the urine, and
< 1% remained in tissues at 72 hours (Knudsen
et al., 2014). After oral administration to male
Sprague-Dawley rats, > 90% of a total dose of
2 mg/kg bw of tetrabromobisphenol A was
excreted in the faeces within 72 hours, and
about 3% of the total dose was recovered in the
tissues and cumulative urine (Hakk et al., 2000).
In male Fischer 344 rats that received tetrabro-
mobisphenol A as a single gavage dose of 2,
20, or 200 mg/kg bw, reduced excretion of the
highest dose in the faeces indicated the satura-
tion of absorption and/or elimination processes;
however, the cumulative data on faecal elim-
ination were similar for the lowest and highest

doses at 72 hours. The total dose remaining in
tissues was < 1% (Kuester et al., 2007). In gavaged
(2.0 mg/kg bw per day) bile duct-cannulated male
Sprague-Dawley rats, > 70% of the total radioac-
tivity was excreted in the bile, mostly within 24
hours (Hakk et al., 2000). About 50% of a dose
of 20 mg/kg bw was excreted in the bile of male
Sprague-Dawley rats within 2 hours after admin-
istration by gavage (Kuester et al., 2007).

The disposition of [“C]-labelled tetrabro-
mobisphenol A (250 or 1000 mg/kg bw) admin-
istered intraperitoneally to female rats differed
from that of an oral dose. The total dose excreted
in the faeces was lower and the tissue burdens
and elimination half-lives were longer after intra-
peritoneal injection (Szymanska et al., 2001).

4.1.2 Metabolism
See Figure 4.1

(a) Humans

A monoglucuronide and/or monosulfate
were detected in the blood and urine after oral
administration of tetrabromobisphenol A in
humans (Schauer et al., 2006).

The metabolism of tetrabromobisphenol A in
human liver microsomes and metabolic activa-
tion preparations was described as being qualita-
tively similar to that observed in rat subcellular
liver fractions. A glucuronide was formed in the
metabolic activation system. Oxidative cleavage
of the tetrabromobisphenol A molecule was
a major pathway in microsomes (Zalko et al.
2006).

(b)  Experimental systems

In male and female rats, tetrabromo-
bisphenol A undergoes rapid metabolism cata-
lysed by UDP glucuronosyltransferase and
sulfotransferase isozymes to form glucuro-
nide and sulfate conjugates (Hakk et al., 2000;
Schauer et al., 2006; Kuester et al., 2007; Knudsen
et al., 2014). The specific structures (mono, di/
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Fig. 4.1 Metabolic scheme for tetrabromobisphenol A in rats
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bis, and mixed), presence and relative abun-
dance of these conjugates in the blood, bile
and/or excreta were sex- and strain-dependent
and may also be dose- and species-dependent
(Schauer et al., 2006; Dunnick et al., 2015).
Tetrabromobisphenol A was identified in the
plasma and faeces at low concentrations and its
monoglucuronide was detected in the urine of
Sprague-Dawley rats treated by gavage (Schauer
et al., 2006). A glucuronide was formed in meta-
bolic activation systems after incubation. Rat
hepatocytes metabolized tetrabromobisphenol A
to a monoglucuronide and monosulfate conju-
gate (Nakagawa et al., 2007). Glucuronide and
sulfate conjugates were detected in Xenopus
laevis tadpoles exposed to tetrabromobisphenol
A in water (Fini et al., 2012). Oxidative cleavage
of tetrabromobisphenol A is possible in vivo.
The 2,6-dibromobenzenosemiquinone radical,
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derived from 2,6-dibromohydroquinone, was
identified in the bile of male Sprague-Dawley rats
that received tetrabromobisphenol A by intra-
peritoneal injection (Chignell et al., 2008). In
rat microsomal preparations, the major metabo-
lites of tetrabromobisphenol A were products of
oxidative cleavage (Zalko et al., 2006).

4.2 Mechanisms of carcinogenesis

The evidence on the “key characteristics”
of carcinogens (Smith et al., 2016) concerning
whether tetrabromobisphenol A modulates
receptor-mediated effects, induces oxidative
stress, induces chronicinflammation, isimmuno-
suppressive, alters cell proliferation, cell death, or
nutrient supply, and is genotoxic, is summarized
below.
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4.2.1 Receptor-mediated effects
(a)  Thyroid hormone pathway

(i)  Exposed humans

Serum concentrations of tetrabromobis-
phenol A were positively correlated with serum
concentrations of free thyroxine (T,), but nega-
tively correlated with serum triiodothyronine
(T,) in mothers of infants diagnosed with
congenital hypothyroidism. No correlation was
observed in the infants with congenital hypothy-
roidism, but they also had therapeutic T, supple-
mentation (Kim & Oh, 2014).

Serum concentrations of tetrabromo-
bisphenol A were not correlated with measures of
thyroid function in another study of 515 adoles-
cents (age, 13-17 years). These measurements
included serum concentrations of free T,, T, and
thyroid-stimulating hormone (Kicinski et al.,
2012).

To determine whether tetrabromobisphenol
A interferes with measures of T, in human serum,
Mclver et al. (2013) tested several commercial
immunoassays for serum total or free T, or T,.
The results indicated that high concentrations of
tetrabromobisphenol A could displace tracer T,
in an in-house serum total T, assay, but none of
the other assays were disturbed. [This indicated
that tetrabromobisphenol A may produce erro-
neously high T, readings in some assays.]

(i) Human cells in vitro

Tetrabromobisphenol A exhibited a potent
interaction with human transthyretin, and had
greater avidity for binding than T, (displacing
1251-T,) (Meerts et al., 2000).

Tetrabromobisphenol A demonstrated both
agonist and antagonist activity on thyroid
hormone receptor activation in HepG2 cells,
activating a transiently transfected thyroid
hormone-responsive reporter at or above 10 uM
and also inhibiting transactivation of the reporter
by T, at 1 uM (Hofmann et al., 2009).

In contrast, tetrabromobisphenol A did not
show agonist or antagonist activity on human
thyroid hormone receptor TRal or TRP1 in
human embryonic kidney HEK293 cells. This
assay was a transient transfection paradigm
using a palindromic thyroid hormone-respon-
sive element (TRE) to avoid the requirement for
a TR:retinoid X receptor heterodimer formation
on the TRE (Oka et al., 2013).

Tetrabromobisphenol A inhibited luciferase
expression induced by T, in human embryonic
kidney HEK293 cells stably transfected with
a construct that would allow the detection of
changes in intracellular free T, by one or more
of several potential pathways. In a follow-up
experiment using a murine cerebellar cell line
expressing the TRal receptor, tetrabromo-
bisphenol A significantly interfered with TRal-
mediated gene expression using a genome-wide
RNa-Seq approach (Guyot et al., 2014).

In human liver microsomes, tetrabromo-
bisphenol A inhibited the ativity of type 1 deiodin-
ase, which converts T, to the more biologically
active T,, in the micromolar concentration range;
1 uM of tetrabromobisphenol A inhibited the
activity by 20% and 10 uM inhibited the activity
by 80% (Butt et al., 2011).

Tetrabromobisphenol A did not increase cell
proliferation in human cervical cancer HeLa
cells stably transfected with human TRal, and
did not appear to reduce the induction of lucif-
erase activity by T, driven by a death receptor-4
promoter in a transient transfection paradigm
(Yamada-Okabe et al., 2005). [The Working
Group noted that the authors did not appear
to correct for the efficiency of transfection of
the HeLa-TR cells, which may have altered the
outcome.]

(i) Non-human mammalian systems in vivo

Tetrabromobisphenol A (100, 1000, or 10 000
ppm) given to pregnant rats throughout lacta-
tion did not affect serum T, or thyroid-stimu-
lating hormone, but did slightly decrease levels
of serum T, (Saegusa et al., 2009).
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In a study of reproductive toxicity, tetrabro-
mobisphenol A significantly reduced levels of
serum T, in male and female rats exposed orally
to various concentrations throughout fetal life,
lactation, and the end of the experiment at age
12 weeks. Reduced levels of serum T, correlated
with a cluster of measures related to thyroid
function, including delayed onset of puberty and
hearing deficits. However, in a short-term study,
these effects were not observed in relation to the
decrease in serum T, (Van der Ven et al., 2008).

Serum T, was significantly reduced in males
and females exposed to tetrabromobisphenol
A at 100 and 1000 mg/kg bw, and in both the
parental and F, generations in a large multigen-
eration study of reproductive toxicity in Sprague-
Dawley rats that complied with good laboratory
practice. No effects were observed on serum T, or
thyroid-stimulating hormone (Cope et al., 2015).

T,-induced GH3 proliferation (at 104 M) and
growth hormone production (at both 10-5 and
10-* M). These data were interpreted to indicate
that tetrabromobisphenol A could act on the TR
as an agonist (Kitamura et al., 2002).

In contrast, tetrabromobisphenol A was
antagonistic to the human TRal receptor in a
transient transfection assay using CHO cells,
and inhibited the effect of 10-®* M T, on lucif-
erase activity in the 4-50 puM concentration
range, at which it was not cytotoxic. However,
tetrabromobisphenol A did not antagonize the
TRP1 receptor at concentrations that were not
cytotoxic and did not exhibit agonistic action
on TRal or TRP1 (Kitamura et al., 2005a). This
group later confirmed their original observa-
tion that tetrabromobisphenol A could stimu-
late growth hormone production in GH3 cells
(Kitamura et al., 2005b).

[Because the units of serum T, were reported as
ng/dL, the Working Group was unable to draw
any conclusions on this study.]

No effect was seen on serum T, or thyroid-
stimulatinghormone in CD/SD rats (age, 8 weeks)
administered 0, 100, 300, and 1000 mg/kg bw
of tetrabromobisphenol A by gavage in corn oil
daily. In contrast, mean serum T, concentrations
(reported as ng/dL and ng/mL) were reduced
at day 33 in males (4.96, 3.66, 3.42 and 3.39 at
0, 100, 300, and 1000 mg/kg bw, respectively)
and females (4.27, 3.31, 3.24, and 3.33 at 0, 100,
300, and 1000 mg/kg bw, respectively) (Osimitz
et al., 2016). [Because the units of serum T, were
reported as both ng/dL and ng/mL, the Working
Group was unable to draw any conclusions about
this study.]

(iv)

Non-human mammalian systems in vitro

Tetrabromobisphenol A (10-¢ to 10* M)
markedly inhibited the binding of T, to the TR
in isolated nuclei from the rat pituitary MtT/E-2
cell line, and also stimulated proliferation and
growth hormone production of rat pituitary
GH3 cells. Tetrabromobisphenol A enhanced
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Sun et al. (2009) reported that tetrabro-
mobisphenol A did not exhibit TR agonist
action, but suppressed transactivation by
10 nM T, at 10-*M in CV-1 cells (African green
monkey kidney cells). As CV-1 cells do not
express TRs, this transient transfection system
employed a GAL4/hTRp1 fusion protein with a
4xUAS/luciferase construct.

Tetrabromobisphenol A inhibited T,-induced
luciferase expression at concentrations above
10 uM in rat pituitary GH3 cells stably transfected
with a 2xDR4/luciferase construct, a system that
is highly sensitive and can detect picomolar
concentrations of T,. Extensive validation was
carried out and tetrabromobisphenol A did not
induce an agonistic effect in this system (Ereitas
et al., 2011).

Tetrabromobisphenol A produced a TR
agonist effect in the 10-5to 10-* M range in a yeast
two-hybrid assay, an effect enhanced by prior
incubation with a microsomal metabolic activa-
tion system. To detect chemical effects on the TR,
this assay employed yeast cells transfected with
human TRa and co-factor TIF2. The reporter
gene was [-galactosidase (Terasaki et al., 2011).
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Lévy-Bimbot et al. (2012) evaluated the effect
of tetrabromobisphenol A on structural changes
within the TRa receptor using a co-regulator
recruitment assay. Tetrabromobisphenol A
decreased the affinity of the TR ligand-binding
domain for the NCoR-binding peptide, but did
not simultaneously increase the affinity of the
TR for the SRC2-binding peptide. The effective
concentration of tetrabromobisphenol A was in
the 1 pM range.

Grasselli et al. (2014) evaluated tetrabromo-
bisphenol A in a rat hepatoma cell line (FaO) that
does not express TRs but accumulates lipid drop-
lets. Treatment with T, can cause a depletion of
the lipids, which was mimicked by 10-6 M
tetrabromobisphenol A. However, tetrabromo-
bisphenol A induced the expression of genes
related to lipid accumulation. [The Working
Group noted that, in the absence of an antago-
nist to block T,-dependent processes (that are
also TR-independent), this study was difficult to
interpret.]

(v)  Non-mammalian experimental systems

Tetrabromobisphenol A inhibited T,-induced
tail resorption in Rana rugosa tadpoles at a
concentration of 10-¢ M, a similar range to that
used in TR-binding studies, but exerted no effect
on tail length in the absence of T, (Kitamura
et al., 2005a). This observation was confirmed
by Goto et al. (2006), who reported that both
107 and 10-¢ M tetrabromobisphenol A inhib-
ited T,-induced tail resorption in Rana rugosa
tadpoles, but again had no effect in the absence
of T,. During T,-induced tail resorption, DNA
becomes highly fragmented; Goto et al. (2006)
also demonstrated that 10 M tetrabromo-
bisphenol A could inhibit this fragmentation
and block T,-induced hind limb growth. Finally,
they demonstrated in transgenic Xenopus laevis
carrying a TRE-linked green fluorescent protein
that T,-induced fluorescence was blocked by
tetrabromobisphenol A at 107 M. [The Working
Group noted that, taken together, these data

consistently demonstrated the antagonist action
of tetrabromobisphenol A in amphibians and in
the range of its binding to TR.]

In the tree frog, tetrabromobisphenol A was
antagonistic to the TR. Veldhoen et al. (2006)
reported that it was agonistic to metamorphic
changes in Pseudacris regilla. At 10 nmol/L,
tetrabromobisphenol A suppressed T,-induced
TRP expression in the frog Pelophylax nigroma-
culatu, coincident with a suppression of several
thyroid hormone-regulated genes (Zhang et al.,
2015b).

(b)  Other pathways

(i)  Nuclear receptors and steroidogenesis

Several studies have addressed the possible
agonistic or antagonistic properties of tetrabro-
mobisphenol A on relevant nuclear receptors
in various human cell lines, such as human
mammary carcinoma MCF-7 and human
cervical carcinoma HeLa cells. For the estrogen
and progesterone receptors, no significant
agonistic or antagonistic properties of tetrabro-
mobisphenol A were detected (Samuelsen et al.,
2001; Hamers et al., 2006; Molina-Molina et al.,
2013). Thislack of direct estrogenicity of tetrabro-
mobisphenol A has also been shown in vivo in
the mouse uterotrophic assay (Ohta et al., 2012).
The androgen receptor antagonistic activity of
tetrabromobisphenol A was detected at the lower
micromolar levels in MDA-kb2 cells (Christen
et al., 2010).

Tetrabromobisphenol A does not have any
significant agonistic activity on the aryl hydro-
carbon receptor (AhR), and several studies in
vitro and in vivo showed that it does not induce
AhR-mediated cytochrome P450 (CYP) Al
enzymes (Behnisch et al., 2003; Germer et al.,
2006; Hamers et al., 2006). In addition to the
data mentioned above, ToxCast identified inter-
actions between tetrabromobisphenol A and the
glucocorticoid receptor, the farnesyl X receptor,
and the xenobiotic receptor PXR.
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In stably transfected human HeLa cells and
monkey Cos-7 kidney cells, significant agonistic
activity for human peroxisome proliferator-ac-
tivated receptor-yl and -y2 was found below
1 uM (Christen et al., 2010; Watt & Schlezinger,
2015). In human choriocarcinoma JEG-3 cells,
low nanomolar levels of tetrabromobisphenol
A also increased peroxisome proliferator-acti-
vated receptor-y, as well as increasing proges-
terone and B-human chorionic gonadotrophin
(Honkisz & Wojtowicz, 2015). Furthermore,
tetrabromobisphenol A (0.1 and 1 uM) induced
aromatase (CYP19) in these JEG-3 cells (Honkisz

2013). In addition, many authors hypothesized
that, at high concentrations, the conjugation
of tetrabromobisphenol A to form tetrabromo-
bisphenol A sulfate could possibly saturate the
sulfation pathway (Kester et al., 2002; Hamers
et al., 2006; Gosavi et al., 2013; Dunnick et al.,
2015 Lai et al., 2015; Wikoff et al., 2016). [This
competitive inhibition of estrogen sulfotrans-
ferases could lead to an increase in systemic and
target tissue levels of estrogens.]

A follow-up 28-day study of tetrabromo-
bisphenol A in rats was carried out by Borghoff
et al. (2016) using the same dose levels as those

& Woitowicz, 2015), but not in human adenocar-
cinoma H295R cells (Song et al., 2008).

(i) Neurotoxicity

The possible neurotoxic mechanisms of
action of tetrabromobisphenol A were studied in
SH-SY5Y human neuroblastoma cells in vitro.
It was both neurotoxic and amyloidogenic, as
demonstrated by increased intracellular calcium
levels and a release of p-amyloid peptide (Ap-42)
at micromolar levels (Al-Mousa & Michelangeli,
2012). As further evidence of its potential neuro-
toxicity, tetrabromobisphenol A inhibited the
plasma membrane uptake of the neurotrans-
mitters dopamine, glutamate, and gamma-
amino butyric acid in rat brain synaptosomes
(Mariussen & Fonnum, 2003). However, in spite
of the interactions of tetrabromobisphenol A in
vitro with various neurotransmitters, neonatal
exposure of mice did not induce any neurobe-
havioural changes (Eriksson et al., 2001; Viberg
& Eriksson, 2011).

(iii)  Other effects

Several studies in vitro have addressed the
direct interaction of tetrabromobisphenol A with
estrogen sulfotransferase (e.g. SULT1El) and
concluded that it strongly inhibits the estradiol
binding process with half-maximal inhibitory
concentrations between 12 and 33 nM (Kester
et al., 2002; Hamers et al., 2006; Gosavi et al.,
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in the 2-year NTP carcinogenicity bioassay
(NTP, 2014). At the highest dose levels (250,
500, and 1000 mg/kg bw per day), a decrease in
the ratio of tetrabromobisphenol A sulfates to
tetrabromobisphenol A glucuronides occurred.
These results demonstrated that the saturation
of tetrabromobisphenol A sulfation also occurs
in vivo at these dose levels, which were associ-
ated with uterine tumours in the 2-year NTP
study. [The Working Group noted that neither
the N'TP (2014) nor Borghoff et al. (2016) studies
took measurements that provided information
on estrogen homeostasis.]

In addition, several other mechanistic
explanations have been postulated to explain
the uterine tumours in the 2-year NTP study
(Dunnick et al., 2015; Lai et al., 2015), one of
which is the interaction of tetrabromobisphenol
A with dopamine and a subsequent decrease in
prolactin levels that is considered to be a rat-spe-
cific mechanism (Neumann, 1991; Harleman
etal.,2012). Tetrabromobisphenol A inhibited the
cellular uptake of dopamine with a half-maximal
inhibitory concentration of 9 pM (Mariussen &
Fonnum, 2003). [Atpresent, insufficient data were
available to evaluate its relevance to the tetra-
bromobisphenol A-induced uterine tumours in

the N'TP (2014) study.]
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4.2.2 Oxidative stress

(a)  Humans

Treatment of isolated human neutrophil
granulocytes with tetrabromobisphenol A at
1-12 uM for 60 minutes induced significant
dose-dependent increases in the production of
reactive oxygen species (ROS) and increased
intracellular calcium concentrations (Reistad
et al., 2005). ROS production was determined
using the fluorescent probe 2,7-dichlorofluores-
cein diacetate or by lucigenin-amplified chemi-
luminescence. Production of ROS was inhibited
by pretreatment with diphenyleneiodonium (a
nicotinamide adenine dinucleotide phosphate
oxidase inhibitor), U0126 (an inhibitor of mito-
gen-activated protein kinase kinases MEK1 and
MEK2, i.e. MAPK/ERK kinase), bisindolylma-
leimide (a protein kinase C inhibitor), erbstatin
A (a tyrosine kinase inhibitor), or verapamil
(@ Ca?* channel blocker), or by incubation in
calcium-free media. A decrease in tetrabromo-
bisphenol A-induced ROS by diethyldithiocar-
bamate, an inhibitor of superoxide dismutase
(SOD), confirmed the involvement of the super-
oxide anion in the production of ROS by tetrabro-
mobisphenol A (Reistad et al., 2005).

(b)  Experimental systems

(i)  Non-human mammalian systems in vivo

Chignell et al. (2008) administered tetrabro-
mobisphenol A (100 or 600 mg/kg bw) to Sprague-
Dawley rats together with the spin-trapping
agent  a-(4-pyridyl-1-oxide)-N-¢-butylnitrone
and detected the a-(4-pyridyl-1-oxide)-N-t-bu-
tylnitrone/"CH, spin adduct by electron para-
magnetic resonance in the bile. Also measured in
the bile was the 2,6-dibromobenzosemiquinone
radical; reaction of the latter compound with
oxygen could generate the superoxide anion.

Daily treatment of male Sprague-Dawley
rats with tetrabromobisphenol A (500 mg/kg
bw for 30 days, beginning on postnatal day 18),

induced a significant increase in the levels of
8-hydroxy-2'-deoxyguanosine (a biomarker of
oxidative DNA damage) in the testis and kidney.
No increase in the levels of malondialdehyde was
observed in the liver of exposed rats compared
with controls (Choi et al., 2011).

Daily administration of tetrabromobisphenol
A (750 or 1125 mg/kg bw) for 7 days to Wistar
rats decreased the levels of reduced glutathione
in females at both doses and increased the levels
of malondialdehyde in male rats at the higher
dose (Szymanska et al., 2000).

A single oral dose of tetrabromobisphenol
A in Sprague-Dawley rats produced increases
in kidney levels of thiobarbituric acid reactive
substances (TBARS) at 1000 mg/kg bw and in
SOD activity at 250-1000 mg/kg bw, but no
significant changes in urine analysis parameters.
These parameters were not increased in a 14-day
repeated-dose experiment with the same doses of
tetrabromobisphenol A (Kang et al., 2009).

(i) Non-human mammalian systems in vitro

Exposure of hepatocytes isolated from
Fischer 344/]Jcl rats to tetrabromobisphenol A
at 0.25-1.0 mM for up to 3 hours decreased the
reduced glutathione content with concomitant
increases in oxidized glutathione (GSSG), and
increased malondialdehyde levels (TBARS).
Treatment with tetrabromobisphenol A also
reduced the mitochondrial membrane potential
and had an uncoupling effect on mitochondrial
oxidative phosphorylation (Nakagawa et al.,
2007). [Based on the longer time needed to induce
lipid peroxidation compared with the rapid
reduction in cellular adenosine triphosphate
levels, the results suggested that lipid peroxida-
tion induced by tetrabromobisphenol A was due
to impaired mitochondrial function.]

Incubation of primary cultures of cere-
bellar granule cells from Wistar rats with
tetrabromobisphenol A at 2.5-7.5 pM produced
significant increases in ROS production,
with reductions in *Ca uptake, increases in
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intracellular concentrations of 4°Ca, and a slight
decrease in the mitochondrial membrane poten-
tial. The production of ROS was reduced by
co-treatment with 0.1 mM ascorbic acid or 1 mM
glutathione (Zieminska et al., 2012). Reistad et al.

glutathione peroxidase were observed in embryos
and zebrafish larvae exposed to tetrabromo-
bisphenol A at 0.4-1.0 mg/L in holding tanks
for 3, 5, or 8 days post-fertilization (Wu et al.
2015). Similarly, increases in ROS production

(2007) also observed concentration-dependent
increases in ROS, phosphorylation of ERK1/2
and intracellular calcium in primary cultures
of rat cerebellar granule cells exposed to tetra-
bromobisphenol A. ROS formation was inhibited
by pretreatment with the MAPK/ERK kinase
inhibitor U0126, the tyrosine kinase inhibitor
erbstatin A, the SOD inhibitor diethyldithio-
carbamate or by eliminating calcium from the
culture medium.

(iii)  Fish and other species

In goldfish (Carassius auratus) given a single
intraperitoneal injection of tetrabromobisphenol
A (100 mg/kg bw), ROS were increased in the
liver and bile, an effect inhibited by the hydroxyl
radical scavenger mannitol. Lipid peroxida-
tion products (TBARS) and protein carbonyl
levels, indicators of oxidative damage, were
significantly increased in the liver at 1-3 days
after treatment with tetrabromobisphenol A
(Shi et al., 2005). Tetrabromobisphenol A in
aquarium water (3 mg/L for 7 days) significantly
decreased reduced glutathione levels and antiox-
idant enzyme activites (SOD and catalase) in fish
livers (Heetal., 2015). In Carassius auratus, intra-
peritoneal injections of tetrabromobisphenol A
(10 or 100 mg/kg bw for 14 days) decreased the
activities of antioxidant enzymes (SOD, catalase,
and glutathione peroxidase), decreased reduced
glutathione levels and increased the levels of
malondialdehyde (a marker of lipid peroxida-
tion) in the liver (Feng et al., 2013).

In zebrafish embryos, tetrabromobisphenol A
(0.05,0.25, or 0.75 mg/mL for 96 hours) increased
SOD activity, lipid peroxidation (TBARS),and the
expression of heat-shock protein 70 (Hsp70) (Hu
etal.,2009). Significant decreases in the activities
of the antioxidant enzymes SOD, catalase, and
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were observed in zebrafish embryos and larvae
exposed to tetrabromobisphenol A at 0.1, 0.5,
or 1.0 mg/L for 96 hours; the increases in ROS
production were inhibited by co-incubation
with puerarin (1 mg/L), an antioxidant free-rad-
ical scavenger. ROS production was measured
with a fish ROS enzyme-linked immunosorbent
assay kit using a horseradish peroxidase-labelled
fish ROS antibody (Yang et al., 2015). Hepatic
oxidative stress and general stress was induced
in zebrafish exposed to tetrabromobisphenol A
(0.75 or 1.5 uM) for 14 days and evaluated for
hepatic changes in gene and protein expression
(De Wit et al., 2008). [The Working Group noted
that tetrabromobisphenol A induced oxidative
stress, based on antioxidant-related responses,
and general stress responses, based on stimula-
tion of Hsp70 protein in the liver of zebrafish.]

Tetrabromobisphenol A also induced
hydroxyl radical formation and oxidative stress
in earthworms (Eisenia fetida). Lipid peroxida-
tion was increased while the reduced glutathione/
GSSG ratio was decreased (Xue et al., 2009).
Exposure of earthworms to tetrabromobisphenol
A at 50-400 mg/kg dry soil for 14 days resulted
in an increased expression of genes encoding
SOD and Hsp70 (Shi et al., 2015).

In scallops (Chlamys farreri), exposure to
tetrabromobisphenol A in seawater tanks (0.2,
0.4, and 0.8 mg/L for up to 10 days) increased
SOD activity, the reduced glutathione levels, and
malondialdehyde levels in the gill and digestive
gland (Hu et al., 2015a).

(iv)

Plant systems

Tetrabromobisphenol A increased total free
radical generation and enhanced lipid peroxi-
dation in plants (Ceratophyllum demersum L.)
exposed at 0.05-1.0 mg/L in growth solution.
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In addition, levels of GSH were decreased (Sun
et al., 2008). ROS were also induced in green
alga (Chlorella pyrenoidosa) cultures exposed
to tetrabromobisphenol A at 2.7-13.5 mg/L for
4-216 hours (Liu et al., 2008).

[The Working Group noted that the induc-
tion of oxidative stress by tetrabromobisphenol
A has been well established on studies in human
cells and in numerous experimental systems.]

4.2.3 Inflammation and immunosuppression

Studies in human cells and in several exper-
imental systems have demonstrated immu-
nosuppressive effects caused by exposures to
tetrabromobisphenol A.

(a) Humans

No data in exposed humans were available to
the Working Group.

The lytic and binding functions of isolated
human natural killer (NK) cells were decreased
when they were incubated with tetrabromo-
bisphenol A at 0.1-5 pM for 1, 2, or 6 days. The
effects of treatment with tetrabromobisphenol A
on NK cells were dependent on both the concen-
tration and duration of exposure. Exposure of
NK cells to tetrabromobisphenol A at 1-10 uM
for 1 hour resulted in a decrease in lytic function
that persisted for at least 6 days. The loss of lytic
function was more sensitive than the decrease in
binding function to the treatment with tetrabro-
mobisphenol A (Kibakaya et al., 2009).

Exposure of human NK cells to tetrabro-
mobisphenol A (2.5 uM for 24 or 48 hours)
caused significant decreases in the expression
of cell surface proteins that are involved in NK
cell binding and/or the lysis of target cells. The
analysis was done by flow cytometry after reac-
tions with anti-CD2, anti-CDl1a, anti-CD16,
anti-CD18, or anti-CD56 antibodies (Hurd &
Whalen, 2011).

Phospho-p44/42 and phospho-p38 MAPKs
were activated in isolated human NK cells

exposed to tetrabromobisphenol A at 0.5-10
uM for 10 minutes, but not after exposures of
1 or 6 hours. Phosphorylation of MEK1/2 and
MKK3/6, upstream activators of p44/42 and
p38, respectively, was also increased in NK cells
exposed to tetrabromobisphenol A at 5 or 10 uM
for 10 minutes (Cato et al., 2014). This group had
shown previously (Kibakaya et al., 2009) that
tetrabromobisphenol A decreased the ability of
human NK cells to lyse tumour cells, and that the
activation of p44/42 can decrease the lytic func-
tion of NK cells. Thus, the aberrant activation of
MAPKSs by tetrabromobisphenol A may result in
NK cells becoming unresponsive to subsequent
encounters with tumour cells or virally infected
cells.

Tetrabromobisphenol A also activates inflam-
matory pathways in the human first trimester
placental cell line HTR-8/SVneo (Park et al.
2014). Trophoblast cells were cultured for 8, 16,
or 24 hours in media containing tetrabromo-
bisphenol A at 5, 10, 20, or 50 pM and analysed
for cytokine release (interleukin-(IL)-6, IL-8 and
tumour growth factor-f) and prostaglandin E2
(PGE2) production by enzyme-linked immuno-
sorbent assay. Exposure to tetrabromobisphenol
A increased the release of PGE2 and the proin-
flammatory cytokines IL-6 and IL-8, and reduced
the release of the anti-inflammatory cytokine
tumour growth factor-p. Treatment with
NS-398, a cyclooxygenase-2 (COX-2)-specific
inhibitor, suppressed the tetrabromobisphenol
A-stimulated release of PGE2. Quantitative
mRNA analyses by the reverse transcriptase
polymerase chain reaction showed that exposure
to tetrabromobisphenol A at 10 uM increased
the expression of genes encoding prostaglandin-
endo-peroxide synthase 2, COX-2, and IL-6 and
IL-8. Thus, exposure to tetrabromobisphenol
A activates inflammatory pathways in human
placental cells (Park et al., 2014).
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(b)  Experimental systems

The pulmonary viral titer was significantly
increased in BALB/c mice fed diets containing 1%
tetrabromobisphenol A for 28 daysand thenintra-
nasally infected with the A2 strain of respiratory
syncytial virus. The viral titres were increased
two- to threefold in tetrabromobisphenol
A-treated mice compared with controls on day
5 after infection. Bronchoalveolar fluid from
respiratory syncytial virus-infected mice treated
with tetrabromobisphenol A showed enhanced
production of tumour necrosis factor-a, IL-6 and
interferon-y, and reduced production of IL-4 and
IL-10 (Watanabe et al., 2010).

In a study of immune/allergic responses in
vitro to brominated flame retardants, exposure
of splenocytes from NC/Nga mice to tetrabro-
mobisphenol A at 1 or 10 pg/mL for 24 hours
increased the expression of surface proteins on
antigen presenting cells (major histocompati-
bility complex class I and CD86), and increased
the expression of the T-cell receptor and the
production of cytokine IL-4 in splenic T-cells.
Exposure of isolated mouse bone marrow cells
to tetrabromobisphenol A at 1 uM for 6 days did
not affect bone marrow-derived dendritic cell
activation or differentiation (Koike et al., 2013).

Insplenocytesisolated from C57Bl/6 mice that
had been incubated with tetrabromobisphenol
A at 3 uM and concanavalin A (2 pg/mL) for
48 hours, the expression of the IL-2 receptor a
chain (CD25), essential for proliferation of acti-
vated T-cells during the immune response, was
suppressed (Pullen et al., 2003).

Exposure of the mouse macrophage cell
line RAW 264.7 to tetrabromobisphenol A at
1-50 uM increased the mRNA expression and
protein levels of COX-2, enhanced the produc-
tion of PGE2 (a major metabolite of COX-2), and
increased the mRNA expression and production
of proinflammatory cytokines including tumour
necrosis factor-a, IL-6 and IL-1P. Pretreatment
of the cells with tetrabromobisphenol A and
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NS-398, a COX-2-specific inhibitor, inhibited
the tetrabromobisphenol A-induced increase in
PGE2 production, indicating that the effect of
tetrabromobisphenol A is mediated by COX-2
activity. Thus, exposure to tetrabromobisphenol
A may promote inflammation by transcription-
ally activating the macrophage COX-2 gene and
protein expression and increasing the expression
and secretion of proinflammatory cytokines
(Han et al., 2009).

Tetrabromobisphenol A activated MAPKs
and protein kinase C in mussel haemocytes. The
observed increase in extracellular superoxide
production was reduced by pretreatment with
kinase inhibitors specific for protein kinase C
and MAPKSs (Canesi et al., 2005).

4.2.4 Altered cell proliferation or death

The studies reviewed below indicated neither
enhanced cell proliferation nor suppression of
apoptosis after exposure to tetrabromobisphenol
A, which was associated with an increase in
apoptosis in several experimental systems.

(a) Humans

No data in exposed humans were available to
the Working Group.

In human A549 epithelial alveolar lung cells
and the human thyroid cell line Cal-62, tetrabro-
mobisphenol A decreased the rates of DNA
synthesis. A549 cells tended to arrest in the Gl
phase, while Cal-62 cells tended to arrest in the
G2 phase. MAPK cascades were also affected,
but not in association with an increase in cell
proliferation (Strack et al., 2007; see also Cagnol
& Chambard, 2010).

(b)  Experimental systems

()  Non-human mammalian systems in vivo

Apoptosis was induced in the testes of CD-1
mice exposed to drinking-water containing
tetrabromobisphenol A at a concentration of
200 pg/L during gestation, lactation, and up to
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age 70 days. In addition, expression of the pro-
apoptotic Bax gene was increased, while
expression of the anti-apoptotic Bcl-2 gene was
decreased in tetrabromobisphenol A-exposed
mice compared with controls (Zatecka et al.,
2013).

Although increased incidences of atypical
endometrial hyperplasia were observed in the
uterus of female Wistar Han rats exposed to
tetrabromobisphenol A (250 mg/kg bw per day)
in a 2-year study of carcinogenicity (N'TP, 2014;
Dunnick et al., 2015), this effect was considered
to be a preneoplastic lesion rather than an early
event in the development of uterine cancer. [The
Working Group noted that, in the 3-month study
at doses (5 times per week) of up to 1000 mg/kg
bw (NTP, 2014), no treatment-related lesions
were observed in the uterus of Wistar Han rats,
Fischer 344/NTac rats, or B6C3F,/N mice treated
with tetrabromobisphenol A.]

(i) Non-human mammalian systems in vitro

In a non-transformed rat kidney (NRK) cell
line, tetrabromobisphenol A decreased rates of
DNA synthesis. NRK cells tended to arrest in the
G1 phase. MAPK cascades were also affected, but
not in association with an increase in cell prolif-
eration (Strack et al., 2007; see also Cagnol &
Chambard, 2010).

Tetrabromobisphenol A induced cell death in
mouse TM4 cells, a cell line derived from mouse
testicular Sertoli cells, via apoptosis involving
mitochondrial depolarization due to increases in
cytosolic Ca?* levels. Intracellular levels of Ca2*
were elevated in TM4 cells within 1-3 minutes
of incubation with tetrabromobisphenol A
at 30 uM; after 18 hours, cell viability was <
50%. Tetrabromobisphenol A also caused rapid
mitochondrial membrane depolarization. The
loss of cell viability by tetrabromobisphenol
A was suppressed by the caspase inhibitor
Ac-DEVD-CMK, indicating that thisloss was due
in part to apoptosis. Tetrabromobisphenol A also
inhibited Ca?*-adenosine triphosphatase activity

in rabbit muscle sarcoplasmic reticulum vesicles
and in pig cerebellar microsomes at concentra-
tions as low as 0.5 uM (Ogunbayo et al., 2008).

The treatment of primary cultured neurons
from rat cerebellum with tetrabromobisphenol
A at 5 pM for 24 hours induced apoptosis-like
nuclear changes, characterized by condensed
chromatin and DNA fragmentation; however,
other hallmarks of apoptosis, including acti-
vation of caspase-3, were not observed.
Tetrabromobisphenol A induced a concentra-
tion-dependent increase in the phosphorylation
of ERK1/2 (Reistad et al., 2007).

(iii)  Other experimental systems

Apoptotic cells were detected in the brain,
heart, and tail of zebrafish embryos and larvae
exposed to tetrabromobisphenol A at 1.0 mg/L in
holding tanks for 96 hours (Wu etal.,2015); expo-
sures to tetrabromobisphenol A at 0.1-1.0 mg/L
induced the expression of three proapoptotic
genes — Tp53, Bax, and caspase 9 — and decreased
the expression of the anti-apoptotic gene Bcl2
(Yang et al., 2015).

4.2.5 Genetic and related effects

(a) Humans

No data were available to the Working Group.

(b)  Experimental systems

(i) Non-human mammalian systems in vivo

See Table 4.1

No increase in DNA damage in the alkaline
comet assay was observed in the testicular cells
of CD-1 mice given tetrabromobisphenol A in
corn oil twice (24 hours apart) at doses of 500,
1000, or 2000 mg/kg bw (Hansen et al., 2014).
Tetrabromobisphenol A did not increase the
frequency of micronucleated erythrocytes in
the peripheral blood of male and female B6C3F,
mice exposed by gavage (10-1000 mg/kg bw in
corn oil on 5 days per week for 14 weeks) (NTP,
2014).
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Table 4.1 Genetic and related effects of tetrabromobisphenol A in non-human mammails in vivo

Species, Tissue End-point Test Results Dose Route, duration, Reference

strain, sex (LED/HID) dosing regimen

Mouse, Testis DNA damage DNA strand - 2000 mg/kgbw  Gavage; twice (24 h  Hansen etal.

Swiss CD-1, breaks (comet apart) (2014)

M assay)

Mouse, Peripheral Chromosomal Micronucleus - 1000 mg/kgbw  Gavage; 14 wk, 5 NTP (2014)

B6C3F,, blood damage formation days/wk

M/F erythrocytes

Rat, Wistar  Uterine Mutation Tp53 + 250 mg/kg bw Gavage; 2 years, 5  Harveyetal.

Han, F carcinoma mutation days/wk (2015
frequency

+, positive;—, negative; bw, body weight; F, female; HID, highest ineffective dose; LED, lowest effective dose; M, male; wk, week

Uterine carcinomas that were induced in
female Wistar Han rats in a study of carcino-
genicity (N'TP,2014) were examined for molecular
alterations in genes relevant to human endo-
metrial cancer (Harvey et al., 2015). This study
identified a marked increase in the frequency of
Tp53 mutations and increased human growth
factor receptor 2 gene expression in tetrabro-
mobisphenol A-associated uterine carcinomas
compared with spontaneous uterine carcinomas
in vehicle controls. [The Working Group noted
that it was not clear if the increased frequency
of tumours with Tp53 mutations was due to a
genotoxic effect of tetrabromobisphenol A or to
enhanced proliferation of cells with spontaneous
mutations in the Tp53 gene.]

(ii)

Experimental systems in vitro

See Table 4.2

Tetrabromobisphenol A did not induce
intragenic recombination in Sp5 or SPDS8 cell
lines (mutants isolated from V79 Chinese
hamster cells) when tested at doses of
5-40 pg/mL. These cell lines have a partial
duplication of the Hprt gene that results in a
non-functionalhypoxanthine-guanine phospho-
ribosyltransferase protein (Helleday et al., 1999).

In scallops (Chlamys farreri), tetrabromo-
bisphenol A (0.2, 0.4 and 0.8 mg/L for up to
10 days) induced DNA damage in the gills and
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digestive gland tissues in a time- and dose-de-
pendent manner (Hu et al., 2015b).

Studies on the genetic toxicology of tetrabro-
mobisphenol A (up to 10 000 pg/plate) conducted
by the NTP (2014) showed negative results for
bacterial gene mutations in Salmonella typhimu-
rium strains TA98, TA100, TA1535, and TA1537,
in the presence or absence of metabolic activation
by S9 from induced Syrian hamster or Sprague-
Dawley rat liver, and in Escherichia coli strain
WP2 uvrA/pKM10], in the presence or absence
of metabolic activation by S9 mix from Sprague-
Dawley rat liver.

(©

Acellular systems

The binding of tetrabromobisphenol A to
calf thymus DNA was studied by ultravio-
let-visible absorption, fluorometric competition
with DNA-bound ethidium bromide, circular
dichroism, and molecular modelling (Wang
et al., 2014). Tetrabromobisphenol A intercalated
into DNA [through an interaction involving
hydrogen binding and hydrophobic interaction].
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Table 4.2 Genetic and related effects of tetrabromobisphenol A in experimental systems in vitro

Phylogenetic class End-point Test Results Dose Reference
(LED or HID)
Chinese hamster Sp5 and DNA Mutation - 40 pg/mL; 24 h Helleday et al. (1999)
SPD8 cell lines damage
Chlamys farreri (scallops) DNA DNA strand breaks + 0.2 mg/L, 10 days Hu et al. (2015b)
damage (alkaline unwinding
assay)
Salmonella typhimurium Mutation Reverse mutation —a 10 000 pg/plate NTP (2014)
TA1535, TA1537, TA98,
TA100
Escherichia coli WP2 uvrA  Mutation Reverse mutation -2 6000 pg/plate NTP (2014
Calf thymus DNA DNA DNA intercalation + 100 uM Wang et al. (2014
damage

2 With and without metabolic activation

+, positive;—, negative; HID, highest ineffective dose; LED, lowest effective dose

4.3 Data relevant to comparisons
across agents and end-points

For all compounds evaluated in the present
volume of the IARC Monographs, including
tetrabromobisphenol A, analyses of high-
throughput screening data generated by the
Tox21 and ToxCast research programmes of the
government of the USA (Kavlock et al., 2012;
Tice et al., 2013) are presented in the Monograph
on 1-bromopropane, in the present volume.

4.4 Susceptibility to cancer

No data were available to the Working Group.

4.5 Other adverse effects

No other adverse effects were identified in
exposed humans.

InaNTP 2-year bioassay in rats, the incidence
of rete ovarii cyst was significantly increased
in the group at the highest dose of tetrabro-
mobisphenol A (1000 mg/kg bw) (NTP, 2014;
Dunnick et al., 2015).

Brainstem auditory evoked potentials thresh-
olds and latency were increased in females and

latency was increased in males in a develop-
mental study of rats (Lilienthal et al., 2008).
[The Working Group noted that these findings
may reflect an effect of tetrabromobisphenol A
on thyroid hormone-regulated developmental
events, including hearing and testis weight.
However, no experimental group was available
that would have tested this directly (e.g. tetrabro-
mobisphenol A + T,).] This group later published
an additional study showing that tetrabromo-
bisphenol A decreased serum total T, (Van der
Ven et al., 2008) (see also Section 4.2.1).

Behl et al. (2015) reported that tetrabromo-
bisphenol A was active in assays in vitro that
were indicative of [potential] developmental
toxicity and neurotoxicity in the low micromolar
range. The assays used evaluated the effects of
tetrabromobisphenol A on the differentiation of
mouse embryonic stem cells, human neural stem
cell proliferation and growth, and rat neuronal
growth and network activity.
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5. Summary of Data Reported

5.1 Exposure data

Tetrabromobisphenol A is a flame retardant
with a high production volume that is applied in
a wide variety of consumer products. The most
common useis for printed circuitboards, whereby
tetrabromobisphenol A is chemically bonded to
the polymer matrix. Tetrabromobisphenol A
is also applied as an additive compound in the
manufacture of acrylonitrile-butadiene-styrene
resins and high-impact polystyrene. It has been
detected in almost all biotic and abiotic compart-
ments worldwide. Occupational exposures to
tetrabromobisphenol A have been measured in
facilities manufacturing electronic products, and
at higher concentrations in recycling facilities.
Exposure of the general population predom-
inantly occurs through the diet and through
the ingestion of indoor dust. While intake by
very young children is predominantly via the
ingestion of indoor dust, intake by adults occurs
mainly via the diet. Very young children are esti-
mated to have a higher daily intake than adults.
Exposure may occur prenatally, and tetrabromo-
bisphenol A has been measured in breast milk.

5.2 Human carcinogenicity data

No data were available to the Working Group.

5.3. Animal carcinogenicity data

Tetrabromobisphenol A was tested for
carcinogenicity after oral administration by
gavage in one study in male and female mice, and
in one study in male and female rats. One co-car-
cinogenicity study of transplacental/perinatal
exposure in rats was found to be inadequate for
the evaluation of the carcinogenicity of tetrabro-
mobisphenol A.
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In the study in male mice, tetrabromo-
bisphenol A caused significantly increases in
the incidence of hepatoblastoma, of hepato-
cellular adenoma (multiple), and of hepatocel-
lular carcinoma or hepatoblastoma (combined).
Tetrabromobisphenol A significantly increased
the incidence of haemangiosarcoma (all organs),
with a significant positive trend. A significant
positivetrendintheincidence ofadenomaor carci-
noma (combined) of the large intestine (caecum
or colon) was also observed; the incidence in mice
receiving the highest dose exceeded the range for
historical controls. Tetrabromobisphenol A did
not cause any significant increases in tumour
incidence in female mice.

Inthestudyin malerats, tetrabromobisphenol
A caused a significant positive trend in the inci-
dence of interstitial cell adenoma of the testes.
In female rats, tetrabromobisphenol A caused a
significant increase in the incidence of adeno-
carcinoma of the uterus, with a significant posi-
tive trend. Several rats in the groups exposed to
tetrabromobisphenol A were diagnosed with the
rare uterine tumour, malignant mixed Miillerian
tumour; this tumour was not reported in the data
for historical controls. A significant increase was
observed in the incidence of adenoma, adenocar-
cinoma, or malignant mixed Miillerian tumour
(combined) of the uterus, with a significant posi-
tive trend.

5.4 Mechanistic and other relevant
data

After oraladministration in humans and rats,
tetrabromobisphenol A is readily absorbed and
widely distributed among tissues, is extensively
metabolized to glucuronide and sulfate conju-
gates, and was shown to be excreted primarily
in the faeces in rats. Tetrabromobisphenol A has
been detected in human milk in surveys of the
general population. In rats, tetrabromobisphenol
A and its metabolites do not accumulate in the
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tissues. A metabolic minor pathway involving
radical formation has been demonstrated in vivo
in rats. Quantitative species-, sex- and strain-de-
pendent differences in conjugated metabolites
have been observed.

With respect to the “key characteristics” of
human carcinogens, there is strong evidence that
tetrabromobisphenol A modulates receptor-me-
diated effects, induces oxidative stress and is
immunosuppressive; there is moderate evidence
that tetrabromobisphenol A induces chronic
inflammation; and there is weak evidence that
tetrabromobisphenol A is electrophilic, is geno-
toxic or alters cell proliferation, cell death or
nutrient supply.

There is strong evidence that tetrabromo-
bisphenol A can alter thyroid hormone receptor
function both directly and indirectly. Studies
in experimental animals demonstrated that
tetrabromobisphenol A reduces serum levels of
thyroxine. Cell-based assays that included the
use of human cells, and biochemical studies
showed that tetrabromobisphenol A can interact
with thyroid hormone receptors directly, the
outcome being dependent on several variables.
Tetrabromobisphenol A is a potent inhibitor of
sulfotransferases. ToxCast data supported the
conclusion that tetrabromobisphenol A can
interact with nuclear receptors, in particular
peroxisome proliferator-activated receptor-y,
as well as inhibit aromatase and alter steroid
biosynthesis in a human cell line.

There is strong evidence that tetrabromo-
bisphenol A induces oxidative stress. No data
were available in exposed humans. Oxidative
stress was induced by tetrabromobisphenol A in
vivo in rats (testis and kidney), goldfish, zebrafish,
earthworms, and scallops. In vitro, tetrabro-
mobisphenol A also induced oxidative stress in
human neutrophils and granulocytes, and rat
hepatocytes and cerebellar cells, with activation
of the mitogen-activated protein kinase pathway.
ToxCast data also supported the conclusion that
tetrabromobisphenol A induces oxidative stress.

Tetrabromobisphenol A activated inflammatory
pathways in a human placental cell line.

There is strong evidence that tetra-
bromobisphenol A is immunosuppressive.
Tetrabromobisphenol A decreased the lytic and
binding functions of isolated human natural
killer cells, and reduced the expression of
cell-surface proteins needed for the attachment
of human natural killer cells to target cells. The
effects observed in vitro were supported by the
observation in vivo of the reduced ability of mice
exposed to tetrabromobisphenol A to suppress a
respiratory virus.

In a mouse macrophage cell line, tetrabromo-
bisphenol A increased the expression and prod-
uction of proinflammatory cytokines. However,
because of the absence of data on chronic effects
in vivo, the evidence that tetrabromobisphenol A
induces chronic inflammation is moderate.

There is weak evidence that tetrabromo-
bisphenol A is genotoxic. Tetrabromobisphenol
A interacted with calf thymus DNA by interca-
lation. An increased frequency of Tp53 mutation
was observed in uterine carcinomas induced by
tetrabromobisphenol A in female rats.

There were few data on the other key char-
acteristics of carcinogens (alters DNA repair or
causes genomic instability, induces epigenetic
alterations, or causes immortalization).

6. Evaluation

6.1 Cancerin humans

There is inadequate evidence in humans for
the carcinogenicity of tetrabromobisphenol A.
6.2 Cancer in experimental animals

There is sufficient evidence in experimental
animals for the carcinogenicity of tetrabromo-
bisphenol A.
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6.3 Overall evaluation

Tetrabromobisphenol A is probably carcino-
genic to humans (Group 2A).

6.4 Rationale

In making its overall evaluation, a majority
of the Working Group considered that the strong
mechanistic evidence that tetrabromobisphenol
A can operate through three key characteristics
of carcinogens and that these can be operative
in humans warranted an upgrade to Group 2A.
Specifically, the evidence was strong for the
modulation of receptor-mediated effects, for the
induction of oxidative stress, and for the induc-
tion of immunosuppression:

o Tetrabromobisphenol A interacts directly
with several human nuclear receptors rele-
vant to human cancers, including thyroid
hormone and peroxisome proliferator-ac-
tivated receptor-y. Tetrabromobisphenol A
modulates enzymes relevant for the endo-
crine system, inhibits aromatase, and is a
potent inhibitor of sulfotransferase.

« In multiple species in vivo and in human
cells in vitro, tetrabromobisphenol A causes
oxidative stress.

« Immunosuppressive effects were observed
in mice exposed in vivo. Multiple experi-
ments in human natural killer cells exposed
in vitro also showed effects consistent with
immunosuppression.

However, a minority of the Working Group
judged that these data did not support a mecha-
nistic upgrade.
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Thisvolume ofthe JARC Monographs provides evaluations of the carcinogenicity of: N,N-
dimethylformamide, a solvent produced in high volumes and commonly used in many
industrial processes; 2-mercaptobenzothiazole, a rubber accelerant and preservative;
the rocket fuel hydrazine; the widely used fire retardant tetrabromobisphenol A;
1-bromopropane, a solvent used in dry cleaning, degreasing and adhesive resins; the
seed fumigant 3-chloro-2-methylpropene; and N,N-dimethyl-p-toluidine, a hardening
agent in dental and bone adhesives.

Exposure to all seven agents considered may occur in the general population as well
as in different occupational settings.

An IARC Monographs Working Group reviewed epidemiological evidence, animal
bioassays, and mechanistic and other relevant data to reach conclusions as to
the carcinogenic hazard to humans of environmental or occupational exposure to
these agents.
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