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Lorenzo Tomatis, MD, with other colleagues knowledgeable in primary prevention and environmental carcino-
genesis, perceived in the 1960s the growing need to objectively evaluate carcinogenic risks by international groups of
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mation on environmental and occupational causes of cancer led to his creating the JARC Monographs Programme for
evaluating cancer risks to humans from exposures to chemicals. The first meeting, held in Geneva in December 1971,
resulted in Volume 1 of the IARC Monographs on the Evaluation of Carcinogenic Risk of Chemicals to Man [1972], a
series known affectionately since as the “orange books”. As a champion of chemical carcinogenesis bioassays, Tomatis
defined and promoted the applicability and utility of experimental animal findings for identifying carcinogens and
for preventing cancers in humans, especially in workers and children, and to eliminate inequalities in judging cancer
risks between industrialized and developing countries. Tomatis’ foresight, guidance, leadership, and staunch belief in
primary prevention continued to influence the JARC Monographs as they expanded to encompass personal habits, as
well as physical and biological agents. Lorenzo Tomatis had a distinguished career at the Agency, arriving in 1967 and
heading the Unit of Chemical Carcinogenesis, before being Director from 1982 to 1993.
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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 car-
cinogenic risk of chemicals, including requests
for lists of known and suspected human carcino-
gens. It was clear that it would not be a simple
task to summarize adequately the complexity of
the information that was available, and IARC
began to consider means of obtaining interna-
tional expert opinion on this topic. In 1970, the
IARC Advisory Committee on Environmental
Carcinogenesis recommended °...that a com-
pendium on carcinogenic chemicals be pre-
pared 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, independ-
ent, scientific opinion on environmental carcino-
genesis. 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 ini-
tial title of the series.

In the succeeding years, the scope of the pro-
gramme broadened as Monographs were devel-
oped for groups of related chemicals, complex
mixtures, occupational exposures, physical 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 fur-
ther 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 sci-
entific 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 pre-
rogative of each individual Working Group.

2. Objective and scope

The objective of the programme is to pre-
pare, 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 repre-
sent the first step in carcinogen risk assessment,
which involves examination of all relevant infor-
mation to assess the strength of the available evi-
dence that an agent could alter the age-specific
incidence of cancer in humans. The Monographs
may also indicate where additional research
efforts are needed, specifically when data imme-
diately 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 physi-
cal agents. This list of categories may expand as
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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 carci-
nogenic effects expected from exposure to a can-
cer hazard. The Monographs are an exercise in
evaluating cancer hazards, despite the historical
presence of the word ‘risks’ in the title. The dis-
tinction 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 ‘car-
cinogenic’ if it is capable of increasing the inci-
dence of malignant neoplasms, reducing their
latency, or increasing their severity or multiplic-
ity. The induction of benign neoplasms may in
some circumstances (see Part B, Section 3a) con-
tribute to the judgement that the agent is carci-
nogenic. 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
understood that Monographs evaluations con-
sider 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 carcinogenic-
ity 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




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 experimen-
tal studies used to evaluate a cancer hazard can
also be used to estimate a dose-response relation-
ship. A Monograph may undertake to estimate
dose-response relationships within the range
of the available epidemiological data, or it may
compare the dose-response information from
experimental and epidemiological studies. In
some cases, a subsequent publication may be pre-
pared by a separate Working Group with exper-
tise in quantitative dose-response assessment.

The Monographs are used by national and
international authorities to make risk assess-
ments, formulate decisions concerning preventive
measures, provide effective cancer control pro-
grammes and decide among alternative options
for public health decisions. The evaluations of
IARC Working Groups are scientific, qualita-
tive 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 deci-
sions 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
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exposure and (b) there is some evidence or sus-
picion of carcinogenicity. Mixed exposures may
occur in occupational and environmental set-
tings 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 simi-
lar to those of suspected carcinogens may also
be considered, even in the absence of data on a
possible carcinogenic effect in humans or experi-
mental animals.

The scientific literature is surveyed for pub-
lished data relevant to an assessment of carci-
nogenicity. Ad hoc Advisory Groups convened
by IARC in 1984, 1989, 1991, 1993, 1998 and
2003 made recommendations as to which
agents should be evaluated in the Monographs
series. Recent recommendations are avail-
able 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
agencies 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-
evaluation may be made at a subsequent meeting,
and a new Monograph published. In some cases it
may be appropriate to review only the data pub-
lished 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.

4. Data for the Monographs

Each Monograph reviews all pertinent epi-
demiological studies and cancer bioassays in
experimental animals. Those judged inadequate
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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, can-
cer bioassays, and mechanistic and other relevant
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 gov-
ernment agency reports that are publicly avail-
able 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 brack-
ets at the end of each study description (see Part
B). The reasons for not giving further considera-
tion to an individual study also are indicated in
the square brackets.

5. Meeting participants

Five categories of participant can be present
at Monograph meetings.
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(a) The Working Group

The Working Group is responsible for the crit-
ical reviews and evaluations that are developed
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 rel-
evant 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 under-
standing of mechanisms of carcinogenesis; and
(vi) to make an overall evaluation of the carci-
nogenicity of the exposure to humans. Working
Group Members generally have published sig-
nificant research related to the carcinogenicity of
the agents being reviewed, and IARC uses litera-
ture 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 bal-
ance of scientific 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
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 IARC 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 TARC Monographs meetings (available at
http://monographs.iarc.fr).

(e) ThelARC Secretariat

The IARC Secretariat consists of scientists
who are designated by IARC and who have rel-
evant 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 con-
sulting, and individual and institutional research
support related to the subject of the meeting.
IARC assesses these interests to determine
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whether there is a conflict that warrants some
limitation on participation. The declarations are
updated and reviewed again at the opening of
the meeting. Interests related to the subject of
the meeting are disclosed to the meeting par-
ticipants and in the published volume (Cogliano
et al., 2004).

The names and principal affiliations of par-
ticipants are available on the Monographs pro-
gramme 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 princi-
pal 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
a representative of any organization, government
or industry.

6. Working procedures

A separate Working Group is responsible for
developing each volume of Monographs. A vol-
ume 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 pro-
gramme web site (http://monographs.iarc.fr) and
participants are selected by IARC staff in consul-
tation 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 par-
ticipants who are asked to prepare preliminary
working papers for specific sections are expected
to supplement the IARC literature searches with
their own searches.
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Industrial associations, labour unions and
other knowledgeable organizations may be
asked to provide input to the sections on produc-
tion and use, although this involvement is not
required as a general rule. Information on pro-
duction and trade is obtained from governmen-
tal, trade and market research publications and,
in some cases, by direct contact with industries.
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 coun-
tries, production is small). Information on uses
may be obtained from published sources but is
often complemented by direct contact with man-
ufacturers. Efforts are made to supplement this
information with data from other national and
international sources.

Six months before the meeting, the mate-
rial obtained is sent to meeting participants to
prepare preliminary working papers. The work-
ing 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 (cov-
ering exposure data, cancer in humans, cancer
in experimental animals, and mechanistic and
other relevant data) review the working papers,
develop a joint subgroup draft and write sum-
maries. 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.

IARC Working Groups strive to achieve a
consensus evaluation. Consensus reflects broad
agreement among Working Group Members, but
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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 pro-
gramme 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

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 dur-
ing 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 informa-
tion on the agent: this information may vary sub-
stantially between agents and must be adapted
accordingly. Also included is information on
production and use (when appropriate), meth-
ods 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 pri-
mary name and the I[UPAC systematic name are
recorded; other synonyms are given, but the list
is not necessarily comprehensive. Information
on chemical and physical properties that are rel-
evant to identification, occurrence and biologi-
cal activity is included. A description of technical
products of chemicals includes trade names, rel-
evant specifications and available information
on composition and impurities. Some of the
trade names given may be those of mixtures in
which the agent being evaluated is only one of
the ingredients.

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

For physical agents that are forms of radia-
tion, energy and range of the radiation are
included. For foreign bodies, fibres and respir-
able 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 com-
mercial 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 pro-
vided when available. In addition, methods of
synthesis used in past and present commercial
production and different methods of production,
which may give rise to different impurities, are
described.

The countries where companies report pro-
duction of the agent, and the number of compa-
nies in each country, are identified. Available data
on production, international trade and uses are
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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, per-
sistence and bioaccumulation of the agent are
also included. Such data may be available from
national databases.

Data that indicate the extent of past and pre-
sent human exposure, the sources of exposure,
the people most likely to be exposed and the fac-
tors that contribute to the exposure are reported.
Information is presented on the range of human
exposure, including occupational and environ-
mental exposures. This includes relevant findings
from both developed and developing countries.
Some of these data are not distributed widely and
may be available from government reports and
other sources. In the case of mixtures, indus-
tries, occupations or processes, information is
given about all agents known to be present. For
processes, industries and occupations, a histori-
cal description is also given, noting variations in
chemical composition, physical properties and
levels of occupational exposure with date and
place. For biological agents, the epidemiology of
infection is described.
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(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, leg-
islation 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 con-
tribute to the assessment of carcinogenicity in
humans — cohort studies, case-control studies,
correlation (or ecological) studies and interven-
tion studies. Rarely, results from randomized tri-
als 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 sub-
sequent decrease in risk for lung cancer.

In correlation studies, the units of inves-
tigation are usually whole populations (e.g. in
particular geographical areas or at particular
times), and cancer frequency is related to a sum-
mary measure of the exposure of the population



to the agent under study. In correlation studies,
individual exposure is not documented, which
renders this kind of study more prone to con-
founding. In some circumstances, however, cor-
relation 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 inter-
pretation of case reports, case series and corre-
lation 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 neo-
plasms, 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 pos-
sible 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
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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 inci-
dence of the disease. The role of chance is related
to biological variability and the influence of sam-
ple size on the precision of estimates of effect.

In evaluating the extent to which these fac-
tors 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 considera-
tions 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 dis-
eases) 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 dis-
ease and may have been related to the exposure
of interest. Potential confounding by such vari-
ables 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 those
with national rates. Internal comparisons of fre-
quency of disease among individuals at different
levels of exposure are also desirable in cohort
studies, since they minimize the potential for
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confounding related to the difference in risk fac-
tors 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 eftects 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 can-
cer, 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 individ-
ual studies (pooled analysis) (Greenland, 1998).

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

TARC 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
specified 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 exposure,
duration of exposure, cumulative exposure, peak
exposure (when appropriate) and time since
cessation of exposure, are reviewed and sum-
marized when available. Analyses of temporal
relationships may be useful in making causal
inferences. In addition, such analyses may sug-
gest whether a carcinogen acts early or late in the
process of carcinogenesis, although, at best, they



allow only indirect inferences about mechanisms
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 pur-
poses (IARC, 1991; Vainio et al., 1992; Toniolo
et al., 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 susceptibil-
ity may provide evidence that reinforces biologi-
cal plausibility. It should be noted, however, that
when data on genetic susceptibility originate
from multiple comparisons that arise from sub-
group 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 polymor-
phism can explain the carcinogenic mechanism
of the agent being evaluated, data on this pheno-
type may be useful in making causal inferences.
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(f)  Criteria for causality

After the quality of individual epidemiologi-
cal 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 crite-
ria for causality (Hill, 1965). A strong association
(e.g. alarge relative risk) is more likely to indicate
causality than a weak association, although it is
recognized that estimates of effect of small mag-
nitude 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 epidemi-
ological approaches or under different circum-
stances 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 stud-
ies that are judged to be methodologically 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, carci-
nogenicity may be evident through the causation
of multiple tumour types. Temporality, preci-
sion of estimates of effect, biological plausibility
and coherence of the overall database are con-
sidered. Data on biomarkers may be employed
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in an assessment of the biological plausibility of
epidemiological observations.

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

When several epidemiological studies show
little or no indication of an association between
anexposureand cancer, ajudgement maybe made
that, in the aggregate, they show evidence of lack
of carcinogenicity. Such a judgement requires
first that the studies meet, to a sufficient degree,
the standards of design and analysis described
above. Specifically, the possibility that bias, con-
founding or misclassification of exposure or out-
come could explain the observed results should
be considered and excluded with reasonable cer-
tainty. In addition, all studies that are judged to
be methodologically sound should (a) be con-
sistent 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 nar-
row confidence interval, due to sufficient popula-
tion size. Moreover, no individual study nor the
pooled results of all the studies should show any
consistent tendency that the relative risk of can-
cer increases with increasing level of exposure.
It is important to note that evidence of lack of
carcinogenicity obtained from several epidemio-
logical 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 development of clinical cancer is
sometimes longer than 20 years; latent periods
substantially shorter than 30 years cannot pro-
vide 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 experi-
mental 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 experimen-
tal animals was established or highly suspected
before epidemiological studies confirmed their
carcinogenicity in humans (Vainio ef al., 1995).
Although this association cannot establish that
all agents that cause cancer in experimental ani-
malsalso cause cancerin humans, itis biologically
plausible that agents for which there is sufficient
evidence of carcinogenicity in experimental ani-
mals (see Part B, Section 6b) also present a car-
cinogenic hazard to humans. Accordingly, in
the absence of additional scientific information,
these agents are considered to pose a carcinogenic
hazard to humans. Examples of additional scien-
tific information are data that demonstrate that
a given agent causes cancer in animals through
a species-specific mechanism that does not oper-
ate in humans or data that demonstrate that the
mechanism in experimental animals also oper-
ates 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




(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-
carcinogenicity studies and studies in geneti-
cally modified animals); studies in which the
end-point was not cancer but a defined precan-
cerous lesion; experiments on the carcinogenic-
ity 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 phys-
icochemical properties of the individual sub-
stances 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).
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(@) Qualitative aspects

An assessment of carcinogenicity involves
several considerations of qualitative impor-
tance, including (i) the experimental conditions
under which the test was performed, including
route, schedule and duration of exposure, spe-
cies, 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 spec-
trum of neoplastic response, from preneoplastic
lesions and benign tumours to malignant neo-
plasms; 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 sam-
ple characterization was reported; (ii) whether
the dose was monitored adequately, particu-
larly in inhalation experiments; (iii) whether the
doses, duration of treatment and route of expo-
sure were appropriate; (iv) whether the survival
of treated animals was similar to that of con-
trols; (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 observation 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 cer-
tain instances aid in assessing the biological plau-
sibility of any neoplastic response observed. If an
agent induces only benign neoplasms that appear
to be end-points that do not readily undergo
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transition to malignancy, the agent should nev-
ertheless 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 back-
ground 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 relation-
ship can vary widely, depending on the par-
ticular agent under study and the target organ.
Mechanisms such as induction of DNA dam-
age 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 carcino-
gens. Since many chemicals require metabolic
activation before being converted to their reac-
tive intermediates, both metabolic and toxicoki-
netic aspects are important in determining the
dose-response pattern. Saturation of steps such
as absorption, activation, inactivation and elim-
ination may produce nonlinearity in the dose-
response relationship (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 ef al., 1980;

24

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 sur-
vival among the treatment groups; for example,
reduced survival because of non-tumour-related
mortality can preclude the occurrence of
tumours later in life. When detailed informa-
tion 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 sur-
vival occur before tumours appear. The lethal-
ity of the tumour also requires consideration: for
rapidly fatal tumours, the time of death provides
an indication 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 dif-
ficult 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 experimen-
tal 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-
oped to incorporate historical control data into
the analysis of data from a given experiment.
These methods assign an appropriate weight to
historical and concurrent controls on the basis
of the extent of between-study and within-study
variability: less weight is given to historical con-
trols when they show a high degree of variability,
and greater weight when they show little varia-
bility. It is generally not appropriate to discount
a tumour response that is significantly increased
compared with concurrent controls by arguing
that it falls within the range of historical controls,




particularly when historical controls show high
between-study variability and are, thus, of little
relevance to the current experiment. In analys-
ing results for uncommon tumours, however, the
analysis may be improved by considering histori-
cal 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, gen-
der and strain, as well as other factors such as
basal diet and general laboratory environment,
which may affect tumour-response rates in con-
trol 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 pro-
vide evidence of carcinogenicity and also help in
assessing the relevance and importance of find-
ings of cancer in animals and in humans. The
nature of the mechanistic and other relevant data
depends on the biological activity of the agent
being considered. The Working Group considers
representative studies to give a concise descrip-
tion of the relevant data and issues that they con-
sider to be important; thus, not every available
study is cited. Relevant topics may include toxi-
cokinetics, mechanisms of carcinogenesis, sus-
ceptible individuals, populations and life-stages,
other relevant data and other adverse effects.
When data on biomarkers are informative 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
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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, dis-
tribution, metabolism and elimination of agents
in humans, experimental animals and, where
relevant, cellular systems. Examples of kinetic
factors that may affect dose-response relation-
ships include uptake, deposition, biopersis-
tence 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 sum-
marized briefly, and comparisons of data from
humans and animals are made when possible.
Comparative information on the relationship
between exposure and the dose that reaches the
target site may be important for the extrapola-
tion of hazards between species and in clarifying
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 operat-
ing. The relevance of the mechanism to humans
is discussed, in particular, when mechanistic
data are derived from experimental model sys-
tems. Changes in the affected organs, tissues or
cells can be divided into three non-exclusive lev-
els as described below.
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(i) Changes in physiology

Physiological changes refer to exposure-
related 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-related
alterations in the signalling pathways used by
cells to manage critical processes that are related
to increased risk for cancer. Examples of func-
tional changes include modified activities of
enzymes involved in the metabolism of xenobi-
otics, alterations in the expression of key genes
that regulate DNA repair, alterations in cyclin-
dependent kinases that govern cell cycle progres-
sion, changes in the patterns of post-translational
modifications of proteins, changes in regula-
tory factors that alter apoptotic rates, changes
in the secretion of factors related to the stimula-
tion of DNA replication and transcription and
changes in gap-junction-mediated intercellular
communication.

(iii) 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 irrevers-
ible effects.

The use of mechanistic data in the identifica-
tion 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 ef 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 men-
tion 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 prokary-
otes, lower eukaryotes, insects, plants and cul-
tured 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
involvement 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 syn-
thesis). In-vitro tests for tumour promotion, cell
transformation and gap-junction intercellular
communication may be sensitive to changes that
are not necessarily the result of genetic altera-
tions 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




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 can-
not be considered to provide evidence that rules
out the carcinogenicity of agents that act through
other mechanisms (e.g. receptor-mediated
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 gen-
otoxicity (e.g. hormonal dysregulation, immune
suppression, and formation of calculi and other
deposits that cause chronic irritation), that evi-
dence 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 carcinogenic-
ity may include descriptions of the pathology of
infection, integration and expression of viruses,
and genetic alterations seen in human tumours.
Other observations that might comprise cellu-
lar and tissue responses to infection, 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
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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 materi-
als 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-through-
put data, such as those that result from testing
hundreds of agents for a single end-point, pose a
unique problem for the use of mechanistic data
in the evaluation of a carcinogenic hazard. In
the case of high-output data, there is the possi-
bility to overinterpret changes in individual end-
points (e.g. changes in expression in one gene)
without considering the consistency of that find-
ing in the broader context of the other end-points
(e.g. other genes with linked transcriptional con-
trol). High-output data can be used in assessing
mechanisms, but all end-points measured in a
single experiment need to be considered in the
proper context. For high-throughput data, where
the number of observations far exceeds the num-
ber of end-points measured, their utility for iden-
tifying common mechanisms across multiple
agents is enhanced. These data can be used to
identify mechanisms that not only seem plausi-
ble, but also have a consistent pattern of carci-
nogenic 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 that affect individual susceptibil-
ity 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 sys-
tem, 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 physiol-
ogy 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 stud-
ies of cancer, but fewer details are given.

5. Summary

This section is a summary of data presented
in the preceding sections. Summaries can be
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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, occur-
rence and exposure levels in the workplace and
environment and measurements in human tis-
sues and body fluids. Quantitative data and time
trends are given to compare exposures in dif-
ferent occupations and environmental settings.
Exposure to biological agents is described in
terms of transmission, prevalence and persis-
tence 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 tar-
get 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.

(d) Mechanistic and other relevant data

Data relevant to the toxicokinetics (absorp-
tion, distribution, metabolism, elimination) and
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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 sum-
marized. This section also reports on other toxic
effects, including reproductive and developmen-
tal 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 experi-
mental 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 cat-
egory 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 activ-
ity (potency). A classification may change as new
information becomes available.

An evaluation of the degree of evidence is lim-
ited to the materials tested, as defined physically,
chemically or biologically. When the agents eval-
uated 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 fol-
lowing categories:

Sufficient evidence of carcinogenicity:
The Working Group considers that a causal
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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 pos-
sibility 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, con-
sistency or statistical power to permit a conclu-
sion 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 consist-
ent 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 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
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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 stud-
ies 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, bioas-
says that employ genetically modified animals,
and other in-vivo bioassays that focus on one or
more of the critical stages of carcinogenesis. 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 multi-
stage process of carcinogenesis should be con-
sidered 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 relation-
ship 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 or more species
of animals or (b) two or more independent stud-
ies 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.
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A single study in one species and sex might be
considered to provide sufficient evidence of carci-
nogenicity 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 stud-
ies; (c) the agent increases the incidence only of
benign neoplasms or lesions of uncertain neo-
plastic potential; or (d) the evidence of carcino-
genicity is restricted to studies that demonstrate
only promoting activity in a narrow range of tis-
sues 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 carcinogenic.
A conclusion of evidence suggesting lack of car-
cinogenicity is inevitably limited to the species,
tumour sites, age at exposure, and conditions
and levels of exposure studied.

(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 over-
all evaluation is highlighted. This may include
data on preneoplastic lesions, tumour pathol-
ogy, genetic and related effects, structure-activ-
ity relationships, metabolism and toxicokinetics,



physicochemical parameters and analogous bio-
logical 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 ques-
tion has caused changes in exposed humans that
are on the causal pathway to carcinogenesis.
Such data may, however, never become available,
because it is at least conceivable that certain com-
pounds may be kept from human use solely on
the basis of evidence of their toxicity and/or car-
cinogenicity in experimental systems.

The conclusion that a mechanism operates in
experimental animals is strengthened by find-
ings of consistent results in different experimen-
tal systems, by the demonstration of biological
plausibility and by coherence of the overall data-
base. Strong support can be obtained from stud-
ies that challenge the hypothesized mechanism
experimentally, by demonstrating that the sup-
pression 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
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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 materi-
als 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 car-
cinogenicity 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 there is
no direct evidence of their capacity to induce
cancer in humans or in animals, may also be
carcinogenic, a statement describing the ration-
ale for this conclusion is added to the evaluation
narrative; 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 word-
ing 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.

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
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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 car-
cinogenic to humans) or Group 2B (possibly
carcinogenic to humans) on the basis of epide-
miological and experimental evidence of carci-
nogenicity and mechanistic and other relevant
data. The terms probably carcinogenic and possi-
bly 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 classi-
fied in this category when there is inadequate evi-
dence of carcinogenicity in humans and sufficient
evidence of carcinogenicity in experimental ani-
mals and strong evidence that the carcinogenesis
is mediated by a mechanism that also operates
in humans. Exceptionally, an agent may be clas-
sified in this category solely on the basis of lim-
ited 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.
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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 car-
cinogenicity 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 car-
cinogenicity 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 lim-
ited 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 experi-
mental 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,
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 explanation
of the reasoning of the Working Group in weigh-
ing data and making evaluations. When there
are significant differences of scientific interpre-
tation among Working Group Members, a brief
summary of the alternative interpretations is
provided, together with their scientific rationale
and an indication of the relative degree of sup-
port for each alternative.

References

Bieler GS & Williams RL (1993). Ratio estimates,
the delta method, and quantal response tests for
increased carcinogenicity. Biometrics, 49: 793-801.
doi:10.2307/2532200 PMID:8241374

Breslow NE & Day NE (1980). Statistical methods in can-
cer research. Volume I - The analysis of case-control
studies. IARC Sci Publ, 32: 5-338. PMID:7216345

Breslow NE & Day NE (1987). Statistical methods in cancer
research. Volume II-The design and analysis of cohort
studies. IARC Sci Publ, 82: 1-406. PM1D:3329634

Buffler P, Rice J, Baan R et al. (2004). Workshop on
Mechanisms of Carcinogenesis: Contributions of
Molecular Epidemiology. Lyon, 14-17 November

Preamble

2001. Workshop report. IARC Sci Publ, 157: 1-27.
PMID:15055286

Capen CC, Dybing E, Rice JM, Wilbourn JD (1999).
Species Differences in Thyroid, Kidney and Urinary
Bladder Carcinogenesis. Proceedings of a consensus
conference. Lyon, France, 3-7 November 1997. JARC
Sci Publ, 147: 1-225.

Cogliano V, Baan R, Straif K et al. (2005). Transparency in
IARC Monographs. Lancet Oncol, 6: 747. doi:10.1016/
$1470-2045(05)70380-6

Cogliano V], Baan RA, Straif K et al. (2004). The sci-
ence and practice of carcinogen identification and
evaluation. Environ Health Perspect, 112: 1269-1274.
doi:10.1289/ehp.6950 PMID:15345338

Dunson DB, Chen Z, Harry ] (2003). A Bayesian approach
for joint modeling of cluster size and subunit-specific
outcomes. Biometrics, 59: 521-530. doi:10.1111/1541-
0420.00062 PMID:14601753

Fung KY, Krewski D, Smythe RT (1996). A comparison
of tests for trend with historical controls in carcinogen
bioassay. Can J Stat, 24: 431-454. doi:10.2307/3315326

Gart JJ, Krewski D, Lee PN et al. (1986). Statistical meth-
ods in cancer research. Volume III-The design and
analysis of long-term animal experiments. JARC Sci
Publ, 79: 1-219. PMID:3301661

Greenland S (1998). Meta-analysis. In: Modern
Epidemiology. Rothman K], Greenland S, editors.
Philadelphia: Lippincott Williams & Wilkins, pp.
643-673

Greim H, Gelbke H-P, Reuter U et al. (2003).
Evaluation of historical control data in carcino-
genicity studies. Hum Exp Toxicol, 22: 541-549.
do0i:10.1191/0960327103ht3940a PMID:14655720

Haseman JK, Huff ], Boorman GA (1984). Use of historical
controldataincarcinogenicitystudiesinrodents. Toxicol
Pathol, 12: 126-135. doi:10.1177/019262338401200203
PMID:11478313

Hill AB (1965). The environment and disease: Association
or causation? Proc R Soc Med, 58: 295-300.
PMID:14283879

Hoel DG, Kaplan NL, Anderson MW (1983). Implication
of nonlinear kinetics on risk estimation in carcino-
genesis. Science, 219: 1032-1037. doi:10.1126/sci-
ence.6823565 PMID:6823565

Huff JE, Eustis SL, Haseman JK (1989). Occurrence and
relevance of chemically induced benign neoplasms in
long-term carcinogenicity studies. Cancer Metastasis
Rev, 8: 1-22. d0i:10.1007/BF00047055 PMID:2667783

IARC (1977). IARC Monographs Programme on the
Evaluation of the Carcinogenic Risk of Chemicals to
Humans. Preamble (IARC Intern Tech Rep No. 77/002)

IARC (1978). Chemicals with Sufficient Evidence of
Carcinogenicity in Experimental Animals - IARC
Monographs Volumes 1-17 (IARC Intern Tech Rep No.
78/003)

33


http://dx.doi.org/10.2307/2532200
http://www.ncbi.nlm.nih.gov/pubmed/8241374
http://www.ncbi.nlm.nih.gov/pubmed/7216345
http://www.ncbi.nlm.nih.gov/pubmed/3329634
http://www.ncbi.nlm.nih.gov/pubmed/15055286
http://dx.doi.org/10.1016/S1470-2045(05)70380-6
http://dx.doi.org/10.1016/S1470-2045(05)70380-6
http://dx.doi.org/10.1289/ehp.6950
http://www.ncbi.nlm.nih.gov/pubmed/15345338
http://dx.doi.org/10.1111/1541-0420.00062
http://dx.doi.org/10.1111/1541-0420.00062
http://www.ncbi.nlm.nih.gov/pubmed/14601753
http://dx.doi.org/10.2307/3315326
http://www.ncbi.nlm.nih.gov/pubmed/3301661
http://dx.doi.org/10.1191/0960327103ht394oa
http://www.ncbi.nlm.nih.gov/pubmed/14655720
http://dx.doi.org/10.1177/019262338401200203
http://www.ncbi.nlm.nih.gov/pubmed/11478313
http://www.ncbi.nlm.nih.gov/pubmed/14283879
http://dx.doi.org/10.1126/science.6823565
http://dx.doi.org/10.1126/science.6823565
http://www.ncbi.nlm.nih.gov/pubmed/6823565
http://dx.doi.org/10.1007/BF00047055
http://www.ncbi.nlm.nih.gov/pubmed/2667783

IARC MONOGRAPHS - 100C

IARC (1979). Criteria to Select Chemicals for TARC
Monographs (IARC Intern Tech Rep No. 79/003)

IARC (1982). Chemicals, industrial processes and
industries associated with cancer in humans (IARC
Monographs, Volumes 1 to 29). IARC Monogr Eval
Carcinog Risk Chem Hum Suppl, 4: 1-292.

IARC (1983). Approaches to Classifying Chemical
Carcinogens According to Mechanism of Action (IARC
Intern Tech Rep No. 83/001)

IARC (1987). Overall evaluations of carcinogenicity: an
updating of IARC Monographs volumes 1 to 42. IJARC
Monogr Eval Carcinog Risks Hum Suppl, 7. 1-440.
PMID:3482203

IARC (1988). Report of an IARC Working Group to Review
the Approaches and Processes Used to Evaluate the
Carcinogenicity of Mixtures and Groups of Chemicals
(IARC Intern Tech Rep No. 88/002)

IARC (1991). A Consensus Report of an IARC Monographs
Working Group on the Use of Mechanisms of
Carcinogenesis in Risk Identification (IARC Intern
Tech Rep No. 91/002)

IARC (2005). Report of the Advisory Group to Recommend
Updates to the Preamble to the IARC Monographs
(IARC Intern Rep No. 05/001)

IARC (2006). Report of the Advisory Group to Review the
Amended Preamble to the IARC Monographs (IARC
Intern Rep No. 06/001)

IARC (2004). Some drinking-water disinfectants and
contaminants, including arsenic. JARC Monogr Eval
Carcinog Risks Hum, 84: 1-477. PMID:15645577

McGregor DB, Rice JM, Venitt S, editors (1999). The use
of short- and medium-term tests for carcinogens and
data on genetic effects in carcinogenic hazard evalua-
tion. Consensus report. IARC Sci Publ, 146: 1-536.

Montesano R, Bartsch H, Vainio H et al., editors (1986).
Long-term and short-term assays for carcinogenesis—
a critical appraisal. IARC Sci Publ, 83: 1-564.

OECD (2002). Guidance Notes for Analysis and Evaluation
of Chronic Toxicity and Carcinogenicity Studies (Series
on Testing and Assessment No. 35), Paris: OECD

Peto R, Pike MC, Day NE et al. (1980). Guidelines for
simple, sensitive significance tests for carcinogenic
effects in long-term animal experiments. JARC Monogr
Eval Carcinog Risk Chem Hum Suppl, 2: 311-426.
PMID:6935185

Portier CJ & Bailer AJ (1989). Testing for increased
carcinogenicity using a survival-adjusted quan-
tal response test. Fundam Appl Toxicol, 12: 731-737.
doi:10.1016/0272-0590(89)90004-3 PMID:2744275

Sherman CD, Portier CJ, Kopp-Schneider A (1994).
Multistage models of carcinogenesis: an approximation
for the size and number distribution of late-stage clones.
Risk Anal, 14: 1039-1048. d0i:10.1111/j.1539-6924.1994.
tb00074.x PMID:7846311

Stewart BW, Kleihues P, editors (2003). World Cancer
Report, Lyon: IARC

34

Tomatis L, Aitio A, Wilbourn J, Shuker L (1989). Human
carcinogens so far identified. Jpn ] Cancer Res, 80: 795-
807. PMID:2513295

Toniolo P, Boffetta P, Shuker DEG et al., editors (1997).
Proceedings of the workshop on application of bio-
markers to cancer epidemiology. Lyon, France, 20-23
February 1996. IARC Sci Publ, 142: 1-318.

Vainio H, Magee P, McGregor D, McMichael A, editors
(1992). Mechanisms of carcinogenesis in risk identi-
fication. IARC Working Group Meeting. Lyon, 11-18
June 1991. IARC Sci Publ, 116: 1-608.

Vainio H, Wilbourn JD, Sasco AJ et al. (1995).
[Identification of human carcinogenic risks in TARC
monographs.] Bull Cancer, 82: 339-348. PMID:7626841

Vineis P, Malats N, Lang M et al., editors (1999). Metabolic
Polymorphisms and Susceptibility to Cancer. IARC Sci
Publ, 148: 1-510. PMID:10493243

Wilbourn J, Haroun L, Heseltine E et al. (1986). Response
of experimental animals to human carcinogens: an
analysis based upon the IARC Monographs pro-
gramme. Carcinogenesis, 7: 1853-1863. doi:10.1093/
carcin/7.11.1853 PMID:3769134


http://www.ncbi.nlm.nih.gov/pubmed/3482203
http://www.ncbi.nlm.nih.gov/pubmed/15645577
http://www.ncbi.nlm.nih.gov/pubmed/6935185
http://dx.doi.org/10.1016/0272-0590(89)90004-3
http://www.ncbi.nlm.nih.gov/pubmed/2744275
http://dx.doi.org/10.1111/j.1539-6924.1994.tb00074.x
http://dx.doi.org/10.1111/j.1539-6924.1994.tb00074.x
http://www.ncbi.nlm.nih.gov/pubmed/7846311
http://www.ncbi.nlm.nih.gov/pubmed/2513295
http://www.ncbi.nlm.nih.gov/pubmed/7626841
http://www.ncbi.nlm.nih.gov/pubmed/10493243
http://dx.doi.org/10.1093/carcin/7.11.1853
http://dx.doi.org/10.1093/carcin/7.11.1853
http://www.ncbi.nlm.nih.gov/pubmed/3769134

GENERAL REMARKS

Part C of Volume 100 of the IARC Monographs on the Evaluation of Carcinogenic Risks to
Humans contains updated assessments of arsenic, metals, fibres, and dusts that were first
classified as carcinogenic to humans (Group 1) in Volumes 1-99.

Volume 100 - General Information

About half of the agents classified in Group 1 were last reviewed more than 20 years ago, before
mechanistic studies became prominent in evaluations of carcinogenicity. In addition, more recent
epidemiological studies and animal cancer bioassays have demonstrated that many cancer hazards
reported in earlier studies were later observed in other organs or through different exposure sce-
narios. Much can be learned by updating the assessments of agents that are known to cause cancer
in humans. Accordingly, IARC has selected A Review of Human Carcinogens to be the topic for
Volume 100. It is hoped that this volume, by compiling the knowledge accumulated through several
decades of cancer research, will stimulate cancer prevention activities worldwide, and will be a valued
resource for future research to identify other agents suspected of causing cancer in humans.

Volume 100 was developed by six separate Working Groups:

Pharmaceuticals

Biological agents

Arsenic, metals, fibres, and dusts

Radiation

Personal habits and indoor combustions

Chemical agents and related occupations

Because the scope of Volume 100 is so broad, its Monographs are focused on key information.
Each Monograph presents a description of a carcinogenic agent and how people are exposed, criti-
cal overviews of the epidemiological studies and animal cancer bioassays, and a concise review of
the toxicokinetic properties of the agent, plausible mechanisms of carcinogenesis, and potentially
susceptible populations, and life-stages. Details of the design and results of individual epidemiologi-
cal studies and animal cancer bioassays are summarized in tables. Short tables that highlight key
results appear in the printed version of Volume 100, and more extensive tables that include all stud-
ies appear on the website of the IJARC Monographs programme (http://monographs.iarc.fr). For a few
well-established associations (for example, tobacco smoke and human lung cancer), it was impracti-
cal to include all studies, even in the website tables. In those instances, the rationale for inclusion or
exclusion of sets of studies is given.
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Each section of Volume 100 was reviewed by a subgroup of the Working Group with appropriate
subject expertise; then all sections of each Monograph were discussed together in a plenary session
of the full Working Group. As a result, the evaluation statements and other conclusions reflect the
views of the Working Group as a whole.

Volume 100 compiles information on tumour sites and mechanisms of carcinogenesis. This infor-
mation will be used in two scientific publications that may be considered as annexes to this volume.
One publication, Tumour Site Concordance between Humans and Experimental Animals, will ana-
lyse the correspondence of tumour sites among humans and different animal species. It will dis-
cuss the predictive value of different animal tumours for cancer in humans, and perhaps identify
human tumour sites for which there are no good animal models. Another publication, Mechanisms
Involved in Human Carcinogenesis, will describe mechanisms known to or likely to cause cancer in
humans. Joint consideration of multiple agents that act through similar mechanisms should facilitate
the development of a more comprehensive discussion of these mechanisms. Because susceptibility
often has its basis in a mechanism, this could also facilitate a more confident and precise description
of populations that may be susceptible to agents acting through each mechanism. This publication
will also suggest biomarkers that could render future research more informative. In this way, IARC
hopes that Volume 100 will serve to improve the design of future cancer studies.

Specific remarks about the review of the agents in this volume

1. Arsenic and metals

One issue for several of these agents was the designation of the agent classified as carcinogenic.
Arsenic and the metals considered exist in several oxidation states and in different forms that have dif-
ferent chemical and physical properties: metallic/elemental forms, alloys, and multiple compounds.
For arsenic and the metals, the Working Group needed to consider whether:

1) the metallic/elemental form itself is carcinogenic;

2) the metallic/elemental form and the compounds are carcinogenic; or

3) only certain compounds are carcinogenic.

The simultaneous review of arsenic and multiple metals in this volume offered the opportunity
for the Working Group to address the designation of these elements and/or their compounds in a
uniform fashion. There had been some lack of consistency in prior designations, in part reflecting the
nature of the evidence available and precedents in terminology around specific elements. Arsenic, for
example, is widely referred to as “arsenic” alone and not as “arsenic and arsenic compounds.”

In the Monograph on nickel and nickel compounds, the Working Group phrased its evaluation of
the epidemiological studies as “mixtures of nickel compounds and nickel metal.” The overall evalua-
tion, however, was constrained to cover only nickel compounds and not nickel metal, in accordance
with TARC’s previously announced plan that Volume 100 would evaluate agents that had been clas-
sified as carcinogenic to humans (Group 1) in Volumes 1-99, and only nickel compounds had been
classified in Group 1 in Volume 49 (IARC, 1990). Based on the previous evaluation in Volume 49,
nickel metal remains classified as possibly carcinogenic to humans (Group 2B). The Working Group
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recommends that there is a need for IARC to re-evaluate nickel metal in the near future in the context
of the review of nickel compounds in this volume.

The situation was similar for chromium in that the review in Volume 100 considered the carci-
nogenicity of chromium (VI), but not of chromium with other oxidation states. The decision to omit
metallic chromium or chromium (III) compounds from present assessment should not be inter-
preted as implying that these compounds are not carcinogenic or that the current evidence base is
unchanged from that at the time of Volume 49 (IARC, 1990). Indeed, the evidence base has expanded
and the Working Group does not pre-judge what the results of a new evaluation might be.

In the Monograph on arsenic and arsenic compounds, the Working Group developed a single
updated assessment of agents that had been evaluated in previous Monographs on arsenic and arsenic
compounds (Volume 23 and Supplement 7, IARC, 1980, 1987a), arsenic in drinking-water (Volume
84,1ARC, 2004), and gallium arsenide (Volume 86, IARC, 2006). It should be understood that arsenic
in drinking-water and gallium arsenide should continue to be regarded as carcinogenic to humans,
covered in this volume by the evaluation of arsenic and inorganic arsenic compounds.

In interpreting the human evidence on these agents, a particular difficulty was posed by the
mixed exposures sustained by the worker populations included in the cohort studies. For groups
exposed simultaneously to an agent in elemental/metallic form and to its compounds, the evidence
may be uninformative as to the components of the mixture that cause cancer. When the evidence
comes only from mixed exposure circumstances, the Working Group considered that the evaluation
should be phrased as referring to “exposure to the element and its compounds.”

This phrasing should not be interpreted as meaning that:

1) separate human evidence is available for the metallic/elemental form itself and for each of its
compounds or

2) the evaluation of human evidence applies separately to the metallic/elemental form and to each
of its compounds.

From the human evidence, insight can be gained as to the specific carcinogenic agent if suffi-
cient informative studies are available on multiple cohorts having exposures to differing speciations
of the element. Additionally, cancer bioassay and mechanistic evidence are critical to determining
which components of the exposure mixture are carcinogenic, and were given full consideration by
the Working Group.

2. Fibres and Dusts

When an agent is referred to as a dust, the assumption made by the Working Group was that the
major route of exposure was by inhalation.

The assessment of toxicity and carcinogenicity of poorly soluble materials in the form of particles
or fibres is difficult for the following reasons:

First, chemical composition alone does not fully define the relevant biological properties of par-
ticulate materials.

Second, particulate and fibrous carcinogens may undergo more complex metabolic transforma-
tion than other chemical agents. The surface of dusts may be modified in vivo, for example, there may
be removal or deposition of metal ions or protein adsorption. These in vivo modifications may alter
potency of the native particles or fibres.
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Third, when comparing potency of dust particles, surface area may be a more appropriate dose
metric than mass. In many cases, the extent of particle-derived free radicals and release of inflam-
matory mediators and the subsequent biological response correlate with surface area.

Fourth, particles and fibres with low solubility including quartz and asbestos fibres induce toxic-
ity in the particulate form and not as individual molecules or ions. Particles and fibres may be depos-
ited and retained in a focal area for a long time and contribute to the induction of lesions at this site.
Particles and fibres may also be translocated to extrapulmonary sites.

Two occupations previously classified in Group 1 are considered in this volume. Boot and shoe
manufacture and repair was previously evaluated in Volume 25 and in Supplement 7 (IARC, 1981,
1987a). In this volume, the Working Group concluded that the nasal sinus tumours and leukaemias
observed in the epidemiological studies could be attributed to exposure to leather dust and to ben-
zene, respectively. In accordance with the Preamble (see part B, Section 6a), the Working Group
focused its evaluation more narrowly on leather dust, after searching for other studies involving
this new agent. The Working Group renamed this Monograph “Leather Dust.” (The Monograph on
Benzene will be updated in Part F of Volume 100.)

Furniture and cabinet making was also previously evaluated in Volume 25 and in Supplement 7
(IARC, 1981, 1987a). In this volume, the Working Group concluded that the tumours of the nasal
sinus and nasopharynx observed in the epidemiological studies could be attributed to exposure to
wood dust or formaldehyde. Accordingly, these studies are reviewed in this volume in the Monograph
on Wood Dust. (The Monograph on Formaldehyde will also be updated in Part F of Volume 100.)

The previous IARC Monographs on Talc Containing Asbestiform Fibres (Volume 42 and
Supplement 7, IARC, 1987a, b) concerned talc described as containing asbestiform tremolite and
anthophyllite. These fibres fit the definition of asbestos and therefore a separate review of talc con-
taining asbestiform fibres was not undertaken. The studies on talc containing asbestiform fibres were
considered when developing the Monograph on asbestos. Talc containing asbestos as well as other
mixtures containing asbestos should be regarded as carcinogenic to humans.

In evaluating the carcinogenicity of asbestos fibres, the Working Group evaluated experimental
data using the six types of asbestos fibres (Chrysotile, Amosite, Crocidolite, Tremolite, Actinolite
and Anthophyllite) and erionite based on in vitro cellular assays and/or cancer bioassays. It should
be understood that minerals containing asbestos in any form should be regarded as carcinogenic to
humans. The Working Group agreed that the most important physicochemical properties of asbes-
tos fibres relevant for toxicity and carcinogenicity are surface chemistry and reactivity, surface area,
fibre dimensions, and biopersistence. Extrapolation of toxicity to other crystalline mineral fibres
should not be done in the absence of epidemiological or experimental data based on in vitro and in
Vivo assays.

The toxicity of crystalline silica dusts obtained from different sources may be related to their
geological history, process of particle formation, modifications during mining, processing and use,
or surface contaminants even in trace amounts. Freshly ground crystalline silica exhibits a higher
toxic potential than aged dusts. Crystalline silica may occur embedded in clays and other minerals
or may be mixed with other materials in commercial products. It is possible that these other minerals
or materials may adsorb onto the surface of crystalline silica dust and modify its reactivity. However,
the extent of surface coverage and the potency of these modified dusts after residence in the lungs
have not been systematically assessed.
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3. Cross-cutting issues

3.1 Epidemiology

The epidemiological evidence considered in this Volume largely comes from studies of worker
groups exposed to the agents under consideration. Additionally, population-based case—control stud-
ies also supply relevant evidence as do a few case series. There are several general issues related to
these lines of epidemiological evidence that are covered in these comments.

The epidemiological evidence considered in this Volume largely comes from studies of worker
groups exposed to the agents under consideration at levels that were high in relation to contemporary
exposures, particularly in more developed countries. The cohort studies of workers have the general
design of longitudinal follow-up of groups known to be exposed to the agent of interest in their work-
place. Some cohort studies incorporate specific, unexposed comparison populations whereas others
make a comparison to the rates of mortality in the general population, typically at the national level
but sometimes on smaller geographic domains, e.g. states or counties. The measures of association
used (e.g. standardized mortality ratios or SMRs) compare the rate of outcome in the exposed popula-
tion to that in the unexposed population. One general concern in interpreting these measures of asso-
ciation is the appropriateness of the comparison population selected. National rates are often used
because they are available and stable, but use of such rates may be inappropriate if there are important
differences between the study population and the population at large on factors that might confound
or modify the relationship between exposure and outcome. With appropriate consideration, local
rates may be more suitable because factors that may confound the relationship between cancer risk
and exposure, e.g. cigarette smoking, are likely to be more similar than a national population to the
distributions in the worker population. Use of both national and local rates provides a sensitivity
analysis as to the potential role of confounding. However, use of local rates may introduce bias if they
are influenced by occupational or environmental exposures resulting from the plants under study, or
if the geographical areas available for analyses do not reflect the areas from which the occupational
population as drawn. Use of local rates may also result in imprecision of the epidemiological risk
estimate due to instability resulting from small numbers and/or inaccuracies in small area data. The
most appropriate comparison group would be other worker populations.

The informativeness of a cohort study depends on its size, i.e. the numbers of participants and out-
come events. The sample sizes of the various cohort studies reflect the numbers of workers employed
during the period of interest. Many of the studies had small population sizes, leading to imprecise
measures of association, i.e. with wide confidence intervals. For some agents, small studies were set
aside because they were uninformative. The Working Group did not attempt to combine the results
of all studies, regardless of size, using quantitative meta-analysis.

3.2 Mixed exposures

In many of the cohorts studied, the workers were exposed to mixtures generated by industrial
processes that contained not only the agent(s) of concern, but other potentially carcinogenic agents
as well. For example, in some populations exposed to chromium, there was simultaneous exposure
to arsenic. In analyses of the data from such studies, efforts were made to separate the effect of the
agent of concern from the effects of other, potentially confounding agents. Such disentanglement is
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possible only if the exposures are not highly correlated and the requisite data on exposures to the agents are
available. There is also the assumption underlying such analyses that the effects of the various agents in the
mixture are independent. In its deliberations, the Working Group recognized that exposures to many of the
agents took place through exposures to mixtures containing them and took this into account in its interpreta-
tion of the evidence.

Exposures were estimated for study participants using approaches that typically were based on measure-
ments and reconstruction of exposures based on work history and job—exposure matrices. Additionally, dura-
tion of employment was used as a surrogate for exposure. The measures of exposure were used in analyses
directed at characterizing exposure-response relationships. Given the limited data available for estimating
exposures, the exposure measures were subject to some degree of misclassification, likely random. One conse-
quence of such exposure misclassification would be a blunting of estimated exposure-response relationships.

3.3 Smoking as confounder

In interpreting findings related to lung cancer and other sites for which smoking is a cause, there is the
potential for confounding by smoking, particularly because many studies lacked information on smoking
and direct adjustment for smoking was not possible. In assessing the potential for confounding by smoking,
consideration was given to whether internal comparisons were made, which should not be as likely to be con-
founded as external comparisons. Additionally, some studies used available smoking information to estimate
the potential for confounding by smoking. Such analyses are useful but have the underlying assumption that
the effects of smoking and the agent of interest are independent.

Since the prior reviews, several data sets had undergone re-analysis by analysts who were not the original
investigators. As appropriate, the Working Group considered these re-analyses to assess any insights into the
original analyses.

A summary of the findings of this volume appears in The Lancet Oncology (Straif et al., 2009).
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ARSENIC AND ARSENIC COMPOUNDS

Arsenic and arsenic compounds were considered by previous IARC Working Groups in
1979, 1987, and 2002 (IARC, 1980, 1987, 2004). Since that time, new data have become avail-
able, these have been incorporated in the Monograph, and taken into consideration in the

present evaluation.

1. Exposure Data

1.1 Identification of the agents

Information on the physical and chemical
properties of arsenic and arsenic compounds can
be found in Table 1.1, for further details please
refer to IARC (1980). The list is not exhaus-
tive, nor does it comprise necessarily the most
commercially important arsenic-containing
substances; rather, it indicates the range of
arsenic compounds available.

1.2 Chemical and physical properties
of the agents

Arsenic (atomic number, 33; relative atomic
mass, 74.92) has chemical and physical proper-
ties intermediate between a metal and a non-
metal, and is often referred to as a metalloid
or semi-metal. It belongs to Group VA of the
Periodic Table, and can exist in four oxidation
states: -3, 0, +3, and +5. Arsenite, As", and arse-
nate, As', are the predominant oxidation states
under, respectively, reducing and oxygenated
conditions (WHO, 2001; IARC, 2004).

From a biological and toxicological perspec-
tive, there are three major groups of arsenic
compounds:

-inorganic arsenic compounds,

-organic arsenic compounds, and

-arsine gas.

Of the inorganic arsenic compounds, arsenic
trioxide, sodium arsenite and arsenic trichloride
are the most common trivalent compounds,
and arsenic pentoxide, arsenic acid and arse-
nates (e.g. lead arsenate and calcium arsenate)
are the most common pentavalent compounds.
Common organic arsenic compounds include
arsanilic acid, methylarsonic acid, dimethyl-
arsinic acid (cacodylic acid), and arsenobetaine
(WHO, 2000).

1.3 Use of the agents

Arsenic and arsenic compounds have been
produced and used commercially for centuries.
Current and historical uses of arsenic include
pharmaceuticals, wood preservatives, agricul-
tural chemicals, and applications in the mining,
metallurgical, glass-making, and semiconductor
industries.

Arsenic was used in some medicinal applica-
tions until the 1970s. Inorganic arsenic was used
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Table 1.1 Chemical names, CAS numbers, synonyms, and molecular formulae of arsenic and

arsenic compounds

Chemical name CAS Reg. No. Synonyms Formula
Arsanilic acid 98-50-0 Arsonic acid, (4-aminophenyl)- C HASNO,
Arsenic” 7440-38-2 Metallic arsenic As
Arsenic(V) pentoxide® 1303-28-2 Arsenic oxide [As,O,] As)0,
Arsenic(III) sulfide 1303-33-9 Arsenic sulfide [As,S,] As,S,
Arsenic(III) trichloride 7784-34-1 Arsenic chloride [AsCL] AsCl,
Arsenic(III) trioxide®* 1327-53-3 Arsenic oxide [As,0,] As)0O,
Arsenobetaine 64436-13-1 Arsonium, (carboxymethyl) trimethyl-, hydroxide, C.H, AsO,
inner salt; 2-(trimethylarsonio)acetate
Arsine 7784-42-1 Arsenic hydride AsH,
Calcium arsenate 7778-44-1 Arsenic acid [H,AsO,] calcium salt (2:3) (AsO,),.3Ca
Dimethylarsinic acid 75-60-5 Cacodylic acid C,H.AsO,
Lead arsenate 7784-40-9 Arsenic acid [H,AsO,], lead (2+) salt (1:1) HAsO,.Pb
Methanearsonic acid, 144-21-8 Arsonic acid, methyl-, disodium salt CH,As0O,.2Na
disodium salt
Methanearsonic acid, 2163-80-6 Arsonic acid, methyl-, monosodium salt CH,AsO,.Na
monosodium salt
Potassium arsenate? 7784-41-0 Arsenic acid [H,AsO,], monopotassium salt H,AsO,.K
Potassium arsenite 13464-35-2 Arsenous acid, potassium salt Ast.K
Sodium arsenate® 7631-89-2 Arsenic acid, [H,AsO,], monosodium salt H,AsO,.Na
Sodium arsenite 7784-46-5 Arsenous acid, sodium salt AsO,.Na
Sodium cacodylate 124-65-2 Arsinic acid, dimethyl-, sodium salt C,H AsO,.Na

¢ As,O, is sometimes erroneously called ‘arsenic’.

® The name ‘arsenic acid’ is commonly used for As O, as well as for the various hydrated products (H,AsO,, H As,0,).

¢ As,O, is sometimes called ‘arsenic oxide’, but this name is more properly used for As,O..

¢ The other salts, K,AsO, and K,HAsO,, do not appear to be produced commercially.

¢ The name ‘sodium arsenate’ is also applied to both the disodium [7778-43-0] and the trisodium [13464-38-5] salts; it is therefore not always

possible to determine which substance is under discussion.

in the treatment of leukaemia, psoriasis, and
chronic bronchial asthma, and organic arsenic
was used in antibiotics for the treatment of spiro-
chetal and protozoal disease (ATSDR, 2007).

Inorganic arsenic is an active component of
chromated copper arsenate, an antifungal wood
preservative used to make “pressure-treated”
wood for outdoor applications. Chromated
copper arsenate is no longer used in residential
applications, following a voluntary ban on its use
in Canada and the United States of America at
the end of 2003.

In the agricultural industry, arsenic has
historically been used in a range of applications,
including pesticides, herbicides, insecticides,
cotton desiccants, defoliants, and soil sterilants.
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Inorganic arsenic pesticides have not been used
for agricultural purposes in the USA since 1993.
Organicformsofarsenicwereconstituentsofsome
agricultural pesticides in the USA. However, in
2009, the US Environmental Protection Agency
issued a cancellation order to eliminate and phase
out the use of organic arsenical pesticides by
2013 (EPA, 2009). The one exception to the order
is monosodium methanearsonate (MSMA), a
broadleaf weed herbicide, which will continue to
be approved for use on cotton. Small amounts
of disodium methanearsonate (DSMA, or caco-
dylic acid) were historically applied to cotton
fields as herbicides, but its use is now prohibited
under the aforementioned US EPA 2009 organic
arsenical product cancellation. Other organic




arsenicals (e.g. roxarsone, arsanilic acid and its
derivatives) are used as feed additives for poultry
and swine to increase the rate of weight gain,
to improve feed efficiencies, pigmentation, and
disease treatment and prevention (EPA, 2000,
2006; FDA, 2008a, b).

Arsenic and arsenic compounds are used for
a variety of other industrial purposes. Elemental
arsenic is used in the manufacture of alloys,
particularly with lead (e.g. in lead acid batteries)
and copper. Gallium arsenide and arsine are
widely used in the semiconductor and electronics
industries. Because of its high electron mobility,
as well as light-emitting, electromagnetic and
photovoltaic properties, gallium arsenide is used
in high-speed semiconductor devices, high-
power microwave and millimetre-wave devices,
and opto-electronic devices, including fibre-
optic sources and detectors (IARC, 2006). Arsine
is used as a doping agent to manufacture crystals
for computer chips and fibre optics.

Arsenic and arsenic compounds are used in
the manufacture of pigments, sheep-dips, leather
preservatives, and poisonous baits. They are also
used in catalysts, pyrotechnics, antifoulingagents
in paints, pharmaceutical substances, dyes and
soaps, ceramics, alloys (automotive solder and
radiators), and electrophotography.

Historically, the USA has been the world’s
largest consumer of arsenic. Prior to 2004, about
90% of the arsenic consumed, as arsenic trioxide,
was in the manufacture of wood preservatives.
Since the voluntary ban on chromated copper
arsenate in residential applications came into
effect at the end of 2003, the consumption of
arsenic for wood preservation has declined, drop-
ping to 50% in 2007 (USGS. 2008). During 1990-
2002, approximately 4% of arsenic produced was
used in the manufacture of glass, and 1-4% was
used in the production of non-ferrous alloys
(N'TP, 2005).

Arsenic and arsenic compounds

1.4 Environmental occurrence

Arsenic is the 20" most common element in
the earth’s crust, and is emitted to the environ-
ment as a result of volcanic activity and indus-
trial activities. Mining, smelting of non-ferrous
metals and burning of fossil fuels are the major
anthropogenic sources of arsenic contamination
of air, water, and soil (primarily in the form of
arsenic trioxide). The historical use of arsenic-
containing pesticides has left large tracts of agri-
cultural land contaminated. The use of arsenic
in the preservation of timber has also led to
contamination of the environment (WHO, 2000,
2001).

1.4.1 Natural occurrence

In nature, arsenic occurs primarily in its
sulfide form in complex minerals containing
silver, lead, copper, nickel, antimony, cobalt, and
iron. Arsenic is present in more than 200 mineral
species, the most common of which is arsenopy-
rite. Terrestrial abundance of arsenic is approxi-
mately 5 mg/kg, although higher concentrations
are associated with sulfide deposits. Sedimentary
iron and manganese ores as well as phosphate-
rock deposits occasionally contain levels of
arsenic up to 2900 mg/kg (WHO, 2001).

1.4.2 Air

Arsenic is emitted to the atmosphere from
both natural and anthropogenic sources.
Approximately one-third of the global atmos-
pheric flux of arsenic is estimated to be from
natural sources (7900 tonnes per year). Volcanic
activity is the most important natural contrib-
utor, followed by low-temperature volatilization,
exudates from vegetation, and windblown dusts.
Anthropogenic sources are estimated to account
for nearly 24000 tonnes of arsenic emitted to the
global atmosphere per year. These emissions arise
from the mining and smelting of base metals,
fuel combustion (e.g. waste and low-grade brown
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coal), and the use of arsenic-based pesticides
(WHO, 2000, 2001).

Arsenic is present in the air of suburban,
urban, and industrial areas mainly as inorganic
particulate (a variable mixture of As" and As,
with the pentavalent form predominating).
Methylated arsenic is assumed to be a minor
component of atmospheric arsenic (WHO, 2000).
Mean total arsenic concentrations in air range
from 0.02-4 ng/m’ in remote and rural areas,
and from 3-200 ng/m’ in urban areas. Much
higher concentrations (> 1000 ng/m?*) have been
measured in the vicinity of industrial sources,
such as non-ferrous metal smelters, and arsenic-
rich coal-burning power plants (WHO, 2001).

1.4.3 Water

Arsenic, from both natural and anthropo-
genic sources, is mainly transported in the envi-
ronment by water. The form and concentration
of arsenic depends on several factors, including
whether the water is oxygenated (for example,
arsenites predominate under reducing condi-
tions such as those found in deep well-waters),
the degree of biological activity (which is asso-
ciated with the conversion of inorganic arsenic
to methylated arsenic acids), the type of water
source (for example, open ocean seawater versus
surface freshwater versus groundwater), and the
proximity of the water source to arsenic-rich
geological formations and other anthropogenic
sources (WHO, 2000, 2001).

The concentration of arsenic in surface fresh-
water sources, like riversandlakes, istypicallyless
than 10 pg/L, although it can be as high as 5 mg/L
near anthropogenic sources. Concentrations of
arsenic in open ocean seawater and groundwater
average 1-2 pg/L, although groundwater concen-
trations can be up to 3 mg/Linareas with volcanic
rock and sulfide mineral deposits (WHO, 2001).

Exposure to highlevels ofarsenicin drinking-
water has been recognized for many decades in
some regions of the world, notably in the People’s
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Republic of China, Taiwan (China), and some
countries in Central and South America. More
recently, several other regions have reported
having drinking-water that is highly contami-
nated with arsenic. In most of these regions, the
drinking-water source is groundwater, natu-
rally contaminated from arsenic-rich geological
formations. The primary regions where high
concentrations of arsenic have been measured in
drinking-water includelarge areas of Bangladesh,
China, West Bengal (India), and smaller areas
of Argentina, Australia, Chile, Mexico, Taiwan
(China), the USA, and Viet Nam. In some areas
of Japan, Mexico, Thailand, Brazil, Australia, and
the USA, mining, smelting and other industrial
activities have contributed to elevated concen-
trations of arsenic in local water sources (IARC,
2004).

Levels of arsenic in affected areas may range
from tens to hundreds or even thousands of
micrograms per litre, whereas in unaffected
areas, levels are typically only a few micrograms
per litre. Arsenic occurs in drinking-water
primarily as As", although in reducing environ-
ments significant concentrations of As" have
also been reported. Trace amounts of methylated
arsenic species are typically found in drinking-
water, and higher levels are found in biological
systems. More complete data on arsenic in water
may be found in the previous JARC Monograph
(IARC, 2004).

1.4.4 Soil and sediments

Naturalandanthropogenicsourcescontribute
to the levels of arsenic found in soil and sedi-
ments. Mean background concentrations in soil
are often around 5 mg/kg, but can range from as
low as 1 mg/kg to as high as 40 mg/kg. This vari-
ation in levels of naturally occurring arsenic in
soils is associated with the presence of geological
formations (e.g. sulfide ores, mineral sediments
beneath peat bogs). Soils contaminated with
arsenic from anthropogenic sources (e.g. mine/



smelter wastes, agricultural land treated with
arsenical pesticides) can have concentrations of
arsenic up to several grams per kilogram. Mean
sediment arsenic concentrations range from
5-3000 mg/kg, with the higher levels occurring
in areas of anthropogenic contamination (WHO
2001).

1.5 Human exposure

1.5.1 Exposure of the general population

The primary route of arsenic exposure for
the general population is via the ingestion of
contaminated food or water. The daily intake of
total arsenic from food and beverages is gener-
ally in the range of 20-300 pg/day.

Inhalation of arsenic from ambient air is
generally a minor exposure route for the general
population. Assuming a breathing rate of 20 m?/
day, the estimated daily intake may amount to
about 20-200 ng in rural areas, 400-600 ng in
cities without substantial industrial emission
of arsenic, about 1 pg/day in a non-smoker and
more in polluted areas, and up to approximately
10 pg/day in a smoker (WHO, 2000, 2001).

1.5.2 Occupational exposure

Inhalation of arsenic-containing particulates
is the primary route of occupational exposure,
but ingestion and dermal exposure may be
significant in particular situations (e.g. during
preparation of timber treated with chromated
copper arsenate). Historically, the greatest occu-
pational exposure to arsenic occurred in the
smelting of non-ferrous metal, in which arsenif-
erous ores are commonly used. Other industries
or industrial activities where workers are or were
exposed to arsenic include: coal-fired power
plants, battery assembly, preparation of or work
with pressure-treated wood, glass-manufac-
turing, and the electronics industry. Estimates
of the number of workers potentially exposed to

Arsenic and arsenic compounds

arsenic and arsenic compounds have been devel-
oped by the NIOSH in the USA and by CAREX
in Europe. Based on the National Occupation
Exposure Survey (NOES), conducted during
1981-83, NIOSH estimated that 70000 workers,
including approximately 16000 female workers,
were potentially exposed to arsenic and arsenic
compounds in the workplace (NIOSH, 1990).
Based on occupational exposure to known and
suspected carcinogens collected during 1990-93,
the CAREX (CARcinogen EXposure) database
estimated that 147569 workers were exposed to
arsenic and arsenic compounds in the European
Union, with over 50% of workers employed in the
non-ferrous base metal industries (n = 40426),
manufacture of wood and wood and cork prod-
ucts except furniture (n = 33959), and construc-
tion (n = 14740). CAREX Canada estimates
that 25000 Canadians are exposed to arsenic in
their workplaces (CAREX Canada, 2011). These
industries include: sawmills and wood preser-
vation, construction, farms, non-ferrous metal
(except aluminium) production and processing,
iron and steel mills and ferro-alloy manufac-
turing, oil and gas extraction, metal ore mining,
glass and glass-product manufacturing, semi-
conductor manufacturing, and basic chemical
manufacturing.

1.5.3 Dietary exposure

Low levels of inorganic and organic arsenic
have been measured in most foodstuffs (typical
concentrations are less than 0.25 mg/kg). Factors
influencing the total concentration of arsenic in
food include: food type (e.g. seafood versus meat
or dairy), growing conditions (e.g. soil type,
water, use of arsenic-containing pesticides), and
food-processing techniques. The highest concen-
trations of arsenic have been found in seafood
(2.4-16.7 mg/kg in marine fish, 3.5 mg/kg in
mussels, and more than 100 mg/kg in certain
crustaceans), followed by meats, cereals, vegeta-
bles, fruit, and dairy products. Inorganic arsenic
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is the predominant form found in meats, poultry,
dairy products and cereal, and organic arsenic
(e.g. arsenobetaine) predominates in seafood,
fruit, and vegetables (WHO, 2000, 2001).

Regional differences are seen in the daily
intake of total arsenic through food, and are
mainly attributable to variations in the quan-
tity of seafood consumed. For example, the
daily dietary intake of total arsenic in Japan is
higher than that in Europe and the USA (WHO,
2000). Based on the limited data available, it
is estimated that approximately 25% of daily
dietary arsenic intake is from inorganic sources.
Arsenic intake is typically higher in men than it
is in women and children, with estimated levels
ranging from 1.3 pg/day for infants under 1 year
of age, 4.4 pg/day for 2-year olds, 9.9 ug/day for
25-30-year-old men, 10 ug/day for 60-65-year-
old women, and 13 pg/day for 60-65-year-old
men (WHO, 2001).

1.5.4 Biomarkers of exposure

Arsine generation atomic absorption spec-
trometry (AAS) is the method of choice for biolog-
ical monitoring of exposure to inorganic arsenic
(WHO, 2000). The absorbed dose of arsenic can
be identified and quantified in hair, nail, blood
or urine samples. Because arsenic accumulates
in keratin-rich tissue, total arsenic levels in hair,
fingernails or toenails are used as indicators of
past exposures. In contrast, because of its rapid
clearing and metabolism, blood arsenic, urine
arsenic, and urine arsenic metabolites (inorganic
arsenic, monomethylarsonic acid [MMA"] and
dimethylarsinic acid [DMA"]) are typically used
as indicators of recent exposure.

The concentration of metabolites of inorganic
arsenic in urine generally ranges from 5-20 pug/L,
but may exceed 1000 pg/L (WHO, 2001). Time-
weighted average (TWA) occupational exposure
to airborne arsenic trioxide is significantly corre-
lated with the inorganic arsenic metabolites in
urine collected immediately after a shift or just
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before the next shift. For example, at an airborne
concentration of 50 pug/m’, the mean concentra-
tion of arsenic derived from the sum of the three
inorganic arsenic metabolites in a post-shift
urine sample was 55 pg/g of creatinine. In non-
occupationally exposed subjects, the sum of the
concentration of the three metabolites in urine
is usually less than 10 ug/g of creatinine (WHO,
2000).

2. Cancer in Humans

The epidemiological evidence on arsenic
and cancer risk comes from two distinct lines
of population studies, characterized by the
medium of exposure to arsenic. One set of
studies addresses the cancer risk associated with
inhalation. These studies involve populations
that are largely worker groups who inhaled air
contaminated by arsenic and other agents, as a
consequence of various industrial processes. The
second set of studies was carried out in locations
where people ingested arsenic in drinking-water
at high concentrations over prolonged periods of
time.

2.1 Types of human exposure
circumstances studied

2.1.1 Arsenic exposure by inhalation

The cohort studies and nested case—control
studies considered in this Monograph that are
relevant to airborne arsenic include workers
in metal smelters and refineries, and miners
of various ores. Case—control studies within
the general population addressed occupational
exposures more generally. Consequently, the
exposure to inhaled arsenic was accompanied by
exposures to other potentially toxic and carci-
nogenic by-products of combustion, such as
sulfur oxides with copper smelting, polycyclic
aromatic hydrocarbons, and particulate matter.



Most studies did not attempt to estimate sepa-
rately exposures to the full set of agents in the
inhaled mixtures, leaving open the possibility of
some confounding or modification of the effect
of arsenic by synergistic interactions.

2.1.2 Arsenic exposure by ingestion

For most human carcinogens, the major
source of evidence contributing to causal infer-
ences arises from case-control and cohort
studies. In contrast, for arsenic in drinking-
water, ecological studies provide important
information on causal inference, because of the
large exposure contrasts and the limited popula-
tion migration. For arsenic, ecological estimates
of relative risk are often so high that potential
confounding with known causal factors could
not explain the results. Although food may also
be a source of some ingested arsenic, in several
regions of the world where the concentrations of
arsenic in drinking-water is very high, arsenic
intake through food consumption contributes a
relatively small cancer risk to the local residents
(Liu et al., 2006a).

The strongest evidence for the association of
human cancer with arsenic in drinking-water
comes from studies in five areas of the world with
especially elevated levels of naturally occurring
arsenic: south-western and north-eastern Taiwan
(China), northern Chile, Cordoba Province in
Argentina, Bengladesh, West Bengal (India),
and other regions in the Ganga plain. Although
data contributing to our understanding also
come from many other places, the current
review is largely restricted to the major studies
from these regions. Some of the oral exposure
may occur via seafood. However, no epidemio-
logical studies were available with regard to the
cancer risk associated with arsenic exposure via
seafood, in which arsenic may occur as partic-
ular organic compounds such as arsenobetaine
and arsenocholine.

Arsenic and arsenic compounds

(a) Taiwan (China)

Exposure to arsenic was endemic in two areas
of Taiwan (China): The south-western coastal
area (Chen et al., 1985), and the north-eastern
Lanyang Basin (Chiou ef al., 2001). Residents
in the south-western areas drank artesian
well-water with high concentrations of arsenic
from the early 1910s to the late 1970s, with
levels mostly above 100 pg/L (Kuo, 1968; Tseng
et al., 1968). In the Lanyang Basin, residents used
arsenic-contaminated water from household
tube wells starting in the late 1940s. Arsenic in
the water of 3901 wells, tested in 1991-94 ranged
from undetectable (< 0.15 pg/L) to 3.59 mg/L
(median = 27.3 pug/L) (Chiou et al., 2001).

(b) Northern Chile

The population-weighted average concentra-
tion of arsenic in drinking-water in Region II, an
arid region of northern Chile, was about 570 pug/L
over 15 years (1955-69) (Smith et al., 1998). With
the introduction of a water-treatment plant in
1970, levels decreased. By the late 1980s, arsenic
levels in drinking-water had decreased to less
than 100 pg/L in most places. With minor excep-
tions, water sources elsewhere in Chile have had
low concentrations of arsenic (less than 10 ug/L)
(Marshall et al., 2007).

(c) Cordoba Province, Argentina

Of the 24 counties in Cordoba Province, two
have been characterized as having elevated expo-
sure to arsenic in drinking-water (average level,
178 ug/L), six as having medium exposure, and
the remaining 16 rural counties as having low
exposure (Hopenhayn-Rich ef al., 1996, 1998).

(d) Bangladesh, West Bengal (India), and other
locations in the Ganga plain

Millions of tube wells were installed in West
Bengal (India), Bangladesh, and other regions in
the Ganga plain of India and Nepal starting in
the late 1970s to prevent morbidity and mortality
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from gastrointestinal disease (Smith et al.
2000). Elevated arsenic in wells in Bangladesh
was confirmed in 1993 (Khan et al., 1997). In
a Bangladesh survey by the British Geological
Survey of 2022 water samples in 41 districts, 35%
were found to have arsenic levels above 50 pg/L,
and 8.4% were above 300 ug/L, with an estimate
of about 21 million persons exposed to arsenic
concentrations above 50 pg/L (Smith ef al., 2000).

2.2 Cancer of the lung

2.2.1 Exposure via inhalation

Several ecological studies were conducted on
populationsexposedtoarsenicthroughindustrial
emissions. The worker studies primarily provide
information on lung cancer. The case-control
studiesarealsomostlydirectedatlungcancer,with
one on non-melanoma skin cancer (see Table 2.1
available at http:/monographs.iarc.fr/ENG/
Monographs/vol100C/100C-01-Table2.1.pdf).

The cohort studies reviewed previously and
here consistently show elevated lung cancer risk
in the various arsenic-exposed cohorts compared
with the general population or other comparison
groups, with most values in the range of 2-3
(see Table 2.2 available at http://monographs.
iarc.fr/ENG/Monographs/vol100C/100C-01-
Table2.2.pdf and Table 2.3 available at http://
monographs.iarc.fr/ENG/Monographs/
vol100C/100C-01-Table2.3.pdf).

The studies incorporate diverse qualitative
and quantitative indices of exposure that include
measures of average airborne concentration of
exposure, cumulative exposure across the work
experience, and duration of exposure. There is
consistent evidence for a positive exposure—
response relationship between the indicators of
exposure and lung cancer risk. Case-control
studies nested within occupational cohorts
provided similar evidence with regard to expo-
sure-response relationships.
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Several analyses further explored the relation-
ship between arsenic exposure and lung cancer
risk using models based on either empirical,
i.e. descriptive, or biological data (see Table 2.4
available at http://monographs.iarc.fr/ENG/
Monographs/vol100C/100C-01-Table2.4.pdf).

Using data from the Tacoma, Washington
smelter workers, Enterline ef al. (1987) modelled
the relationship between lung cancer risk and
airborne arsenic exposure using power func-
tions, and found that the exposure-response
relationship was steeper at lower concentrations
than shown in conventional analyses, and was
concave downwards at higher concentrations.
By contrast, the relationship of risk with urine
arsenic concentration was linear. Lubin ef al.
(2000, 2008) analysed the exposure-response
relationship of lung cancer risk with arsenic expo-
sure in the cohort of Montana smelter workers,
now followed for over 50 years. Overall, a linear
relationship of risk with cumulative exposure
was found; however, the slope of the relation-
ship increased with the average concentration at
which exposure had taken place, that is, the effect
of a particular cumulative exposure was greater
if received at a faster rate.

For a comparison of the different
studies, see Table 2.5 available at http://
monographs.iarc.fr/ENG/Monographs/
vol100C/100C-01-Table2.5.pdf.

2.2.2 Exposure via ingestion

A summary of the findings of epidemio-
logical studies on arsenic in drinking-water and
risk for lung cancer are shown in Table 2.6 (water
exposures) available at http:/monographs.
iarc.fr/ENG/Monographs/vol100C/100C-01-
Table2.6.pdf, and online Tables 2.1 to 2.4 (air
exposures).
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(a) Ecological studies

Ecological studies, based on mortality
records, were conducted in the arseniasis
endemic area of south-western Taiwan (China)
(Chen et al., 1985, 1988a; Wu et al., 1989; Chen &
Wang, 1990; Tsai et al., 1999). All studies found
elevated risks for lung cancer mortality associ-
ated with levels of arsenic in drinking-water, or
surrogate measurements.

In Chile, Rivara et al. (1997) found an elevated
relative risk (RR) for mortality from lung cancer
in 1976-92 in Region II compared with Region
VIII, a low-exposure area. Smith et al. (1998)
found an elevated standardized mortality ratio
(SMR) of approximately 3 for lung cancer for
both sexes in Region II, using the national rate
as standard. In Cordoba Province, Argentina,
significant increases in lung cancer mortality
were associated with increasing exposure to
arsenic (Hopenhayn-Rich et al., 1998). Smith et
al. (2006) found an elevated lung cancer mortality
(RR, 7.0; 95%CI: 5.4-8.9) among the 30-49-year-
old residents of Antofagasta and Mejillones born
in the period 1950-57, just before the period of
exposure to high arsenic levels (1958-70). They
were exposed in early childhood to high levels
of arsenic through the drinking-water. The
temporal pattern of lung cancer mortality rate
ratios in Region II compared with that in Region
V (a low-exposure area) from 1950 to 2000,
showed an increase about 10 years after the onset
of high arsenic exposure, and peaked in 1986-87,
with relative risks of 3.61 (95%CI: 3.13-4.16) and
3.26 (95%CI: 2.50-4.23) for men and women,
respectively (Marshall ef al., 2007).

(b) Case-control and cohort studies

In northern Chile, a case-control study of
151 cases and 419 controls reported significantly
increasing risks with increasing levels of arsenic
during the 1958-70 high-exposure period, with
an odds ratio increasing to 7.1 (95%ClI: 3.4-14.8)
(Ferreccio et al., 2000).

Arsenic and arsenic compounds

In a cohort from south-western Taiwan
(China), Chen et al. (1986) observed a dose-
response relationship between the duration of
consumption of artesian well-water containing
high levels of arsenic and lung cancer mortality
risk,showingthehighestage-andgender-adjusted
odds ratio among those who consumed artesian
well-water for more than 40 years compared
with those who never consumed artesian well-
water. Another cohort study from south-western
Taiwan (China) endemic for arsenic found a
smoking-adjusted increased risk for lung cancer
in relation to increasing average concentrations
of arsenic and increasing cumulative exposure to
arsenic (Chiou et al., 1995).

A further study of combined cohorts in south-
western (n = 2503) and north-eastern (n = 8088)
Taiwan (China) found a synergistic interaction
between arsenic in drinking-water and cigarette
smoking (Chen ef al., 2004).

A case-control study from Bangladesh,
conducted in 2003-06, found an elevated risk
(odds ratio [OR], 1.65; 95%CI: 1.25-2.18) for
male smokers consuming tube well-water with
arsenic levels of 101-400 pg/L (Mostafa et al.
2008). In non-smokers, the study did not report
an increased risk with increasing arsenic expo-
sure. [The Working Group noted the ecological
nature of the exposure estimates, the possibility
of greater sensitivity to arsenic exposure among
smokers, and the relatively short latent period,
with almost two-thirds of the wells put in place
in 1990 or later.]

2.3 Cancer of the urinary bladder and
of the kidney

The results of the epidemiological studies
on arsenic in drinking-water and the risk
for cancers of the urinary bladder and of the
kidney are summarized in Table 2.7 available
at http://monographs.iarc.fr/ENG/Monographs/
vol100C/100C-01-Table2.7.pdf.
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2.3.1 Ecological studies

In south-western and north-eastern Taiwan
(China), the relation between cancer of the
urinary bladder and of the kidney and drinking-
water containing arsenic was evaluated in many
of the studies cited above (Chen ef al., 1985, 1988a;
Wau et al., 1989; Chen & Wang, 1990; Tsai et al.,
1999). Each reported an elevation in mortality
from these cancers during various time periods
in 1971-94 associated with levels of arsenic in
well-water from rural artesian wells, with many
reporting a dose-response relationship among
both men and women. An additional study,
based on incidence records, found comparable
risks for bladder cancer (Chiang ef al., 1993).

In Region II of Chile, two studies found
markedly high SMRs for cancer of the urinary
bladder and of the kidney in 1950-92 (Rivara
etal.,1997) and in 1989-93 (Smith et al., 1998).In
the latter study, mortality from chronic obstruc-
tive pulmonary disease was at the expected level,
suggesting that smoking was not involved. The
temporal pattern of bladder cancer mortality
in Region II from 1950-2000 was compared
with that in Region V (Marshall et al., 2007).
Increased relative risks were reported about 10
years after the start of exposure to high arsenic
levels, with peak relative risks of 6.10 (95%CI:
3.97-9.39) for men, and 13.8 (95%CI: 7.74-24.5)
for women in the period 1986-94. In Cordoba
Province, Argentina, positive trends in SMRs
were reported for bladder and kidney cancers
associated with estimates of exposure to arsenic
in drinking-water (Hopenhayn-Rich et al., 1996,
1998), again with no findings for chronic obstruc-
tive pulmonary disease.

[The Working Group noted that kidney
cancers consist of both renal cell carcinoma and
transitional cell carcinoma of the renal pelvis, the
latter often being of the same etiology as bladder
cancer. As arsenic causes transitional cell carci-
noma of the bladder, merging of the two types of
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kidney cancer may result in a dilution of the risk
estimate for total kidney cancer.]

2.3.2 Case—control and cohort studies

In a case-control study using death certifi-
cates (1980-82) from the area in Taiwan (China),
endemic for Blackfoot disease, Chen et al. (1986)
reported increasing trends in odds ratios with
increasing duration of consumption of artesian
well-water containing arsenic. The highest risks
were seen for over 40 years of exposure, with an
odds ratio of 4.1 (P < 0.01) for bladder cancer in a
multivariate analysis, after adjusting for smoking
and other factors from next-of-kin interviews.

In case-control studies of incident bladder
cancer that included analysis of arsenic species
in urine samples, a higher risk associated with
arsenic was found among persons with higher
MMA":DMA" ratios or, alternatively, with a
higher percentage of MMAY (Chen et al., 2003,
2005a; Steinmaus et al., 2006; Pu et al., 2007a;
Huang et al., 2008).

Cohort studies from south-western and
north-eastern Taiwan (China) (Chen et al
1988b; Chiou et al., 1995, 2001; Chen & Chiou,
2001) Japan (Tsuda ef al., 1995), and the United
Kingdom (Cuzick et al., 1992) each observed
elevated bladder cancer risk following long-
term exposure to ingested arsenic, with dose-
response relationships found where the numbers
of cases permitted such an analysis. The study
from Taiwan (China), also found an elevated risk
of kidney cancer (OR, 2.8; 95%CI: 1.3-5.4, based
on nine cases) (Chiou ef al., 2001).

2.4 Cancer of the skin

The recognition of arsenicasa carcinogen first
came from case series describing skin cancers
following the ingestion of medicines containing
arsenicals (Hutchinson, 1888; Neubauer, 1947),
and exposure to arsenical pesticide residues, and
arsenic-contaminated wine (Roth, 1957; Grobe,




1977) or drinking-water, originating from many
countries. The characteristic arsenic-associated
skin tumours include squamous cell carcinomas
arising in keratoses (including Bowen disease),
and multiple basal cell carcinomas.

Findings of epidemiological studies on
arsenic in drinking-water and risk for skin
cancer are summarized in Table 2.8 available at
http://monographs.iarc.fr/ENG/Monographs/
vol100C/100C-01-Table2.8.pdf.

2.4.1 Ecological studies of prevalence

In south-western Taiwan (China), Tseng et al.
(1968) found an 8-fold difference in the preva-
lence of skin cancer lesions from the highest
(> 600 ug/L) to the lowest category (< 300 ug/L)
of arsenic concentration in artesian wells, after
an extensive examination survey of 40421 inhab-
itants in 37 villages.

2.4.2 Ecological studies based on mortality
from cancer of the skin

Studies in Taiwan (China) (Chen ef al., 1985,
1988a; Wu et al., 1989; Chen & Wang, 1990; Tsai
et al., 1999) analysed skin cancer mortality in
relation to levels of arsenic in well-water. These
investigations found consistent gradients of
increasing risk with average level of arsenic in
drinking-water, as measured on the township or
precinct level.

Rivara et al. (1997) observed an SMR for
skin cancer of 3.2 (95%CI: 2.1-4.8), comparing
mortality from skin cancer in 1976-92 between
Region IT and the unexposed control Region VIII
of Chile. Later, Smith ef al. (1998) found SMRs of
7.7 (95%CI: 4.7-11.9) among men and 3.2 (95%CI:
1.3-6.6) among women for the years 1989-93 in
Region II of Chile, using national mortality rates
as reference. [The Working Group noted that the
histological type of skin cancer was reported
in only a few instances. Although skin cancer
mortality can be influenced by access to health

Arsenic and arsenic compounds

care, the SMRs reported here are so large as to
not be explained by any possible confounding.]

2.4.3 Cohort studies

A retrospective cohort study of 789 (437 men,
352 women) of Blackfoot disease patients in
Taiwan (China) reported an SMR of 28 (95%CI:
11-59) for skin cancer deaths (based on seven
observed deaths), using Taiwan (China) regional
rates as reference (Chen et al., 1988b).

In a cohort of 654 persons in south-western
Taiwan (China), an observed incidence rate of
14.7 cases of skin cancer/1000 person-years was
found (Hsueh et al., 1997), with risks significantly
related to duration of living in the area endemic
for Blackfoot disease, duration of consumption
of artesian well-water, average concentration
of arsenic, and index for cumulative exposure
to arsenic. Similar findings were observed in a
nested case—control study conducted within this
cohort (Hsueh ef al., 1995).

In Region II of Chile, a decrease in incidence
rates of cutaneous lesions (leukoderma, melano-
derma, hyperkeratosis, and squamous cell carci-
noma) was observed during 1968-71 after a
lowering of waterborne arsenic levels from a filter
plant, which started operation in 1970 (Zaldivar
1974).

2.5 Cancer of the liver

2.5.1 Ecological studies

The relation between liver cancer risk and
drinking-water contaminated with arsenic was
evaluated in many of the studies from south-
western Taiwan (China), cited above (Chen et al.
1985, 1988a; Wu et al., 1989; Chen & Wang, 1990;
Chiang et al., 1993; Tsai et al., 1999; see Table 2.9
available at http://monographs.iarc.fr/ENG/
Monographs/vol100C/100C-01-Table2.9.pdf),
with positive associations found in all studies.
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In northern Chile, Rivara et al. (1997)
observed a relative risk for liver cancer mortality
of 1.2 (95%CIL: 0.99-1.6) in arsenic-exposed
Region II compared with Region VIII. Liver
cancer mortality in Region II of northern Chile
during the period 1989-93 among persons > 30
years of age was not significantly elevated, using
national rates as reference (Smith ef al., 1998).
SMRs were 1.1 (95%CI: 0.8-1.5) both for men and
for women. Liaw et al. (2008) found an elevated
relative risk (10.6; 95%CI: 2.9-39.3, P < 0.001)
for liver cancer among children in Region II of
Chile born in 1950-57 and exposed in utero or
shortly thereafter, compared to rates in Region
V of Chile.

In Cordoba Province, Argentina, SMRs were
not related to arsenic exposure (Hopenhayn-
Rich et al., 1998).

[The Working Group noted that the finding
of an association with liver cancer in Taiwan
(China), but not in South America may reflect a
more sensitive population in the former region,
due to endemic hepatitis B. The elevated risk of
those exposed in utero and as young children
may reflect a combination of greater biological
vulnerability in early life (Waalkes et al., 2007)
plus the fact that young children consume 5-7
times more water per kilogram body weight per
day than adults (NRC, 1993).]

2.5.2 Case—control studies

In a case-control study investigating the
consumption artesian well-water containing
high concentrations of arsenic and mortality
from liver cancer in four townships of south-
westernern Taiwan (China), Chen et al. (1986)
observed an exposure-response relationship
between the duration of consumption of the
contaminated well-water and risk for liver cancer,
adjusted for cigarette smoking, habitual alcohol
and tea drinking, and consumption of vegetables
and fermented beans.
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2.6 Cancer of the prostate

Studies conducted in Taiwan (China) (Chen
etal., 1985, 1988a; Wu et al., 1989; Chen & Wang,
1990; Tsai et al., 1999) analysed prostate cancer
mortality in relation to levels of arsenic in well-
water, with some overlap among the respective
study populations. Using several methodolog-
ical approaches and comparison populations
including direct and indirect standardization
of rates, all studies reported significant dose-
response relationships between the level of
arsenic in drinking-water and the risk for pros-
tate cancer mortality (see Table 2.10 available at
http://monographs.iarc.fr/ENG/Monographs/
vol100C/100C-01-Table2.10.pdf).

In Chile, Rivara et al. (1997) found a relative
risk of 0.9 (95%CI: 0.54-1.53) for prostate cancer,
comparing the 1990 mortality rate for prostate
cancer of Region II with that of Region VIII.

2.7 Synthesis

The Working Group reviewed a large body
of evidence that covers ecological studies, case-
control studies and cohort studies in a variety
of settings and populations exposed either by
ingestion (primarily to As" and As" in drinking-
water) or inhalation (with exposure to a mixture
of inorganic arsenic compounds). The evidence
also relates to historical exposure from pesticidal
and pharmaceutical uses. The epidemiological
evidence from drinking-water exposure permits
the evaluation of the carcinogenicity that is
related to exposure to As" and As". The epidemi-
ological evidence from inhaled arsenic mixtures
permits the evaluation of the carcinogenicity
that is related to inorganic arsenic compounds.
However, it does not allow a separation of the
carcinogenic risk associated with particular
arsenic species that occur in these mixtures.

The observed associations between exposure
to arsenic in drinking-water and lung cancer,
and between exposure to arsenic in air and lung
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cancer, cannot be attributed to chance or bias.
The evidence is compelling for both the inhala-
tion and ingestion routes of exposure. There is
evidence of dose-response relationships within
exposed populations with both types of exposure.

The observed association between exposure
to arsenic in drinking-water and bladder cancer
cannot be attributed to chance or bias. There is
evidence of dose-response relationships within
exposed populations.

The observed association between exposure
to arsenic in drinking-water and skin cancer
cannot be attributed to chance or bias. There is
evidence of dose-response relationships within
exposed populations. The evidence is primarily
for squamous cell carcinoma of the skin.

Although the data for kidney cancer are
suggestive of a relationship with exposure to
arsenic in drinking-water, overall, the small
possibility of chance or bias cannot be completely
ruled out.

The evidence for an association between
liver cancer and long-term exposure to arsenic
in drinking-water relies on mortality data.
Although the data strongly suggest a causal asso-
ciation with some evidence of a dose-response
relationship, the Working Group could not rule
out possible chance or bias. The evidence comes
mainly from Taiwan (China) where hepatitis B is
highly prevalent.

The evidence for an association for pros-
tate cancer and long-term exposure to arsenic
in drinking-water relies on mortality data.
In the studies from Taiwan (China), there is
some evidence of a dose-response relationship.
However, the data from South America are not
consistent with this observation. Although the
evidence on prostate cancer suggests the possi-
bility of a causal association, the Working Group
could not rule out the possibility of chance or
bias.

Arsenic and arsenic compounds

3. Cancer in Experimental Animals

Over the years, it has proved difficult to
provide evidence for the carcinogenesis of inor-
ganic arsenic compounds. More recent work
has focused on methylated arsenic metabolites
in humans or exposure to inorganic arsenic
during early life, and has provided the informa-
tion to show potential links between arsenic and
carcinogenesis.

Studies published since the previous IARC
Monograph (IARC, 2004) are summarized below.

3.1 Oral administration
3.1.1 Mouse

The oral administration of sodium arsenate
in drinking-water for 18 months increased lung
tumour multiplicity and lung tumour size in
male strain A/J] mice (Cui ef al., 2006; see Table
3.1).

Similarly, drinking-water exposure to
the organo-arsenical DMAY for 50 weeks or
more increased the incidence and multiplicity
of lung adenoma or carcinoma in strain A/J
mice (Hayashi ef al., 1998), and increased lung
tumours in mutant Ogg—/— mice (which cannot
repair certain types of oxidative DNA damage)
but not in Ogg+/+ mice (Kinoshita et al., 2007;
see Table 3.2).

3.1.2 Rat

In male F344 rats, the oral administration
of DMAY in drinking-water for up to 2 years
produced clear dose-response relationships for
the induction of urinary bladder transitional cell
carcinoma and combined papilloma or carci-
noma (Wei ef al., 1999, 2002).

When DMAY was added to the feed of male
and female F344 rats for 2 years, a clear dose-
response relationship for urinary bladder benign
and/or malignant transitional cell tumours
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Table 3.1 Studies of cancer in experimental animals exposed to sodium arsenate (oral exposure)

Species, strain (sex)
Duration
Reference

Dosing regimen,
Animals/group at start

Incidence of tumours

Significance

Comments

Mouse, A/] (M)
18 mo

Cui et al. (2006)

0, 1, 10, 100 ppm
arsenate in
drinking-water, ad
libitum

30/group

Lung (adenomas):
0/19, 0/13, 0/15, 4/30
(13%)

Lung (adenocarcinomas):

9/19 (47%), 10/13 (77%),
11/15 (73%), 19/30 (63%)

[NS, (any dose)]?

[NS, (any dose)]?

Age at start, 5 wk
Purity, NR

Redundant Student
t-test used for multiple
comparisons of lung
tumour multiplicity and
size

Average tumours/mouse P < 0.01 (all Survival significantly
lung: doses) increased at high dose
0.59, 1.1, 1.3, 1.4° Non-dose-related,
Average number P <0.01 (all modest changes in bw,
tumours >4 mm/mouse  doses) lung weight, and lung bw
lung: ratio

17, 32, 44, 60°

* Performed during review. One-sided Fisher Exact test-control versus all treated.
> Numbers are estimates at review because data are presented graphically in original work.
bw, body weight; M, male; mo, month or months; NR, not reported; NS, not significant; wk, week or weeks

occurredinfemale butnotmalerats (Arnold et al.
2006). Preneoplasia (urothelial cell hyperplasia)
was clearly increased in female rats (Arnold et al.
2006; see Table 3.2).

In male F344 rats, the oral administration
of trimethylarsine oxide in drinking-water for
2 years caused a significant increase of benign
liver tumours (adenoma) (Shen et al., 2007; see
Table 3.3).

Oral exposure to MMA" for 2 years was
negative in a comprehensive dose-response
study including male and female rats and mice,
although body weight suppression and reduced
survival with the higher doses confounded the
rat segment of the study (Arnold ef al., 2003; see
Table 3.4).

A 2-year dose-response study with sodium
arsenite showed some evidence of renal tumour
formation in female Sprague-Dawley rats but not
in males (Soffritti et al., 2006). Tumour incidence
did not reach significance (see Table 3.5).
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3.2 Intratracheal administration

3.2.1 Hamster

Repeated weekly intratracheal instilla-
tions of calcium arsenate, at levels sufficient
to caused moderate early mortality, increased
lung adenoma formation in male Syrian golden
hamsters when observed over their lifespan
(Pershagen & Bjérklund, 1985).

In a similarly designed study, male hamsters
received multiple weekly intratracheal instil-
lations of calcium arsenate at the start of the
experiment, and developed an increased inci-
dence of lung adenoma formation, and combined
lung adenoma or carcinoma formation over their
lifespan (Yamamoto ef al., 1987; see Table 3.6).

Intratracheal instillations of calcium arsenite
increased the incidence of respiratory tract carci-
noma and combined adenoma, papilloma and
adenomatoid lesion formation in male Syrian
Hamsters (Pershagen ef al., 1984; see Table 3.7).
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Table 3.2 Studies of cancer in experimental animals exposed to dimethylarsinic acid, DMAY (oral exposure)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments
Duration Animals/group at
Reference start
Mouse, A/] (M) 0, 50, 200, 400 ppm  Number of mice with lung papillary P <0.01 (high dose) Age at start, 5 wk
50 wk DMAY in drinking-  adenomas or adenocarcinomas: Purity, NR
Hayashi et al. (1998) water, ad libitum 2/14 (14%), 5/14 (36%), 7/14 (50%), Survival unremarkable
24/group 10/13 (77%) [Only histologically confirmed tumours

Mouse, Oggl-/-and 0,200 ppm DMAY

Oggl+/+ (M, F) in drinking-water,
72 wk ad libitum; controls
Kinoshita et al. received tap water
(2007) 10/group (OggI-/-)

12/group (Oggl+/+)

Oggl-/-:

Tumour-bearing mice (any site):
0/10, 10/10 (100%)

Lung lesions—
Hyperplasias:

10/10 (100%), 10/10 (100%)
Adenomas:

0/10, 2/10 (20%)
Adenocarcinomas:

0/10, 3/10 (30%)

Total lung tumours:

0/10, 5/10 (50%)
Tumours/mouse:

0,0.5

Oggl+/+:
Tumour-bearing mice (any site):
5/10 (50%), 6/10 (60%)
Lung lesions-
Hyperplasias:

2/10 (20%), 10/10 (100%)
Adenomas:

1/10 (10%), 0/10
Adenocarcinomas:

0/10, 0/10

Total tumours:

1/10 (10%), 0/10
Tumours/mouse:

0.1,0

Tumours/mouse:
0.1,0

P<0.01

NS

P<0.05

P <0.05

[P <0.01°]
NS
NS
NS
NS

NS

were considered by the Working Group]
Age at start, 14 wk

Purity, 99%

Bw and food and water consumption
unremarkable

Left lobe and visible lung nodules used for
histopathological tumour analysis
Treated Oggl—/— showed modest decreased
survival (~20%) late compared to
phenotypic control

Small groups
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Table 3.2 (continued)

Species, strain (sex) Dosing regimen

Incidence of tumours

Significance

Comments

Duration Animals/group at

Reference start

Rat, F344 (M) 0,12.5,50,200 ppm  Urinary bladder (hyperplasias): P <0.01 (middle and high dose) ~Age at start, 10 wk

104 wk DMAY in drinking-  0/28, 0/33, 12/31 (39%), 14/31 (45%) Purity, 99%

Wei et al. (1999)4, water, ad libitum Urinary bladder (papillomas): NS Survival and food intake unaltered
2002) 36/group 0/28, 0/33, 2/31 (2%), 2/31 (2%) Transient bw suppression early with

Rat, F344 (M, F)
104 wk
Arnold et al. (2006)

DMAY in feed, ad
libitum
60/group

0,2, 10, 40, 100 ppm

Urinary bladder (carcinomas):
0/28, 0/33, 6/31 (19%), 12/31 (39%)
Urinary bladder (papillomas or
carcinomas):

0/28, 0/33, 8/31 (26%), 12/31 (39%)

Females

Urothelial cell (hyperplasias, simple,
nodular and papillary):

0/60, 1/59 (2%), 0/60, 29/59 (49%),
48/60 (80%)

Urinary bladder (papillomas):

0/60, 0/59, 0/60, 0/59, 4/60 (7%)
Urinary bladder (carcinomas):

0/60, 0/59, 0/60, 0/59, 6/60 (10%)
Urinary bladder (papillomas and
carcinomas combined):

0/60, 0/59, 0/60, 0/59, 10/60 (3%)
Males

Urothelial cell (hyperplasias, simple,
nodular and papillary):

0/60, 0/59, 0/60, 6/58 (10%), 40/59
(68%)

Urinary bladder (papillomas):

0/60, 0/59, 1/60 (2%), 1/58 (2%), 0/59
Urinary bladder (carcinomas):

0/60, 1/59 (2%), 0/60, 0/58, 2/59 (3%)
Urinary bladder (papillomas and
carcinomas combined):

0/60, 1/59 (2%), 1/60 (2%), 1/58 (2%),
2/59 (3%)

P < 0.05 (middle dose)
P <0.01 (high dose)

P < 0.01 (middle and high dose)

P <0.01 (trend)
[P <0.01 (highest, and second
highest dose)]®

[NS (high dose)]®

P <0.01 (trend)*

[P < 0.05 (high dose)]®
P <0.01 (trend)©

[P < 0.05 (high dose)]®
P <0.01 (trend)

[P < 0.01 (high dose)]®

[NS (high dose)]®
P <0.01 (trend)*
[NS (high dose)]
P <0.01 (trend)©
[NS (high dose)]°

high and middle dose but then similar to
control

Water intake increased at highest two
doses

Incidence rates based on rats at risk
(surviving to time of the first bladder
tumour at 97 wk)

Extensive necropsy

Purity > 99%; age, 5 wk

Complete necropsies performed

No treatment-related differences in
mortality or bw

Sporadic changes in food consumption not
treatment-related

Water consumption increased with
treatment

Water consumption increased with
treatment
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Table 3.2 (continued)

Species, strain (sex) Dosing regimen

Incidence of tumours Significance

Comments

Duration Animals/group at

Reference start

Mouse, B6C3F1 (F) 0, 8, 40, 200, 500 Females Age at start, 5 wk

104 wk ppm DMAY in feed, No treatment-related changes in Purity 99%

Arnold et al. (2006)  ad libitum urinary bladder preneoplasia or Complete necropsies performed

56/group

tumour incidence noted

Any organ (fibrosarcomas):

3/56 (5%), 0/55, 1/56 (2%), 1/56 (2%),
6/56 (11%)

Males

No treatment-related changes in
urinary bladder preneoplasia or
tumour incidence noted

P <0.01 (high dose)

Survival, bw and water consumption
unchanged

Sporadic, small changes in food
consumption early

Fibrosarcomas not considered related to
treatment by authors

Bw reduced at 500 ppm throughout study

* Data also included descriptive statistics (i.e. SD).
Performed during review. One-sided Fisher exact test control versus treated.

¢ Trend analysis performed after combination of female and male data for urinary bladder lesions from this same study (Arnold et al., 2006).

Short communication of tumour data only.
¢ Ona C57BL/6 background.
f As stated by the authors.

¢ The lack of information on group size and the lack of descriptive statistics makes these data impossible to independently re-evaluate for statistical significance.
bw, body weight; F, female; M, male; NR, not reported; NS, not significant; wk, week or weeks
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Table 3.3 Studies of cancer in experimental animals exposed to trimethylarsine oxide (oral

exposure)

Species, strain (sex) Dosing regimen

Incidence of tumours

Significance Comments

Duration Animals/group at start

Reference

Rat, F344 (M) 0, 50, 200 ppm Liver (adenomas): P <0.05 (high Age at start, 10 wk
2yr trimethylarsine oxide 6/42 (9%), 10/42 (14%), dose) Purity, 99%

Shen et al. (2003 in drinking-water, ad
libitum

42-45; 42 controls

16/45 (24%)

Body weights, food intake,
water intake, survival

rate, and average survival
unaltered with treatment
Extensive necropsy
performed

Various other sites negative

bw, body weight; M, male; yr, year or years

3.3 Intravenous administration

3.3.1 Mouse

Multiple intravenous injections of sodium
arsenate in male and female Swiss mice provided
no evidence of elevated tumour formation
(Waalkes et al., 2000; see Table 3.8).

3.4 Transplacental and perinatal
exposures

3.4.1 Mouse

Pregnant mice were treated subcutaneously
with arsenic trioxide on a single specific day
during gestation (Days 14, 15, 16 or 17), and the
offspring were then treated subcutaneously on
postpartum Days 1, 2 and 3 with arsenic trioxide.
The offspring initially treated on Day 15 of
gestation developed an excess of lung adenoma
compared to controls, and the other groups did
not (Rudnai & Borzsanyi, 1980, 1981; see Table
3.9).

Pregnant C3H mice were exposed to various
doses of sodium arsenite in the drinking-water
from Days 8-18 of gestation. They were allowed
to give birth and their offspring were put into
gender-based groups at weaning. Over the
next 90 weeks, arsenic-treated female offspring
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developed dose-related benign and/or malig-
nant ovarian tumours, and lung adenocarci-
noma. During the next 74 weeks, a dose-related
increase in the incidences of liver adenoma and/
or carcinoma, and adrenal cortical adenoma was
observed in the male offspring (Waalkes et al.
2003).

A second study looked at the carcino-
genic effects in C3H mice of various doses of
sodium arsenite (two levels) in the maternal
drinking-water from Days 8 to 18 of gestation,
with or without subsequent 12-O-tetradecanoyl
phorbol-13-acetate (TPA) applied to the skin of
the offspring after weaning from 4-25 weeks of
age. Over the next 2 years, with arsenic alone,
the female offspring developed an increased inci-
dence of ovarian tumours. The male offspring
developed arsenic dose-related increases in the
incidences of liver adenoma and/or carcinoma
and adrenal cortical adenoma (Waalkes et al.,
2004).

Pregnant CD1 mice received sodium arsenite
(one level) in the drinking-water from gestation
Days 8 to 18, were allowed to give birth, and the
female (Waalkes et al., 2006a) or male (Waalkes
et al., 2006b) offspring were treated with diethyl-
stilbestrol or tamoxifen subcutaneously on post-
partum Days 1, 2, 3, 4 and 5. In female offspring
over the next 90 weeks, arsenic exposure alone
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Table 3.4 Studies of cancer in experimental animals exposed to monomethylarsonic acid, MMA" (oral exposure)

Species, strain (sex) Dosing regimen

Incidence of tumours Significance

Comments

Duration Animals/group at start

Reference

Mouse, B6C3F1 (M, F) 0, 10, 50, 200, 400 ppm MMAY  No treatment-related Age at start, 6 wk
104 wk in feed, ad libitum changes Purity, 99%

Arnold et al. (2003 52/group/sex

Rat, F344 (M, F) 0, 50, 400, 1 300* ppm MMA"
104 wk in feed, ad libitum
Arnold et al. (2003) 60/group/sex

No treatment-related
changes

Bw reduced at 400 ppm throughout study
Food and water consumption similar or
increased at the two higher doses
Survival unremarkable

Complete necropsy performed

Age at start, 6 wk

Purity, 99%

Bw reduced at two highest doses in
second half of study

Food consumption generally similar
Water consumption similar or increased
at the two higher doses

Survival reduced at high dose

Complete necropsy performed

* Due to a high mortality in male and female rats fed this level, it was reduced to 1000 ppm during Week 53, and further reduced to 800 ppm during Week 60.

bw, body weight; F, female; M, male; wk, week or weeks
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Table 3.5 Studies of cancer in experimental animals exposed to sodium arsenite (oral exposure)

Species, strain (sex) Dosing regimen Incidence of tumours  Significance Comments
Duration Animals/group at

Reference start

Rat, Sprague-Dawley 0, 50, 100, 200 mg/L Kidney (tumours): NS for both sexes Age at start, 8 wk

(M, F) NaAsO, in drinking- ~ F- Purity 98%
167 wk (lifespan) water, ad libitum from  1/50 (2%), 1/50 (2%), Complete necropsy
Softritti et al. (2006) onset to 104 wk 5/50 (10%), 5/50 (10%)° performed

50/group M-

0/50, 2/50 (4%), 2/50

(4%), 0/50

Reduced water and food
intake especially at two
highest doses
Dose-related reduced bw

* As stated by the authors.

® The lack of information on group size and lack of descriptive statistics makes the data from this work impossible to re-evaluate for statistical

significance.

¢ Includes three carcinomas at the high dose and one at the second highest dose in females and a carcinoma in females at the second highest

dose.

Bw, body weight; F, female; M, male; NS, not significant; wk, week or weeks

increased the incidence of tumours of the ovary;,
uterus, and adrenal cortex. In the male offspring,
prenatal arsenic exposure alone increased liver
adenoma and/or carcinoma, lung adenocarci-
noma, and adrenal cortical adenoma (see Table
3.10).

3.5 Studies in which arsenic modifies
the effects of other agents

3.5.1 Mouse

Mice exposed to DMAY in drinking-water
after subcutaneous injection of 4-nitroquino-
line 1-oxide showed an increase in lung tumour
multiplicity compared to mice exposed to the
organic carcinogen alone (Yamanaka et al.,
1996). In K6/ODC mice first treated topically
with 7,12-dimethylbenz[a]anthracene (DMBA)
then with DM A in a cream applied to the same
skin area for 18 weeks, the organo-arsenical
doubled the skin tumour multiplicity compared
to treatment with DMBA alone (Morikawa et al.,
2000; see Table 3.11). [The Working Group noted
that this study had too few DM A" controls for an
appropriate interpretation.]
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In the studies of Germolec et al. (1997, 1998),
oral sodium arsenite was given to Tg.AC mice
with TPA by skin painting, and an approxi-
mately 4-fold increase in skin tumour response
was reported.

Combined treatment with oral sodium
arsenite in drinking-water and multiple expo-
sures to excess topical UV irradiation in Crl:SKI-
hrBR hairless mice showed that arsenic treatment
alone was consistently without carcinogenic
effect, but markedly enhanced UV-induced skin
tumours including squamous cell carcinoma
(Rossman et al., 2001; Burns et al., 2004; Uddin
et al., 2005). In another skin study, mice exposed
to topical 9,10-dimethyl-1,2-benzanthracene for
2 weeks concurrently with oral sodium arsenate
in drinking-water for 25 weeks showed that
arsenic treatment alone was without carcino-
genic effect, but enhanced skin tumour multi-
plicity and tumour size when combined with
the organic carcinogen compared to the organic
carcinogen alone (Motiwale ef al., 2005; see Table
3.12).

When pregnant Tg.AC mice were treated
with oral sodium arsenite in drinking-water
from Days 8-18 of gestation, and their offspring
were topically exposed to TPA from 4-40 weeks
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Table 3.6 Studies of cancer in experimental animals exposed to calcium arsenate (intratracheal instillation)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments

Duration Animals/group at start

Reference

Hamster, Syrian golden (M) 0, ~3 mg As/kgbwin 0.15mL  Lung (adenomas): Age at start, 8 wk

~145 wk (lifespan) saline 0/26, 4/35 (11%) P<0.05 Purity, ultrapure

Pershagen & Bjorklund (1985) once/wk for 15 wk Mortality during dosing ~15%;

41; 29 controls mortality increased in arsenate group

during second yr
Dose approximate

Hamster, Syrian golden (M) 0,0.25mg Asin 0.1 mL saline  Lung (adenomas): Age at start, 8 wk

Up to 115 wk in treated once/wk for 15 wk 0/22, 6/25 (24%) [P <0.017] Purity, chemical grade

animals, and 30; 22 controls Lung (carci ): Instillations caused 10% mortality

121 wk in controls (lifespan) § \carcinornas): and reduced survival ~10% post-

1/22 (4%), 1/25 (4%) NS

Yamamoto et al. (1987

Lung (adenomas and

carcinomas combined):

1/22 (4%), 7/25 (3%)

P-value not reported
but stated as
significant

[P <0.01%]

instillation
Bw not recorded during experiment

* Calculated by the Working Group. One-sided Fisher exact test control versus treated.

bw, body weight; M, male; NS, not significant; wk, week or weeks
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Table 3.7 Studies of cancer in experimental animals exposed to arsenic trioxide (intratracheal instillation)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments
Duration Animals/group at start
Reference
Hamster, Syrian golden (M) 0 or ~3 mg As/kg bw in 0.15 Larynx, trachea, bronchus, or NS Age at start, 7-9 wk
Up to ~140 wk (lifespan) mL saline lung (carcinomas): Purity, 99.5%
Pershagen et al. (1984)* once/wk for 15 wk 0/53, 3/47 (6%) Doses approximate
67; 68 controls Larynx, trachea, bronchus, or [P < 0.01] Instillation mixture for arsenic

lung (adenomas, adenomatoid
lesions, and papillomas
combined):

7/53 (13%), 24/47 (51%)

contained carbon dust and 2 mM
sulfuric acid (not in controls)
Significant mortality during dosing
(29%)

“Adenomatoid lesion” not defined,
presumably focal hyperplasia

* Arsenic trioxide was also given with benzo[a]pyrene and the combination appeared to increase combined adenoma, adenocarcinoma and adenosquamous carcinoma in the bronchi
and lungs compared to benzo[a]pyrene alone but the data are listed (total tumours/group and not incidence) such that this cannot be independently confirmed.

bw, body weight; M, male; NS, not significant; wk, week or weeks

D001 — SHAVdSONOW D4V



€9

Table 3.8 Studies of cancer in experimental animals exposed to sodium arsenate (intravenous exposure)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments
Duration Animals/group at start
Reference
Mouse, Swiss CR:NTH(S) 0, 0.5 mg As/kg bw in 10 mL/ M Age at start, 8 wk
(M, F) kg in saline Lymphomas: 1/25 (4%), 1/25 NS Purity, NR
96 wk once/wk for 20 wk staring at (4%) Survival and bw not remarkable
Waalkes et al. (2000) onset; controls received saline®  Testicular interstitial cell No leukaemias were observed
25/group/sex hyperplasias: P <0.05
8/25 (32%), 16/25 (64%)
Skin hyperkeratosis: NS
1/25 (4%), 5/25 (20%)
F
Lymphomas: NS

5/25 (20%), 3/25 (12%)
Uterine cystic hyperplasias:
5/25 (20%), 14/25 (56%)° P<0.05

* Based on the treatment regimen of Osswald & Goerttler (1971).
® A uterine adenocarcinoma was also observed with arsenate treatment that is noteworthy because of its spontaneous rarity in historical controls of this strain.
bw, body weight; F, female; M, male; NR, not reported; NS, not significant; wk, week or weeks
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Table 3.9 Studies of cancer in experimental animals exposed to arsenic trioxide (perinatal exposure)

Species, strain (sex)

Dosing regimen

Incidence of tumours Significance

Comments

Duration Animals/group at start

Reference

Mouse, CFLP (NR) Single dose of 1.2 mg/kg arsenic ~ Lung (adenomas and P <0.01 (Day 15)° Purity stated as “purum”

lyr trioxide bw s.c. at gestation Day  adenocarcinomas):® Pregnancy verified by smear and

Rudnai & Borzsanyi (1980),
Rudnai & Borzsanyi (1981)?

14, 15, 16, or 17

Test offspring:

5 ug arsenic trioxide/mouse s.c.
postpartum Day 1, 2 and 3
Controls untreated

Offspring group sizes at start
(NR)

Control-3/17 (17%)
Day 14-14/36 (39%)
Day 15-12/19 (63%)
Day 16-3/20 (15%)
Day 17-6/20 (30%)

when positive designated Day 0
Dam number used to derive
offspring groups NR

Lung and gross lesions
histologically examined

Survival and bw NR

Gender NR and probably mixed
Numbers of specific lung tumours
NR

* In Hungarian. Tumour incidence data are numerically the same for this and the Rudnai & Borzsanyi (1980) manuscript, but vary in that the treatment day of pregnancy which lead

to a significant increase in lung adenoma in the first paper (Day 15) shifted to one day later in the second paper (Day 16). Communication with the primary author revealed that this
discrepancy in the re-reporting (Rudnai & Borzsanyi, 1981) is due to a difference in calling the first day on which pregnancy was indicated Day 1 of gestation rather than Day 0 as in the
original report (Rudnai & Borzsanyi, 1980). Thus, the treatment regimen and data from the primary paper are herein reported.

® The gestational treatment day is given in parentheses before incidence or after indication of significance.
bw, body weight; NR, not reported; s.c., subcutaneously; yr, year or years
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Table 3.10 Studies of cancer in experimental animals exposed to sodium arsenite (transplacental exposure)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments
Duration Animals/group at start
Reference
Mouse, C3H/HeNCr (M, F) Maternal exposure: Females P<0.05 Purity,* NR
90 wk (postpartum) for F 0, 42.5, 85 ppm As in Ovary (tumours): (high dose plus 10 Pregnant mice used to derive each
74 wk (postpartum) for M drinking-water, ad Benign-2/25 (8%), 4/23 (17%), 8/24 trend) group of offspring
Waalkes et al. (2003) libitum from gestation (33%) Offspring weaned at 4 wk
Day 8-18 Malignant-0/25, 2/23 (9%), 1/24 (4%) NS Maternal water consumption and bw

Offspring; 25/group/sex

Benign or malignant combined-
2/25 (8%), 6/23 (26%), 9/24 (37%)
Lung (carcinomas):

0/25, 1/23 (4%), 5/24 (20%)

Males

Liver (adenomas):

9/24 (37%), 9/21 (43%), 20/23 (87%)
Liver (hepatocellular carcinomas):
2/24 (8%), 8/21 (38%), 14/23 (61%)
Liver (adenomas or hepatocellular
carcinomas):

10/24 (42%), 11/21 (52%), 20/23 (87%)
Liver tumours/mouse:

0.87, 1.81, 4.91

Adrenal cortex (adenomas):

9/24 (37%), 14/21 (67%), 21/23 (91%)
Adrenal adenomas/mouse:

0.71, 1.10, 1.57

P <0.05 (high dose)
P <0.05 (trend)

P < 0.05 (high dose)
P <0.05 (trend)

P <0.01 (high dose)

P < 0.05 (high dose)
P <0.01 (trend)
P < 0.05 (high dose)
P <0.01 (trend)

P < 0.05 (high dose)
P <0.01 (trend)
P < 0.05 (high dose)
P <0.01 (trend)
P < 0.05 (high dose)
P < 0.05 (trend)

unaltered

Offspring bw unaltered

Survival in offspring unaltered in
females

Survival reduced at high dose in due
to liver carcinoma in males
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Table 3.10 (continued)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments
Duration Animals/group at start
Reference
Mouse, C3H/HeNCr (M, F) Maternal exposure: Females Purity,* NR
104 wk (postpartum) 0, 42.5, 85 ppm As in Liver (adenomas or hepatocellular 10 Pregnant mice used to derive each
Waalkes et al. (2004) drinking-water, ad carcinomas): group of offspring
libitum from gestation Without TPA-3/24 (12%), 6/23 (26%), NS Litters culled at 4 d postpartum to no

Day 8-18

Offspring exposure:
topical 2 pug® TPA/0.1
mL acetone, twice/

wk from 4-25 wk of
age applied to shaved
back, controls received
acetone

Offspring groups:
25/group/sex

4/21 (19%)

With TPA-3/24 (12%), 6/22 (27%), 8/21
(38%)

Liver tumour multiplicity (tumours/
mouse):

Without TPA-0.13, 0.41, 0.29

With TPA-0.13, 0.32, 0.71

Ovary (tumours):©

Without TPA-0/24, 5/23 (22%), 4/21
(19%)

With TPA-0/24, 5/22 (23%), 4/21 (19%)
Lung (adenomas):

Without TPA-1/24 (4%), 2/23 (9%), 2/21

(9%)

With TPA-1/24 (4%), 2/22 (9%), 6/21
(29%)

Males

Liver (tumours):

Adenomas without TPA-10/24 (42%),
12/23 (52%), 19/21 (90%)

Adenomas with TPA-8/23 (35%), 12/23
(52%), 16/21 (76%)

Hepatocellular carcinomas without
TPA-3/24 (12%), 8/23 (35%), 10/21
(48%)

Hepatocellular carcinomas with
TPA-2/23 (9%), 6/23 (26%), 7/21 (33%)
Adenomas or hepatocellular
carcinomas without TPA-12/24 (50%),
14/23 (52%), 19/21 (90%)

P <0.05 (high dose
and trend)

NS

P < 0.05 (high dose
and trend)

P < 0.05 (both doses)

P <0.05 (both doses)

NS

P <0.05 (high dose
and trend)

P < 0.05 (high dose)
P <0.01 (trend)
P < 0.05 (high dose)
P <0.01 (trend)
P < 0.05 (high dose)
P <0.01 (trend)

P < 0.05 (high dose
and trend)

P < 0.05 (high dose)
P <0.01 (trend)

more than 8 pups

Maternal water consumption and bw
unaltered

Small bw reductions (~10%)
occurred late (> 95 wk) in the high-
dose (85 ppm) female offspring

TPA did not alter bw

Survival unaltered

Inclusion of TPA did not have an
impact on skin cancers

Arsenic group not given TPA due to
liver carcinoma (males)
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Table 3.10 (continued)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments
Duration Animals/group at start
Reference
Waalkes et al. (2004) Adenomas or hepatocellular
(contd.) carcinomas with TPA-9/23 (39%), 15/23 P < 0.05 (high dose)
(65%), 18/21 (90%) P <0.01 (trend)
Multiplicity without TPA: 0.75, 1.87, P <0.05 (both doses)
2.14 P <0.01 (trend)
Multiplicity with TPA: 0.61, 1.44, 2.14 P <0.05 (both doses)
P <0.01 (trend)
Adrenal cortex (adenomas): Without
TPA-9/24 (37%), 15/23 (65%), 15/21 P <0.05 (high dose
(71%) and trend)
With TPA-7/23 (30%), 15/23 (65%), P < 0.05 (low dose)
12/21 (57%)
Lung (adenomas):
Without TPA-4/24 (17%), 6/23 (26%), NS
5/21 (24%) P <0.05 (low dose)
With TPA-2/23 (9%), 10/23 (43%), 5/21
(24%)
Mouse, CD1 (M, F) Maternal exposure: Females Purity 97.0% NaAsO,
90 wk (postpartum) 0, 85 ppm As in Ovary (tumours):" P <0.05 (As, As + 12 Pregnant mice used to derive each
Waalkes et al. (2006a, b) drinking-water, ad 0/33, 7/34 (21%), 2/33 (6%), 1/35 (3%), DES, As + TAM) group of offspring
libitum from gestation 9/33 (26%), 5/35 (14%) Litters culled after birth to no more
Day 8-18 Uterus (adenomas): NS than 8 pups
Offspring exposure: 0/33, 3/34 (9%), 0/33, 0/35, 0/33, 0/35 Maternal water consumption
Postpartum Day 1, 2, 3, unaltered

19

4,and 5

2 ug DESY/pup/d s.c.,

or 10 ug TAM¢/pup/d
s.c., or vehicle (corn oil;
control)

(control, As, DES, TAM,
As + DES, As + TAM)
35/group/sex

Uterus (carcinomas):

0/33, 2/34 (6%), 0/33, 2/35 (6%), 7/33

(21%), 2/35 (6%)

Uterus (adenomas or carcinomas):
0/33, 5/34 (15%), 0/33, 2/35 (6%), 7/33

(21%), 2/35 (6%)
Vagina (carcinomas):

0/33, 0/34, 1/33, 0/35, 5/338 (15%), 0/35
Adrenal cortex (adenomas):

1/33 (3%), 9/34 (26%), 3/33 (9%), 2/35
(6%), 8/33 (24%), 7/35 (20%)

Urinary bladder lesions:

P <0.05(As + DES)
Maternal and offspring bw unaltered

P<0.05(As, As +
DES)

P <0.05 (As + DES)

P<0.05(As, As +
DES, As + TAM)
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Table 3.10 (continued)

Species, strain (sex)
Duration
Reference

Dosing regimen

Animals/group at start

Incidence of tumours

Significance

Comments

Waalkes et al. (2006a, b)
(contd.)

Hyperplasias—

1/33 (3%), 5/34 (15%), 1/33 (3%), 0/35,
10/33 (30%), 9/35 (26%)

Papillomas-

0/33, 0/34, 0/33, 0/35, 0/33, 1/35 (3%)
Carcinomas'-~

0/33, 0/34, 0/33, 0/35, 3/33 (9%), 0/35
Total proliferative lesions'-

1/33 (3%), 5/34 (15%), 1/33 (3%), 0/35,
13/33¢ (38%), 10/35¢ (29%)

Liver (tumours any type):

0/33, 4/34 (12%), 1/33 (3%), 0/35, 5/33
(15%), 4/35 (11%)

Males

Liver (tumours):

Adenomas-—

2/35 (6%), 8/35 (23%), 1/33 (3%), 0/30,
12/29 (41%), 9/30 (30%)
Hepatocellular carcinomas-

0/35, 5/35 (14%), 0/33, 0/30, 4/29 (14%),
5/30 (17%)

Adenomas or carcinomas—

2/35 (6%), 11/35 (31%), 1/33 (3%), 0/30,
14/29 (48%), 14/30 (47%)

Lung (adenocarcinomas):

2/35 (6%), 9/35 (26%), 2/33 (6%), 0/30,
4/29 (14%), 6/30 (20%)

Adrenal cortex (adenomas):

0/35, 13/35 (37%), 0/33, 0/30, 9/29 (31%),

11/30 (37%)

Urinary bladder lesions:
Hyperplasias—

0/35, 3/35 (9%), 4/33 (12%), 3/30 (10%),
13/29¢ (45%), 9/30¢ (30%)

Papillomas—

0/35, 0/35, 0/33, 0/30, 0/29, 3/30 (10%)

P <0.05 (As + DES,
As + TAM)

NS
NS

P <0.05 (As + DES,
As + TAM)

P <0.05(As + DES)

P<0.05(As, As +
DES, As + TAM)

P<0.05(As, As +
DES, As + TAM)

P<0.05(As, As +
DES,)

P <0.05 (As)

P<0.05(As, As +
DES, As + TAM)

P <0.05 (As + DES,
As + TAM)

NS

Purity sodium arsenite 97.0%; DES
99%, TAM 99%

Bw transiently reduced (~15%) by
DES or TAM early but recovery to
control levels by 5-20 wk postpartum
Survival unaltered by prenatal
arsenic alone. Survival reduced in all
other treatment groups (DES, TAM,
As + DES, As + TAM) from ~20 wk
on compared to control' (males)
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Table 3.10 (continued)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments
Duration Animals/group at start
Reference
Waalkes et al. (2006a, b) Carcinomas'— NS
(contd.) 0/35, 0/35, 0/33, 0/30, 1/29 (3%), 1/30
(3%)
Papillomas or carcinomas- P<0.05(As + TAM)
0/35, 0/35, 0/33, 0/30, 1/29 (3%), 4/30¢
(13%)
Total proliferative lesions'- 0/35, 3/35 P <0.05 (As + DES,
(9%), 4/33 (12%), 3/30 (10%), 13/29¢ As + TAM)

(45%), 14/308 (40%)

69

9

Purity given in Waalkes et al. (2006a) using same chemical source is 97.0%.
12-O-tetradecanoyl phorbol-13-acetate.

Exclusively epithelial and primarily adenoma.

Diethylstilbestrol

Tamoxifen

o a 6 o

-

o

Incidence for arsenic plus DES or arsenic plus TAM was significantly (P < 0.05) higher than arsenic alone.

Primarily adenoma.

Exclusively transitional cell carcinoma.

Defined by the authors as the incidence of mice bearing at least one uroepithelial preneoplasia (hyperplasia), papilloma, or carcinoma.

Run concurrently with and derived from the same mothers as the females in Waalkes ef al. (2006a) study but reported separately.

Reduced survival in these groups appeared dependent on moderate to extensive kidney damage due to DES and TAM in male mice and appeared unrelated to arsenic exposure.

™ Two renal tumours also occurred in this group including, an adenoma and a renal cell carcinoma, against none in control, which are noteworthy because of their rare spontaneous
occurrence in mice.

d, day or days; DES, diethylstilbestrol; F, female; M, male; NR, not reported; NS, not significant, s.c., subcutaneously; TAM, tamoxifen; wk, week or weeks

o= e

Included benign and malignant epithelial and mesenchymal tumours within components of the urogenital system (ovary, oviduct, uterus, cervix, vagina, kidney, and urinary bladder).
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Table 3.11 Studies where arsenicals given after other agents enhance carcinogenesis while having no effect alone in
experimental animals

Species, strain (sex)
Duration

Dosing regimen
Animals/group at start

Incidence of tumours Significance

Comments

Reference
Mouse, ddy (M) Initiation 10 mg 4NQO</kg bw Macroscopic lung tumours/ Age at start, 6 wk
25 wk s.c. then 200 or 400 ppm DMAY in mouse: 0.22, 3.92, 4.38 P <0.05 (high dose) DMAY purity, NR

Yamanaka et al. (1996

Mouse, K6/0DC
(C57BL/6] background)
20 wk

Morikawa et al. (2000)

Rat, Wistar (M)
175d
Shirachi et al. (1983)

drinking-water for 25 wk

Groups: 4NQO alone, 4NQO +
200 ppm DMA, 4NQO + 400 ppm
DMA

9-13/group

Single 50 pg dose of DMBA/mouse
topical dorsal skin at Week 1; then
3.6 mg DMA'/mouse in “neutral
cream” to dorsal skin twice/wk,
Week 2-19

Groups: DMBA, DMBA + DMAY

7; 8 controls (DMBA)

Sodium arsenite

Partial heptectomy, 18-24 h later
30 mg DEN*/kg i.p.; 7 d later

160 ppm As in drinking-water
Number at start, NR

Macroscopic skin tumours/

mouse: P <0.05
9.7,19.4

Renal tumours:

0/10, 1/7 (14%), 0/9, 7/10 P <0.05

(70%)

Bw and survival unremarkable
DMAY alone group not included
Lung only

Microscopic analysis of lung tumours
not reported (largely confirmed as
tumours)

Small group sizes

Age at start, 10-14 wk

DMAY purity, NR

Bw and survival unremarkable
DMAV-alone group had only 2 mice;
skin tumours not reported

Small group sizes

Skin only

No quantitative microscopic analysis of

skin tumours

Age at start, NR

Purity, NR

Arsenic lowered bw and water intake
Limited reporting and never reported
in full
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Table 3.11 (continued)

Species, strain (sex)

Reference

Dosing regimen
Duration Animals/group at start

Incidence of tumours

Significance

Comments

Rat, F344/DuCrj (M) Initial pretreatment with 5 known

30 wk carcinogens (termed DMBDDP) then

Yamamoto et al. (1995) 0, 50, 100, 200, 400 ppm DMAY in
the drinking-water during Week

6-30

Groups: DMBDD alone, DMBDD +
50 ppm DMAY, DMBDD + 100 ppm
DMAY, DMBDD + 200 ppm DMAY,
DMBDD + 400 ppm DMAY
20/group

Urinary bladder:*

Papillomas-

1/20 (5%), 12/20 (60%), 12/19
(63%), 11/20 (55%), 7/20 (35%)
Transitional cell carcinomas—
1/20 (5%), 10/20 (50%), 11/19
(60%), 12/20 (60%), 13/20
(65%)

Papillomas or carcinomas—
2/20 (10%), 17/20 (85%), 16/19
(84%), 17/20 (85%), 16/20
(80%)

Kidney:

Adenomas-

1/20 (5%), 3/20 (15%), 1/19
(5%), 7/20 (35%), 3/20 (15%)
Adenocarcinomas-

0/20, 0/20, 2/19 (10%), 1/20
(5%), 7/20 (35%)

Total-

5/20 (25%), 3/20 (15%), 6/19
(30%), 13/20 (65%), 13/20
(65%)

Liver:

Hepatocellular carcinomas—
0/20, 2/20 (10%), 0/19, 8/20
(40%), 8/20 (40%)

Total-

0/20, 2/20 (10%), 2/19 (10%),
17/20 (85%), 13/20 (65%)
Total thyroid gland tumours:
3/20 (15%), 2/20 (10%), 8/19
(40%), 6/20 (30%), 9/20 (45%)

P <0.01 (three lowest)
P <0.05 (highest)

P<0.01
(all DMAY treatment
groups)

P <0.01

(all DMAY treatment
groups)

P < 0.01 (second
highest)

P <0.01 (high dose
and trend)

P <0.05 (trend)

P <0.05 (highest two
and trend)

P < 0.05 (highest two)
P <0.01 (trend)

P <0.05 (highest)
P <0.01 (trend)

Age at start, 7 wk

DMAY purity, 99%; DMAY initially
lowered but then increased bw; changes
moderate and at high dose

DMAY increased water intake at high
dose

Survival unremarkable

Separate 100 and 400 ppm (12 each)
DMA" alone groups were included but
had no tumours or preneoplastic lesions
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Table 3.11 (continued)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments

Duration Animals/group at start

Reference

Rat, F344 (M) Pretreatment with BBN? 0.05% in Urinary bladder: Age at start, ~6 wk

36 wk drinking-water for 4 wk then 0, 2, Papillary/nodular P <0.05 (highesttwo ~ DMAY purity, 99%

Wanibuchi et al. (1996) 10, 25, 50, or 100 ppm DMAY in hyperplasias— doses) Separate 0 and 100 ppm control and
drinking-water for 32 wk 14/20 (70%), 13/20 (65%), DMAY alone groups were included (12

Groups: BBN alone, BBN + 2 ppm 14/20 (70%), 18/19 (95%),
DMAY, BBN + 10 ppm DMAY, BBN 20/20 (100%), 20/20 (100%)
+ 50 ppm DMAY, BBN + 100 ppm Papillomas—

DMAY 3/20 (15%), 2/20 (10%), 7/20

20/group (35%), 11/19 (58%), 13/20
(65%), 17/20 (85%)
Carcinomas—

1/20 (5%), 2/20 (10%), 3/20
(15%), 7/19 (37%), 10/20
(50%), 12/20 (60%)

P <0.01 (highest three
doses)

P < 0.05 (third highest
dose)

P < 0.01 (highest two
doses)

each) but showed no urinary bladder
tumours or preneoplastic lesions
Bw, water intake and survival
unremarkable

Urinary bladder only

a

Diethylnitrosamine

b The organic carcinogen treatment consisted of a single dose of diethylnitrosamine (100 mg/kg, i.p.) at the start of the experiment) and N-methyl-N-nitrosourea (20 mg/kg, s.c.) on

experimental Days 5, 8, 11 and 14. Thereafter, rats received 1,2-dimethylhydrazine (40 mg/kg, s.c.) on Days 18, 22, 26, and 30). During the same period (experimental Days 0-30) the rats
received N-butyl-N-(4-hydroxybutyl)nitrosamine (0.05% in the drinking-water Weeks 1 and 2) and N-bis(2-hydroxypropyl)nitrosamine (0.1% in the drinking-water, Weeks 3 and 4).

Altogether this was defined as DMBDD treatment. Rats received no treatment for 2 wk after DMBDD exposure and before DMA exposure.

c
d
e

f

8

For brevity, only significant proliferative lesions are noted for each tissue
N-butyl-N-(4-hydroxybutyl)nitrosamine

4-Nitroquinoline

7,12-dimethylbenz[a]anthracene

Estimated from graphical presentation.

d, day or days; DM A, dimethylarsinic acid; F, female; i.p., intraperitoneal; M, male; NR, not reported; s.c., subcutaneously; wk, week or weeks
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Table 3.12 Studies where arsenicals given concurrently with other agents enhance carcinogenesis while having no effect
alone in experimental animals

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments
Duration Animals/group at start
Reference
Mouse, Tg.AC homozygous (F) 0 or 0.02% As in drinking- Macroscopic skin papillomas/ ~ NR Age at start, NR
14 wk water, ad libitum throughout mouse: none in control or Purity, NR
Germolec et al. (1997) experiment arsenic alone, intermediate in Survival unremarkable
0 or 2.5 ug TPA*/mouse in TPA alone (~0.5/mouse),” Specific quantitative microscopic
acetone topical to shaved dorsal ~ “4-fold higher” (~2.1/mouse)® in analysis of skin tumours not
skin twice/wk, Week 5 and 6 arsenic + TPA included but confirmed as
Groups: control, As alone, TPA, papillomas at termination
As + TPA Skin lesions only
20/group Incomplete reporting makes
independent statistical analysis
impossible
Mouse, Tg.AC homozygous (F) 0 or 0.02% As in drinking- Macroscopic skin papillomas/ NR Age at start, 8 wk

24 wk
Germolec et al. (1998)

water, ad libitum throughout
experiment

0, 1.25, 2.5 pg TPA/mouse in
acetone topical to shaved dorsal
skin twice/wk, Week 5 and 6
Groups: control, As alone, 1.25
TPA, 2.5 TPA, As + 1.25 TPA,
As+2.5TPA

20/group

mouse: 0 in control, As alone,
and 1.25 TPA alone;

As + 1.25 TPA maximal ~5/
mouse,” 2.5 TPA ~3/mouse,’

in arsenic + 2.5 TPA ~7/mouse®

Purity, NR

Survival impacted by high-dose
TPA co-treatment but specifics not
given

Quantitative microscopic analysis
of skin tumours not included

but confirmed as papillomas at
termination

Skin lesions only

Incomplete reporting makes
independent statistical analysis
impossible
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Table 3.12 (continued)

Species, strain (sex) Dosing regimen Incidence of tumours Significance Comments
Duration Animals/group at start
Reference
Mouse, Crl: SKI-h7BR (hairless) 0, 10 mg/L sodium arsenite in Skin (tumours): Age at start, 3wk
(F) drinking-water throughout Macroscopic and microscopic Purity, NR
29 wk experiment plus topical 1.7kJ/  analysis-0/5, 0/5 (control and Survival and bw unremarkable
Rossman et al. (2001) m’ solar irradiation (85% UVB,  As alone) Small control groups
<1% UVC, 4% UVA, remainder Macroscopic analysis— P<0.01
visible; termed UVR®) 3x/wk Time to first occurrence: As +
starting 3 wk after As until UVR earlier than UVR
S AT Microscopic analysis-
Groups: control, As alone, UVR TRtz (e alll forftaes
alone, As + UVR 53 (UVR), 127 (As + UVR)
S ERSCITE Highly invasive squamous cell ~ P <0.01
carcinoma: 14/53 (26%; UVR),
64/127 (50%; As + UVR)
Tumour volume: UVR smaller P <0.01

Mouse, SK1 (hairless), (NR)
29 wk
Burns et al. (2004

Experiment 1: 0, 1.25, 2.50,
5.00, 10.0 mg/L sodium arsenite
in drinking-water from onset
plus topical 0 or 1.0 kJ/m?*
solar irradiation (UVR®) 3x/
wk, starting 3 wk after As to
termination

Experiment 2:

10.0 mg/L sodium arsenite in
drinking-water from onset
plus topical 1.7 kJ/m* UVR® 3x/
wk starting 3 wk after As to
termination

than As + UVR

Experiment 1:

Skin tumours/mouse: 2.4
(UVR), 5.4 (1.25 As + UVR),
721 (2.5 As + UVR), 11.1 (5.0 As
+ UVR), 6.8 (10.0 As + UVR)

Experiment 2:

Skin tumours/mouse:?
3.5(UVR), 9.6 (As + UVR)
Skin tumour incidence:

0/10, 0/10 (control and As alone
both experiments)

[P <0.01 all groups vs
UVR alone®]

[P<0.01]

Age, 3wk

Survival and bw unremarkable
Specific quantitative microscopic
analysis of skin tumours

not reported but confirmed

as primarily squamous cell
carcinomas at termination
Experiment 1 shows clear arsenic
dose-response in enhancement
through 5.0 mg/L by various
criteria
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Table 3.12 (continued)

Species, strain (sex)

Dosing regimen

Incidence of tumours

Significance

Comments

Duration Animals/group at start

Reference

Mouse, Crl: SKI-A7BR (hairless) 0, 5 mg/L sodium arsenite in Macroscopic skin tumours/ P<0.01 (UVRvs UVR Age at start, 3 wk

(F) drinking-water from onset; mouse: 3.60 (UVR alone), 7.00 + As) Sodium arsenite, purity (NR),

Duration, NR diet unsupplemented or with (UVR + As),3.27 (UVR+ As+ P<0.01 (UVR + As p-XSC Purity > 99%

Uddin et al. (2005) added vitamin E (62.5 IU/ Vitamin E), 3.40 (UVR + As + vs UVR + As + either ~ Survival and bw unremarkable
kg diet; basal 49.0 IU/kg) or p-XSC) dietary supplement) Small control groups
p-XSCe# (10 mg/kg diet) from Vitamin E and p-XSC added as
onset. Topical 1.0 kJ/m? UVR® antioxidants
3x/wk starting 3 wk after As to Specific quantitative microscopic
termination. analysis of skin tumours not
Groups: UVR alone, UVR + As, reported but random sampling
UVR + As + Vitamin E, UVR + (10 tumours/group) confirmed
As + p-XSCh primarily squamous cell
10; 30 controls (UVR) carcinomas at termination

No untreated control or arsenic
alone groups included

Mouse, Swiss-bald hairless (M)  Treatment with 2 mg BA'/mL Macroscopic skin tumours/ P<0.05 Age at start, 8 wk

25 wk 25 pL topical once/wk for 2 wk mouse: 0, 2.0, 0, 3.2° (As + BA vs BA) Purity, NR

Motiwale et al. (2005) Sodium arsenate 0 or 25 mg/L % large papillomas (= 3 mm) of P <0.05 Survival unremarkable
drinking-water for 25 wk total papillomas: 0, 16, 0, 65¢ (As+ BA vs BA) Small group sizes

Groups: Control, BA, As, BA
+ As
10/group

Quantitative microscopic skin
tumour incidence or multiplicity
not reported though histologically
confirmed

»

12-O-tetradecanoyl-13-acetate.

6 a o o

Using Student’st-test.

>

9,10-dimethyl-1,2-benzanthracene.

Estimated from graphical presentation. No descriptive statistics included.
UVR as defined in Rossman ef al. (2001) above.

Data included descriptive statistics.

Using Dunnett’s multiple comparison test and not including arsenic alone and untreated control groups

F, female; M, male; NR, not reported; wk, week or weeks

1,4-Phenylbis(methylene)selenocyanate a synthetic organoselenium compound.
Some control groups are not discussed for the sake of brevity (UVR + Vitamin E and UVR +p-XSC).
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of age, although arsenic treatment alone had no
effect, it markedly increased the multiplicity of
squamous cell carcinoma when combined with
TPA compared to TPA alone (Waalkes ef al.,
2008; see Table 3.13).

Prenatal sodium arsenite exposure via
maternal drinking-water when combined with
postnatal topical TPA exposure increased the
liver tumour incidence and multiplicity in an
arsenic-dose-related fashion (female offspring),
and lung tumours (male offspring) compared
to controls; effects not seen with TPA or arsenic
alone (Waalkes ef al., 2004). Prenatal arsenic
exposure followed by postnatal diethylstilbestrol
increased uterine carcinoma, Vaginal carcinoma,
urinary bladder total proliferative lesions, and
liver tumours in female offspring compared to
controls; effects not seen with diethylstilbestrol
or arsenic alone. In female offspring, prenatal
arsenic exposure followed by postnatal tamox-
ifen administration similarly increased urinary
bladder total proliferative lesions (Waalkes et al.
2006a).

In male offspring, prenatal arsenic exposure
followed by postnatal diethylstilbestrol increased
the liver tumour response and urinary bladder
total proliferative lesions effects when compared
to controls; effects not seen with diethylstilbestrol
or arsenic alone. In male offspring, prenatal
arsenic exposure followed by postnatal tamox-
ifen increased liver tumour response, urinary
bladder total tumours, and urinary bladder total
proliferative lesions (Waalkes et al., 2006b).

3.5.2 Rat

Rats that underwent partial hepatectomy
followed by diethylnitrosamine injection and
one week later by oral administration of sodium
arsenite in the drinking-water for approximately
24 weeks showed an increased incidence of renal
tumours, but arsenic treament alone had no
effect (Shirachi et al., 1983).

76

In a comprehensive study, rats were given an
initial pretreatment with a mixture of organic
carcinogens  (including  diethylnitrosamine,
N-methyl-N-nitrosourea,  1,2-dimethylhydra-
zine, N-butyl-N-(4-hydroxybutyl)nitrosamine,
and  N-bis(2-hydroxypropyl)nitrosamine) by
various routes, no treatment for 2 weeks and then
DMAY (at four levels) in the drinking-water for
24 weeks, rats developed an increased incidence
of tumours of urinary bladder with the combined
carcinogen treatment and arsenical (Yamamoto
et al., 1995).

In another study in rats, N-butyl-N-(4-
hydroxybutyl)nitrosamine in the drinking-
water was used as an initiator for 4 weeks
followed by four levels of DMAY for 32 weeks,
and the combined treatment increased urinary
bladder hyperplasia, papilloma, and carcinoma,
but the arsenical treatment alone had no effect
(Wanibuchi et al., 1996).

3.6 Gallium arsenide

A single study (NTP, 2000) was judged to
provide evidence for the carcinogenicity of
gallium arsenide in rodents. In this report,
B6C3F, mice and F344 rats were exposed via
inhalation to various levels of gallium arsenide
particulate for up to ~2 years, and the tumour

response was assessed in various tissues (see
Table 3.14).

3.6.1 Mouse

No treatment-related tumours were observed,
but in both males and females, dose-related
increases in the incidence in lung epithelial alve-
olar hyperplasia were reported.

3.6.2 Rat

In female rats, dose-related responses were
reported for the incidence of lung alveolar/
bronchiolar tumours and atypical hyperplasia
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Table 3.13 Studies where arsenic given before another agent enhances carcinogenesis while having no effect alone in

experimental animals

Species, strain (sex)

Dosing regimen

Incidence of tumours

Significance

Comments

Duration Animals/group at start

Reference

Mouse, Tg.AC (M, F) Maternal exposure: Skin (tumours): P <0.05 (all TPA groups Age, 4 wk (offspring)
Homozygous 0, 42.5, 85 ppm arsenic in Papillomas/mouse®- vs control; TPA alone vs ~ Purity, NR

40 wk (postpartum) drinking-water, ad libitum, 0.5 (control), 0.9 (42.5 As), 0.12 85As + TPA) Litters culled at 4 d postpartum to

Waalkes et al. (2008)

gestation Day 8-18

Offspring exposure:*

TPA, 2 pug/0.1 mL acetone,
topical twice/wk, applied to
shaved dorsal skin, 4-40 wk of
age (36 wk of TPA exposure)

Offspring groups (M, F):
Without TPA: (0, 42.5, 85 ppm
arsenic)

With TPA: (0, 42.5, 85 ppm
arsenic)

50/group

(85 As), 17 (TPA), 17 (42.5 As
+ TPA), 11 (85 As + TPA)
Squamous cell carcinomas/
mouse:?

0.04 (control), 0.06 (42.5 As),
0.04 (85 As), 0.57 (TPA), 1.31
(42.5 As + TPA), 1.49 (85 As
+ TPA)

Incidence of mice with

3 or more squamous cell
carcinomas:

0/49 (control), 0/47 (42.5 As),
0/48 (85 As), 1/47 (2%; TPA),
9/48 (19%; 42.5 As + TPA),
14/49 (29%; 85 As + TPA)

P < 0.05 (all TPA groups
vs control; all As + TPA
groups vs TPA alone

P <0.01 (trend with As
in TPA-treated mice)

P <0.05 (all TPA + As
groups vs control or
TPA alone)

P <0.01 (trend with As
in TPA-treated mice)

no more than 8 pups

10 pregnant mice used to randomly
derive each group

Maternal water consumption and
body unaltered

Offspring weaned at 4 wk
Offspring bw unaltered by arsenic
All skin tumours were
histopathologically diagnosed for
stage and number per animal
Some mice were killed because of
tumour burden during experiment
but were not lost to observation
Only skin tumours reported

* Manuscript included descriptive statistics.

b 12-O-tetradecanoyl-13-acetate.

¢ Because initial analysis of tumours showed no gender-based differences between similarly treated groups of males and females, they were pooled for final assessment and are reported
as such. Initial groups were made up of 25 M and 25 F mice.
bw, body weight; F, female; M, male; NR, not reported; vs; versus; wk, week or weeks
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8.

Table 3.14 Studies of cancer in experimental animals exposed to gallium arsenide (inhalation exposure)

Species, strain (sex)
Duration

Dosing regimen
Animals/group at

Incidence of tumours

Significance

Comments

Reference start

Mouse, B6C3F, 0,0.1,0.5,1.0 mg/m*  Females Age at start, 6 wk

(M, F) 6 h/d, 5 d/wk Lung (epithelial alveolar hyperplasias):2/50 P <0.01 (high dose) Purity > 98%

105 wk for M 50/group/sex (4%), 5/50 (10%), 27/50 (54%), 43/50 (86%) P <0.01 (mid-dose) MMAD, 0.9-1.0 um
106 wk for F Lung® (adenomas or carcinomas): GSD, 1.8-1.9 um

NTP (2000) 7/50 (14%), 4/50 (8%), 4/50 (8%), 6/50 (12%) NS Chamber controls used

Rat, F344 (F)
105 wk

NTP (2000)

0,0.01,0.1, 1.0 mg/m?
6 h/d, 5 d/wk
50/group/sex

Males

Lung (epithelial alveolar hyperplasias):4/50
(8%), 9/50 (18%), 39/50 (78%), 45/50 (90%)
Lung® (adenomas or carcinomas): 15/50
(30%), 14/50 (28%), 16/50 (32%), 13/50 (26%)
Females

Lung® (adenomas): 0/50, 0/50, 2/50 (4%), 7/50
(14%)

Lung (carcinomas): 0/50, 0/50, 2/50 (4%),
3/50 (6%)

Lung (adenomas or carcinomas): 0/50, 0/50,
4/50 (8%), 9/50 (18%)

Adrenal medulla:® 4/50 (8%), 6/49 (12%), 6/50
(12%), 13/49 (27%)

Mononuclear cell leukaemia:

22/50 (44%), 21/50 (42%), 18/50 (36%), 33/50
(66%)

Males

Lung (atypical hyperplasias): 0/50, 2/49 (4%),
5/50 (10%), 18/50 (36%)

Lung® (adenomas): 1/50 (2%), 0/49, 3/50 (6%),
2/50 (4%)

Lung (carcinomas): 2/50 (4%), 0/49, 2/50
(4%), 1/50 (2%)

Lung (adenomas or carcinomas): 3/50 (6%),
0/49, 5/50 (10%), 3/50 (6%)

P <0.01 (high dose)
P <0.01 (mid-dose)

NS

P <0.01 (high dose)
P <0.01 (trend)

NS

P <0.01 (high dose)
P <0.01 (trend)

P <0.01 (high dose)
P <0.01 (trend)

P <0.05 (high dose)
P <0.01 (trend)

P <0.01 (high dose)
P <0.05 (mid-dose)
NS
NS

NS

No reduced bw with treatment
Survival unaltered
No increases in tumour incidence

Age at start, 6 wk

Purity > 98%

MMAD, 0.9-1.0 pm

GSD, 1.8-1.9 um

Chamber controls used

Minimal decrease in body weight at high
dose in second yr

Survival unaltered

No increases in tumour incidence in males

* All lung tumours were of avelolar/bronchiolar origin.
b All tumours were benign pheochromocytoma except one which was malignant in the low-dose group.

d, day or days; F, female; h, hour or hours; M, male; NS, not significant; wk, week or weeks; yr, year or years
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of the alveolar epithelium. In male rats, though
treatment-related tumours were not observed, a
dose-related increase in the incidence of atyp-
ical hyperplasia of the lung alveolar epithelium
occurred. Atypical hyperplasia of the lung alve-
olar epithelium is considered potentially preneo-
plastic. In the female rats, dose-related increases
in the incidence of adrenal medulla pheochro-
mocytomas and an increase in mononuclear cell
leukaemia at the highest dose were also reported
(N'TP, 2000).

3.6.3 Hamster

Another study using intratracheal instilla-
tion of gallium arsenide in hamsters (Ohyama
et al., 1988) was judged inadequate due to critical
design flaws (short duration, small groups, etc.)
with no indication of tumours.

3.7 Synthesis

Oral administration of sodium arsenate and
DMAY induced lung tumours in mice. Calcium
arsenate induced lung tumours in hamsters by
oral and intratracheal administration. Pre- and
postnatal exposure in mice to arsenic trioxide,
through subcutaneous injections (maternal
and postnatal), induced lung tumours in the
offspring. Transplacental exposure via maternal
oral exposure in mice to sodium arsenite during
gestation induced lung, liver, ovary and adrenal
tumours in the offspring in several studies, and
the uterus in one study. Early life transplacental
and perinatal exposure to sodium arsenite
appears to be a time of particular sensitivity in
terms of carcinogenesis.

Oral exposure to DMA" induced urinary
bladder tumours in several studies in rats and
among studies in mice, only one showed nega-
tive results. Oral trimethylarsine induced liver
tumours in rats. Chronic oral exposure to MM A"
did not produce tumours in rats and mice.
[The Working Group considered that previous
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traditional bioassays for arsenicals for adult
rodents were frequently negative in their final
evaluations.]

Inhalation of gallium arsenide causes lung
and adenal tumours in rats but not in mice.

In multiple studies, initiating, promoting or
co-carcinogenic activity was demonstrated in the
urinary bladder, skin, female reproductive tract,
kidney, lung, liver and thyroid after exposure to
inorganic arsenicals or DMAY in drinking-water
or by transplacental exposure.

4, Other Relevant Data

4.1 Absorption, distribution,
metabolism, and excretion

Mostinorganicarseniccompoundsarereadily
absorbed after oral exposure (about 80-90% for
soluble compounds, and a smaller percentage
for less soluble compounds), less well absorbed
after inhalation (better for small particulates
and soluble arsenicals), and least well absorbed
after dermal exposure (NRC, 1999; IARC, 2004).
Large airborne arsenic-containing particulates
that are deposited in the upper airways may also
be absorbed in the intestine if they are later swal-
lowed. Hamsters exposed to gallium arsenide
by the oral route or by intratracheal instillation
showed the presence of As™ i

in blood and urine,
but the majority of the gallium arsenide was
excreted in faeces, indicating that absorption was
limited by its insolubility. Absorption was about
30 times higher after intratracheal installation
than by the oral route (Carter ef al., 2003).

The transport of As" is thought to take place
via phosphate transporters (Csanaky & Gregus,
2001). The sodium-coupled phosphate trans-
porter NaPi-IIb may be responsible in part for
the intestinal and hepatic uptake of As" (Villa-
Bellosta & Sorribas, 2008). As"! enters the cell
by aquaglyceroporins 9 and 7 (Liu ef al., 2004),
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although another major pathway for the uptake
of As" and MMA'" (see below) is probably via
hexose permeases (Rosen & Liu, 2009). Because
As" is rapidly reduced to As™ once it enters the
cell (Carter et al., 2003), the faster rate of cellular
uptake of As"™, compared with As, may be part
of the explanation for the greater toxicity of
As" (Bertolero et al., 1987; Dopp et al., 2004).
However, the much higher chemical reactivity of
As'™, compared to that of As" is the major expla-
nation. Some data suggests that glyceraldehyde
3-phosphate dehydrogenase (GAPDH) func-
tions as a cytosolic As' reductase in vivo (Németi
et al., 2006), although there are other candidate
enzymes for this reaction (Aposhian et al., 2004).
As'™ can react with cellular glutathione (GSH),
either spontaneously or enzymatically, to form
the tri-glutathione complex As(SG), (Leslie et al.

2004; Rey et al., 2004).

As™ is metabolized by stepwise methylation,
mainly in the liver. Although some details of
inorganic arsenic metabolism remain uncertain
(Aposhian & Aposhian, 2006), it is clear that
the enzyme arsenic (+3 oxidation state) methyl-
transferase (AS3MT) is involved (Thomas et al.
2007). Two schemes have been proposed for the
methylation.

Reduction: As" + thiol > As'!!

Oxidative methylation: As™ + SAM >
monomethylarsonate (MMAY)
Reduction: MMAY + thiol > MMA™
Oxidative methylation: MMA™ + SAM -
dimethylAs" (DMAY)

Reduction: DMAY + thiol > DMA™

Scheme 1: Inorganic arsenic metabolic
pathway in mammals. As" methylation is cata-
lysed by AS3MT using S-adenosylmethionine
(SAM) as a methyl donor and thioredoxin (or,
less efficiently, other thiols such as glutaredoxin
or lipoic acid) as a reductant. MMA™: mono-
methylarsonous acid; MMA": monomethyl-
arsonic acid; DMA™: dimethylarsinous acid;
DMA": dimethylarsinic acid
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As(SG), + SAM > MMA™ (SG),
MMA! (SG), + SAM > DMA! (SG)

Scheme 2: The use of As(SG), (tri-glutathione
complex) as a substrate for methylation
(Hayakawa et al., 2005). Each of the glutathione
(GSH) complexes can also decompose to yield
GSH and MMA™ or DMA™, which can then
form MMAY and DMAY, respectively.

Neither reaction scheme necessarily goes to
completion in vivo.

Evidence shows that exposure to arsine
gas (AsH,) results in the same metabolites as
described above, but arsenobetaine found in
seafood does not get metabolized in humans
(Crecelius, 1977; Luten et al., 1982; Le et al.,
1993, 1994; Buchet et al., 1996; Schmeisser et al.,
2006). Information is not currently available on
the other organo-arsenic compounds in seafood
(Lai et al., 2004).

Dimethylthioarsinic acid (DMMTAY) and
dimethyldithioarsinic acid (DMDTAY) can be
formed from DMA™ in red blood cells, and
possibly in other cells (Naranmandura et al.,
2007; Suzuki et al., 2007). These compounds have
been observed in the urine of arsenic-exposed
individuals (Raml et al., 2007). They may have
been misidentified as MMA™ and DMA™ in
most studies (Hansen et al., 2004).

Most organisms detoxify inorganic arsenic
by cellular efflux (Rosen & Liu, 2009). In fibrob-
lasts and other non-methylating cells, protection
against arsenic takes place by specific mecha-
nisms for As(SG), efflux catalysed by multidrug-
resistance-associated protein-transport ATPases
MRP1 and MRP2, and maybe others (Kala ef al.
2000; Leslie et al., 2004). These efflux pumps
may also remove methylated arsenic-glutathione
(As—GSH) complexes.

The rat is not a good model for the human
in studying the toxicokinetics of arsenic because
rat haemoglobin has a much higher affinity for
trivalent arsenic species compared with human
haemoglobin (Lu et al., 2004). In mice, chronic




exposure (12 weeks) to As" via drinking-water
led to total tissue arsenic accumulation in the
following ranking: kidney > lung > bladder >
> > skin > blood > liver (Kenyon et al., 2008).
Monomethylated arsenic species (MMAs)
predominated in the kidney, and dimethylated
arsenicspecies (DM As) predominatedin thelung.
Urinary bladder and skin had about equal ratios
of inorganic arsenic and DM As. The proportions
of different arsenic species in urinary bladder
tissue did not match those in urine.

In a study of intratracheal instillation of
gallium arsenide, although substantial levels of
arsenic were detected in blood and urine, no
gallium was detected except for the amount that
was left in the lung (Carter ef al., 2003).

Human exposure to arsenic is mainly via
drinking-water. Trivalent arsenicals are elimi-
nated via the bile, and pentavalent arsenicals are
mainly eliminated by urinary excretion (Gregus
et al., 2000; Kala et al., 2000; Csanaky & Gregus,
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of trivalent arsenicals also cause DNA strand
breaks and/or alkali-labile sites (Kligerman et al.,
2003; Klein ef al., 2007). In mice, DMAV causes
lung-specific DNA damage attributed to the
DMA peroxy radical (CH,),AsOO (Yamanaka &
Okada, 1994), which can also induce DNA strand
breaks and DNA-protein crosslinks in cultured
cells (Tezuka et al., 1993).

Gallium arsenide and other arsenicals are not
mutagenic in the Ames test (NTP, 2000; IARC,
2004). There was no increase in frequency of
micronucleated erythrocytes in mice exposed
to gallium arsenide by inhalation for 14 weeks
(N'TP, 2000).

Despitethefactthatlow(non-toxic) concentra-
tions of trivalent arsenicals cause oxidative DNA
damage such as 8-hydroxy-2'-deoxyguanosine,
which is expected to cause G>T transversions,
neither As"™, MMA™ nor DMA™ are significant
point mutagens (Rossman, 2003; Klein ef al.,
2007). This may be due to the efficient removal

2002). Most population groups exposed mainly
via drinking-water excrete 60-70% DMAs and
10-20% MMAs, the remainder 10-30% being
inorganic compounds (Vahter, 2000). [The
Working Group noted that this study did not
include thiolated compounds, which had not yet
been discovered.] Interindividual differences in
methylation patterns may reflect genetic poly-
morphisms in AS3MT, and/or variability in the
activities of different reductants (Thomas ef al.
2007).

4.2 Genetic and related effects

Arsenicals do not react directly with DNA,
but cells treated with low concentrations of triva-
lent arsenicals show increased oxidative DNA
damage (Wang et al., 2002; Schwerdtle et al.,
2003; Shi et al., 2004; Ding et al., 2005; Wang
etal.,2007a). As™ and MMA™ are equally potent
inducers of oxidative DNA damage in human
urothelial cells, where they are equally toxic
(Wang et al., 2007a). Cytotoxic concentrations

of oxidative DNA lesions (Fung et al., 2007;
Pu ef al., 2007b). At toxic concentrations, As"
increased large-deletion mutations in human/
hamster hybrid cells through a mechanism
mediated by reactive oxygen species (Hei ef al.
1998). MMA™ and DMA™ are weakly mutagenic
in mouse lymphoma L5178Y cells, but only at
toxic concentrations, and yield mostly deletions
(Moore et al., 1997; Kligerman et al., 2003).

Usingatransgenic cellline that readily detects
deletions as well as point mutations, statistically
significant mutagenesis was never observed for
DMA™, and was only seen for As™ or MMA™ at
toxic concentrations. MMA™ yielded a mutant
fraction about 4-fold over background at 11%
survival, and 79% of these mutants were dele-
tions (Klein ef al., 2007).

As", MMA™, and DMA™ can induce
chromosomal aberrations in vitro (Oya-Ohta
et al., 1996; Kligerman et al., 2003). Statistically
significant increases in chromosomal aber-
rations occur only at toxic doses (Klein ef al.
2007), except as a secondary effect of genomic
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instability in long-term, low-dose treatment
protocols (Sciandrello ef al., 2004). An analysis
of micronuclei induced by As"™ in human fibro-
blasts shows that at lower (relatively non-toxic)
doses, As"' acts as an aneugen by interfering
with spindle function and causing micronuclei
with centromeres, but at high (toxic) doses, it
acts as a clastogen, inducing micronuclei without
centromeres (Yih & Lee, 1999). Aneuploidyis seen
after treatment with As"™ concentrations lower
than those that cause chromosomal aberrations
(Yih & Lee, 1999; Ochi et al., 2004; Sciandrello
et al., 2002, 2004). Aneuploidy associated with
disruption of spindle tubulin has been reported
in other cells treated with arsenicals (Huang &
Lee, 1998; Kligerman & Tennant, 2007; Ramirez

Waalkes, 2008). Alterations of DNA methyla-
tion, along with histone modification, were seen
in cells treated with As™ and MMAM! (Jensen
et al., 2008; Zhou et al., 2008). Global DNA
hypomethylation, along with hypermethylation
of specific genes, was demonstrated in several
As"-transformed cells (Benbrahim-Tallaa et al.
2005a; Liu & Waalkes, 2008). Oxidative damage
to DNA has been shown to cause changes in
DNA methylation (Cerda & Weitzman, 1997),
suggesting a mechanism by which As" may
induce this effect. Changes in DNA methyla-
tion patterns could also result from altered SAM
pools or downregulation of DNA methyltrans-
ferases (Hamadeh et al., 2002; Benbrahim-Tallaa
et al.,2005a; Reichard et al., 2007; Liu & Waalkes,

et al., 2007). Disrupted mitotic spindles and
induced persistent aneuploidy were maintained
even 5 days after As"™ removal (Sciandrello ef al.,

2008). Altered DNA methylation has also been
observed in arsenic-exposed humans (Chanda
et al., 2006; Marsit et al., 2006).

2002). Humans exposed to high concentrations
of inorganic arsenic in drinking-water also show
increased micronuclei in lymphocytes, exfoli-
ated bladder epithelial cells and buccal mucosa
cells, and sometimes chromosomal aberra-
tions and sister chromatid exchange in whole-
blood lymphocyte cultures (Basu et al., 2001).

Although not a mutagen, As" can enhance
the mutagenicity of other agents (Rossman
2003; Danaee et al., 2004; Fischer et al., 2005).
Co-mutagenesis may occur by interference with
both nucleotide-excision repair and base-exci-
sion repair (Hartwig ef al., 2002; Rossman, 2003;
Danaee et al., 2004; Wu et al., 2005; Shen et al.,

Micronuclei and chromosomal aberrations are
also induced in mice after intraperitoneal treat-
ment with As'™ (IARC, 2004).

Long-term low-dose treatment of human
osteosarcoma cells with As™ (but not MMA!)
resulted in increased mutagenesis and trans-
formation as a secondary effect of genomic
instability (Mure ef al, 2003). In Chinese
hamster V79-13 cells grown in the presence of
low concentrations of As™, genomic instability
(measured by chromosomal aberrations in later
generations) followed earlier changes in DNA
methylation and aneuploidy (Sciandrello et al.,
2002, 2004). Other studies report gene ampli-
fication (Lee et al., 1988; Rossman & Wolosin,
1992), and changes in gene expression, e.g. by
DNA methylation changes (Liu ef al., 2006b;
Klein et al., 2007; Reichard et al., 2007; Liu &
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2008). Nucleotide-excision repair was blocked in
human fibroblasts with the following potency:
MMA™ > DMA™ > As' (Shen et al., 2008). As™
is not a very effective inhibitor of DNA-repair
enzymes (Snow ef al., 2005). Rather, it appears
to affect DNA-damage signalling events that
control DNA repair. One of these is poly(ADP-
ribose) polymerase (PARP) (Hartwig et al., 2003;
Qin et al., 2008). PARP-1, the major PARP, is
involved in base-excision repair by interacting
with DNA-repair protein XRCC1, DNA poly-
merase [, and DNA ligase ™. This might explain
the inhibition of the ligation step of base-excision
repair by As™ (Li & Rossman, 1989). MMA™ and
DMA™ are more effective PARP inhibitors than
is As" (Walter et al., 2007). The inhibition of
PARP (and other proteins such as XPA) may be




mediated by the displacement of zinc (Zn) at Zn
fingers (Schwerdtle et al., 2003; Qin et al., 2008).

Anotherimportantsignal pathway affected by
As''is that mediated by tumour-suppressor gene
Tp53. As' was shown to prevent the activation of
the P53 protein and the downstream expression
of p21 after genotoxic insult (Vogt & Rossman,
2001; Tang et al., 2006; Shen et al., 2008). This
has the effect of overriding the growth arrest at
Gl (normally an opportunity for DNA repair
to take place before DNA replication) in cells
with DNA damage, and might explain part of
the co-mutagenic effect (Vogt & Rossman, 2001;
Hartwig et al., 2002; Mudipalli et al., 2005). p53
is also required for proficient global nucleotide-
excision repair (Ferguson & Oh, 2005). The inhi-
bition of thioredoxin reductase by As"', MMA™
and DMA™ (Lin et al., 1999) would cause the
accumulation of oxidized thioredoxin, which
may be partially responsible for p53 malfunc-
tion, as is shown in yeast (Merwin et al., 2002).
The upregulation of positive growth genes such
as cyclin D by low concentrations of As"™ would
also tend to drive cells to cycle inappropriately
(Trouba et al., 2000; Vogt & Rossman, 2001;
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preventing blockage of the cell cycle after geno-
toxic insult by a second agent were discussed
above. In addition, low concentrations of As™
in the absence of a second agent can also stimu-
late cell proliferation in vitro (Germolec et al.,
1997; Trouba et al., 2000; Vogt & Rossman, 2001;
Benbrahim-Tallaa et al., 2005b; Komissarova
et al., 2005), and in vivo (Germolec et al., 1998;
Burns et al., 2004; Luster & Simeonova, 2004).
The concentration-dependent increase in prolif-
eration of human keratinocytes after 24 hours of
treatment with arsenicals followed the potency
trend: DMA™ > MMA™ > As" (Mudipalli ef al.,
2005). As" upregulates pro-growth proteins
such as cyclin D1, c-myc, and E2F-1 (Trouba
et al., 2000; Vogt & Rossman, 2001; Ouyang
et al., 2007). The increased proliferation in
mouse skin by As"™ alone (in drinking-water) is
not sufficient to induce skin cancer (Burns ef al.

2004), but may contribute to its co-carcinogen-
esis with solar ultraviolet. As"™ was found to
block the differentiation of skin cells, resulting
in increased numbers of keratinocyte stem cells,
the cells that proliferate (Patterson & Rice, 2007;
Waalkes et al., 2008). Because tumours may arise

Luster & Simeonova, 2004).

In addition to inhibiting particular proteins,
As'" (at slightly toxic concentrations) can down-
regulate expression of some DNA repair genes
(Hamadeh et al., 2002; Andrew et al., 2006;
Sykora & Snow, 2008). However, very low, non-
toxic concentrations, may have the opposite effect
of upregulating DNA repair, concomitant with
antioxidant defenses (Snow et al., 2005; Sykora
& Snow, 2008).

4.3 Co-carcinogenic and in utero
carcinogenic effects

There are several non-genotoxic actions of
As™ (sometimes demonstrated also for its triva-
lent metabolites) that may contribute to arsenic-
induced carcinogenesis. The effects of As™ on

from stem cells, this would increase the pool of
target cells for cancer of the skin.

Another mechanism for arsenic-related
carcinogenesis might be acquired resistance to
apoptosis. Long-term growth of human skin
cells (HaCaT) in the presence of low concentra-
tions of As'' resulted in cells with a generalized
resistance to apoptosis (Pi et al., 2005). This may
allow the survival of cells with DNA damage,
thus facilitating tumorigenesis. Even short-term
exposure to As'™ affected the apoptotic response
to solar UV in a mouse keratinocyte cell line
(Wu et al., 2005) or to UVB in normal human
keratinocytes (Chen et al., 2005b). It is possible
that the loss of the P53 function partially medi-
ates the reduction in apoptotic response (Chen
et al., 2005b).

Numerous studies report increased inflam-
mation after As"™ exposure (NRC, 1999; Straub
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et al., 2007). The transcription factor NF-xB is
involved in the inflammatory response, and
As'™ causes oxidant-dependent activation of
NF-kB (Barchowsky et al., 1999). Activation of
the NF-kB inflammatory signalling pathway was
seen in infants born to As™-exposed mothers in
Bangladesh (Ery ef al., 2007).

As' can disrupt the signalling of the estrogen
receptor, glucocorticoid receptor, and of other
steroids in vivo and in vitro (Benbrahim-Tallaa
et al., 2005b, 2007; Liu et al., 2007; Davey et al.,
2008). Submicromolar concentrations of As!
stimulate the transcription of several steroid
receptors, but slightly higher concentrations
(1-3 uM) are inhibitory (Bodwell et al., 2006).
Exposure of mice in utero to As™ in a protocol
leading to hepatocarcinogenesis resulted in
altered expression of numerous genes involved
in estrogen signalling or steroid metabolism, as
well as hypomethylation of estrogen receptor a
(Liu & Waalkes, 2008).

Angiogenesis, which provides a blood supply
to developing tumours, is stimulated by very low
concentrations of As™ (Mousa et al., 2007; Straub
et al., 2007). This activity can be blocked by sele-
nium compounds (Mousa et al., 2007), which
also blocks As™-induced co-carcinogenesis with
UV and delays mutagenesis (Uddin et al., 2005).

Many of these effects depend on altered
gene expression that can result from genetic and
epigenetic effects discussed above. Changes in
gene expression by As" can also be mediated by
the alteration of miRNA patterns (Marsit et al.
2006). Some short-term changes in gene expres-
sion (e.g. changesin the expression of DNA-repair
proteins or DNA methyltransferases) can result
in long-term changes. Genome-wide changes in
gene expression and signal transduction induced
by arsenicals have been reported in several publi-
cations (Su et al., 2006; Kumagai & Sumi, 2007;
Ghosh et al., 2008).
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4.4 Synthesis

In the human body, inorganic arsenic
compounds are converted to As™ and As". As" is
rapidly converted to As™. As'" species are more
toxic and bioactive than are As" species, both
because of the greater chemical reactivity of As',
and because As"" enters cells more easily.

For inorganic arsenic and its metabolites, the
evidence points to weak or non-existent direct
mutagenesis, which is seen only at highly cyto-
toxic concentrations. On the other hand, long-
term, low-dose exposure to inorganic arsenic
— more relevant to human exposure - is likely
to cause increased mutagenesis as a secondary
effect of genomic instability, perhaps mediated
by increased levels of reactive oxygen species,
as well as co-mutagenesis with other agents. The
major underlying mechanisms observed at low
concentrations include the rapid induction of
oxidative DNA damage and DNA-repair inhibi-
tion, and slower changes in DNA-methylation
patterns, aneuploidy, and gene amplification.
Gene amplification, altered DNA methylation,
and aneuploidy lead to altered gene expression,
and genomic instability. Inhibition of DNA repair
leads to co-mutagenicity as well. These effects are
consistent with the animal carcinogenicity data,
in which As™ is a transgenerational carcinogen
— with exposure being present during many cell
generations — and in results observed in co-carci-
nogenicity studies.

For bladder tumours induced by high doses
of DMAY in the rat, the mechanism is likely to
involve sustained cytotoxicity followed by stress-
related cell proliferation, leading to genomic
instability.

Inflammation and cytotoxicity may play a
role in lung tumours induced by gallium arse-
nide in female rats.



5. Evaluation

There is sufficient evidence in humans for the
carcinogenicity of mixed exposure to inorganic
arsenic compounds, including arsenic trioxide,
arsenite, and arsenate. Inorganic arsenic
compounds, including arsenic trioxide, arsenite,
and arsenate, cause cancer of the lung, urinary
bladder, and skin. Also, a positive association has
been observed between exposure to arsenic and
inorganic arsenic compounds and cancer of the
kidney, liver, and prostate.

There is sufficient evidence in experimental
animals for the carcinogenicity of dimethylars-
inic acid, calcium arsenate, and sodium arsenite.

There is limited evidence in experimental
animals for the carcinogenicity of sodium arse-
nate, gallium arsenide, arsenic trioxide, and
trimethylarsine oxide.

There is inadequate evidence in experimental
animals for the carcinogenicity of monomethyl-
arsonic acid and arsenic trisulfide.

In view of the overall findings in animals,
there is sufficient evidence in experimental
animals for the carcinogenicity of inorganic
arsenic compounds.

Arsenic and inorganic arsenic compounds
are carcinogenic to humans (Group 1).

Dimethylarsinic acid and monomethylar-
sonic acid are possibly carcinogenic to humans
(Group 2B).

Arsenobetaine and other organic arsenic
compounds not metabolized in humans, are not
classifiable as to their carcinogenicity to humans
(Group 3).

The Working Group made the overall
evaluation on ‘arsenic and inorganic arsenic
compounds’ rather than on some individual
arsenic compounds, based on the combined
results of epidemiological studies, carcino-
genicity studies in experimental animals, and
data on the chemical characteristics, metabo-
lism, and modes of action of carcinogenicity.

Arsenic and arsenic compounds

Elemental arsenic and inorganic arsenic
species share the same metabolic pathway: arse
nate>arsenite>methylarsonate>dimethylarse
nite. Thus, independent of the mechanisms of the
carcinogenic action, and independent of which
of the metabolites is the actual ultimate carcin-
ogen, different inorganic arsenic species should
be considered as carcinogenic.
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