
Jump to main content.

National Center for Environmental Assessment

Recent Additions | Contact Us Search: All EPA This Area  

You are here: EPA Home
Research & Development
NCEA Home
Assessment of Thyroid Follicular Cell Tumors

Contact

William P. Wood
by phone at:   202-564-3361
by fax at:   202-565-0062
by email at:  risk.forum@epa.gov

Go To Downloads
The U.S. Environmental Protection Agency (U.S. EPA) conducts risk assessments on chemicals for
carcinogenicity under the guidance provided in its cancer risk assessment guidelines (U.S. EPA, 1986a; 1996).
From time to time scientific developments prompt the Agency to reexamine procedures that are generally
applied. That is the case with the review of some chemicals that have produced thyroid follicular cell tumors
in experimental animals. The purpose of this document is to describe the procedures U.S. EPA will use to
evaluate these tumors and the data that are needed to make these judgments.

The Report presents science policy guidance that describes the procedures the Agency will use in the
evaluation of potential human cancer hazard and dose-response assessments from chemicals that are animal
thyroid carcinogens. The Forum Report describes when, under clearly specified conditions, chemical
carcinogenesis in thyroid follicular cells can be analyzed as a nonlinear phenomenon, rather than assuming
low dose linearity as EPA customarily does for carcinogenic compounds. Four hypothetical case studies are
summarized which illustrate how to evaluate toxicological data and make hazard and dose-response
estimation choices. The procedures and considerations developed in the Forum Report embody current
scientific knowledge of thyroid carcinogenesis and evolving science policy. Should significant new
information become available, the Agency will update its guidance accordingly.

Assessment of Thyroid Follicular Cell Tumors | National Center for Envi... http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=13102

1 of 2 3/25/2010 2:15 PM



Downloads/Related Links

Thyroid Document (PDF)  (51 pp, 255 KB, about PDF)
Thyroid Document Appendices (PDF)  (118 pp, 4 MB, about PDF)

Related Link(s)

US EPA Cancer Guidelines

Citation

U.S. EPA. Assessment of Thyroid Follicular Cell Tumors. U.S. Environmental Protection Agency,
Washington, DC, EPA/630/R-97/002, 1998.

ORD Home | Search EPA

Local Navigation

NCEA Home
Basic Information
Where You Live
Risk Assessment
Science Activities
Publications
Tools and Databases
Guidelines
Jobs
RSS Feeds

EPA Home
Privacy and Security Notice
Contact Us

Last Updated on Tuesday, January 3rd, 2006.

Jump to main content.

Assessment of Thyroid Follicular Cell Tumors | National Center for Envi... http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=13102

2 of 2 3/25/2010 2:15 PM



EPA/630/R-97/002
March 1998

ASSESSMENT OF THYROID FOLLICULAR CELL TUMORS

Technical Panel

Richard N. Hill, M.D., Ph.D., Chair  Thomas M. Crisp, Ph.D.
Pamela M. Hurley, Ph.D. Sheila L. Rosenthal, Ph.D.
Office of Prevention, Pesticides, and Toxic Dharm V. Singh, D.V.M., Ph.D.
  Substances Office of Research and Development

Consultant

Gordon C. Hard, B.V.Sc., Ph.D., D.Sc.
American Health Foundation

Valhalla, NY

Risk Assessment Forum Staff
William P. Wood, Ph.D., Executive Director

Imogene Sevin Rodgers, Ph.D., Science Coordinator up to February 1993

Risk Assessment Forum
U.S. Environmental Protection Agency

Washington, DC  20460



ii

DISCLAIMER

This document has been reviewed in accordance with U.S. Environmental Protection
Agency policy and approved for publication.  Mention of trade names or commercial products
does not constitute endorsement or recommendation for use.



iii

CONTENTS

Lists of Tables and Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Peer Reviewers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

EXECUTIVE SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.  SUMMARY OVERVIEW OF THYROID CARCINOGENESIS . . . . . . . . . . . . . . . 5
     1.1.  ROLE OF TSH IN RODENT CARCINOGENESIS . . . . . . . . . . . . . . . . . . . . . 7
     1.2.  GENETIC INFLUENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
     1.3.  POSSIBLE MECHANISTIC STEPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
     1.4.  HUMAN THYROID CARCINOGENESIS . . . . . . . . . . . . . . . . . . . . . .  . . . 11

2.  SCIENCE POLICY GUIDANCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
     2.1.  SCIENCE POLICY STATEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
     2.2.  EVIDENCE FOR ANTITHYROID ACTIVITY . . . . . . . . . . . . . . . . . . . . . . 19

 2.2.1. Data Needs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
 2.2.2. Increases in Cellular Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
 2.2.3   Hormone Changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
 2.2.4. Site of Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2.4.1.  Intrathyroidal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2.4.2.  Extrathyroidal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

 2.2.5.  Dose Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
 2.2.6.  Reversibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
 2.2.7.  Lesion Progression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
 2.2.8.  Structure-Activity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
 2.2.9.  Other Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

    2.3.  OTHER MODES OF CARCINOGENIC ACTION . . . . . . . . . . . . . . . . . . . . . 25
    2.4.  DOSE-RESPONSE CONSIDERATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4.1.   Thyroid Tumor High-to-Low Dose Extrapolation . . . . . . . . . . . . . . . . . 26
2.4.1.1.  Biologically Based . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4.1.2.  Nonlinear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4.1.3.  Low-Dose Linear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.1.4.  Low-Dose Linear and Nonlinear . . . . . . . . . . . . . . . . . . . . . . . 29

 2.4.2.  Endpoints to be Employed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
 2.4.3.  Estimation of Points of Departure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
 2.4.4.  Interspecies Extrapolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
 2.4.5.  Human Intraspecies Evaluations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31



iv

 

3.  HIGHLIGHTS OF CASE STUDIES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
     3.1. COMPOUND 1:  A THIONAMIDE THAT AFFECTS THE 

SYNTHESIS OF ACTIVE THYROID HORMONE; THYROID
PEROXIDASE AND 5'-MONODEIODINASE INHIBITION . . . . . . . . . . . . . 34

     3.2. COMPOUND 2:  A CHLORINATED CYCLIC HYDROCARBON
THAT MAY INFLUENCE THE THYROID THROUGH EFFECTS ON
THE LIVER; SIGNIFICANT DATA GAPS . . . . . . . . . . . . . . . . . .      35

     3.3. COMPOUND 3:  A BIS-BENZENAMINE THAT PRODUCES 
THYROID AND LIVER TUMORS; ANTITHYROID AND
MUTAGENIC EFFECTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

     3.4. COMPOUND 4:  A NITROSAMINE THAT IS MUTAGENIC 
AND HAS NO ANTITHYROID EFFECTS . . . . . . . . . . . . . . . . . . . . . . . . . . 36

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

APPENDICES:

A.  CASE STUDIES OF COMPOUNDS

B.  SYNOPSIS OF AGENTS AFFECTING THE THYROID

C.  SCIENTIFIC FINDINGS FROM 1988 EPA REVIEW DOCUMENT

D.  A REVIEW OF RECENT WORK ON THYROID REGULATION AND
     THYROID CARCINOGENESIS BY GORDON HARD



v

LIST OF TABLES

Table 1.  Carcinogenic influences on the rodent thyroid . . . . . . . . . . . . . . . . . . . . . . . . . 9

Table 2.  Possible molecular events in human thyroid (follicular) carcinogenesis . . . . . . 11

Table 3. Carcinogenic influences on the human thyroid . . . . . . . . . . . . . . . . . . . . . . . . 13

Table 4.  Inter- and intraspecies differences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Table 5.  Default dose-response procedures for thyroid carcinogens . . . . . . . . . . . . . . . 19

Table 6.  Data demonstrating antithyroid activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Table 7.  Case study summaries:  dose-response assessments . . . . . . . . . . . . . . . . . . . . 34

LIST OF FIGURES

Figure 1. Hypothalamic-Pituitary-Thyroid Axis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Figure 2. Antithyroid Effects Influencing Thyroid Carcinogenesis . . . . . . . . . . . . . . . . 23



vi

PEER REVIEWERS

1988 DOCUMENT

A.  Independent Reviewers

Gary Boorman, D.V.M., Ph.D. University of Wales College of Medicine
Michael Elwell, D.V.M., Ph.D. Cardiff, Wales
Scott Eustis, D.V.M., Ph.D. 
Robert Maronpot, D.V.M. 
National Institute of Environmental Health Sciences
Research Triangle Park, NC Charles C. Capen, D.V.M.

Gerard Burrow, M.D. College of Medicine
Department of Medicine Ohio State University
University of Toronto Columbus, OH
Toronto, Ontario, Canada (representing FIFRA Scientific Advisory Panel) 

W. Gary Flamm, Ph.D. Nancy Kim, Ph.D.
Ronald Lorentzen, Ph.D. Division of Environmental Health
Center for Food Safety and Applied Nutrition New York Department of Health
Food and Drug Administration Albany, NY
Washington, DC  

Sidney Ingbar, M.D., D.Sc. Division of Endocrinology
Department of Medicine University of Colorado Health Sciences Center
Harvard Medical School/Beth Israel Hospital Denver, CO  
Boston, MA

R. Michael McClain, Ph.D. Exxon Biomedical Sciences, Inc.
Department of Toxicology and Pathology East Millstone, NJ
Hoffmann-LaRoche, Inc.
Nutley, NJ Ellen Silbergeld, Ph.D.

Jack Oppenheimer, M.D. Washington, DC 
Departments of Medicine and Physiology
University of Minnesota--Health Sciences James A. Swenberg, Ph.D.
Minneapolis, MN Chemical Industry Institute of Toxicology

David Schottenfeld, M.D. (representing FIFRA Scientific Advisory Panel)
School of Public Health
University of Michigan Robert Tardiff, Ph.D.
Ann Arbor, MI 1423 Trapline Court

Jerrold Ward, Ph.D.
Laboratory of Comparative Carcinogenesis
National Cancer Institute
Frederick, MD

E. Dillwyn Williams, M.D.
Department of Pathology

B.  EPA Science Advisory Board

Department of Veterinary Pathobiology

E. Chester Ridgway, M.D.

Robert A. Scala, Ph.D.

Environmental Defense Fund

Research Triangle Park, NC

Vienna, VA 

1996 DOCUMENT



vii

A.  Independent Reviewers
Johns Hopkins University School of Hygiene and

Gordon C. Hard, B.V.Sc., Ph.D., D.Sc.   Public Health 
American Health Foundation Baltimore, Maryland   
Valhalla, NY  

David Hattan, Ph.D. Department of Environmental and
Center for Food Safety and Applied Nutrition   Community Medicine
Food and Drug Administration UMDNJ-Robert Wood Johnson Medical School
Washington, DC Piscataway, NJ 

R. Michael McClain, Ph.D. David Gaylor, Ph.D.
Department of Toxicology Food and Drug Administration
Hoffmann-LaRoche, Inc. National Center for Toxicological Research
Nutley, NJ  Jefferson, AR 

Margaret Ann Miller, Ph.D.
Center for Veterinary Medicine Eugene McConnell, D.V.M.
Food and Drug Administration Raleigh, NC
Rockville, MD (representing the FIFRA Scientific Advisory Panel)

Christopher Portier, Ph.D. Emil Pfitzer, Ph.D.
National Institute of Environmental Health Sciences Research Institute for Fragrance Materials, Inc.
Research Triangle Park, NC Hackensack, NJ  

Imogene Sevin Rodgers, Ph.D. Mark J. Utell, M.D.
Silver Spring, MD  Department of Medicine

Robert J. Scheuplein, Ph.D. Rochester, NY   
Center for Food Safety and Applied Nutrition
Food and Drug Administration Bernard Weiss, Ph.D.
Washington, DC Department of Environmental Medicine
(now with the Weinberg Group, Washington, DC)  University of Rochester Medical Center

B.  EPA Science Advisory Board

Charles C. Capen, D.V.M. Office of Environmental Health Hazard Assessment
Department of Veterinary Pathobiology California Environmental Protection Agency
College of Medicine Berkeley, CA 
Ohio State University
Columbus, OH  
(representing the FIFRA Scientific Advisory Panel)

Adolfo Correa, Ph.D.

Michael Gallo, Ph.D.

(Federal liaison)

     

University of Rochester Medical Center

Rochester, NY 

Lauren Zeise, Ph.D.



viii

PREFACE

The U.S. Environmental Protection Agency (U.S. EPA) conducts risk assessments on
chemicals for carcinogenicity under the guidance provided in its cancer risk assessment guidelines
(U.S. EPA, 1986a; 1996).  From time to time scientific developments prompt the Agency to
reexamine procedures that are generally applied.  That is the case with the review of some
chemicals that have produced thyroid follicular cell tumors in experimental animals.  The purpose
of this document is to describe the procedures U.S. EPA will use to evaluate these tumors and the
data that are needed to make these judgments.  

The current 1986 EPA cancer assessment guidelines provide direction for performing
hazard and dose-response assessments for carcinogenic substances. The guidelines generally
operate on the premise that findings of chemically induced cancer in laboratory animals signal
potential hazards in humans.  Likewise, for dose-response analyses, the guidelines first call for use
of the most biologically appropriate means for dose extrapolation.  In the absence of such
knowledge, assessors are directed toward the use of a default science policy position, a low-dose
linear procedure.    The National Research Council in their report Science and Judgment in Risk
Assessment (NRC, 1994) emphasized that well designed guidelines should permit acceptance of
new evidence that differs from what was previously perceived as the general case, when
scientifically justifiable. In keeping with this principle, the NRC recommended that EPA be more
precise in describing the kind and strength of evidence that it will require to depart from a default
option and which procedures will be applied in such situations.
  The scientific analysis and science policy statement in this report apply only to tumors
involving follicular cells of the thyroid gland.  This report does not analyze or address comparable
issues for other endocrine organs.  Each one will generally need to be evaluated on its own merits
(Iatropoulos, 1993/94; Capen et al., 1995). 

The present report responds to the EPA policy concerning risks to infants and children
(U.S. EPA, 1995).  It finds that children are more susceptible than adults to the thyroid
carcinogenic effects of ionizing radiation, and mutagenic thyroid carcinogenic chemicals should be
reviewed to determine whether children may be more sensitive than adults.  There is no indication
that disruption of thyroid-pituitary status may lead to differential age sensitivity.

In 1988, the Agency developed a review of the existing science on thyroid follicular cell
carcinogenesis and a draft science policy position covering the evaluation of chemicals that have
induced thyroid tumors in experimental animals.  The EPA Science Advisory Board approved the
science review and tentatively embraced the policy position that some thyroid tumors could be
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assessed using nonlinear considerations.  However, they recommended that the Agency (a)
articulate more clearly the steps that lead to the use of nonlinear considerations in assessments and
(b) illustrate, using case studies, the ways EPA would evaluate data on animal thyroid carcinogens
and make projections of anticipated human risk and dose-response assessments from chemicals
that are animal thyroid carcinogens.

The present document responds to the comments of the Science Advisory Board.  After
an abbreviated overview of thyroid carcinogenesis, the paper presents science policy guidance that
describes the procedures the Agency will use in the evaluation of potential human cancer hazard
and dose-response assessments from chemicals that are animal thyroid carcinogens.  Four
hypothetical case studies are summarized which illustrate how to evaluate toxicological data and
make hazard and risk estimation choices; the case studies are presented in full in Appendix A. 
Some of the chemical and functional classes and individual chemicals that have produced effects
on the thyroid are included in Appendix B. The overview highlights the knowledge about thyroid
carcinogenesis, but it does not contain an in depth scientific review of the literature.  As support
for the overview and as background for the science policy, the reader is referred to the scientific
findings laid out in the 1988 EPA review document and since published (Appendix C) and to an
update of some of the significant findings that have been published since the 1988 EPA review
(Appendix D).  The recent scientific literature further supports this science policy. 
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EXECUTIVE SUMMARY

Default assumptions that in the absence of relevant data help guide EPA in the use of
animal data in evaluating potential human hazards and risks include the following:  (a) tumors in
animals are indicators of potential carcinogenic hazards in humans; (b) humans are generally as
sensitive or more sensitive to effects of chemicals than are test animals; and (c) for carcinogens,
dose and response maintain a linear relationship from high dose to zero dose, based on an
assumption that chemicals act by affecting DNA directly to cause mutations.  This paper reviews
the evidence concerning these presumptions for thyroid follicular cell tumors and indicates that
they do not entirely hold for some thyroid carcinogens.  Data requirements for substantiating and
describing thyroid effects of a chemical are elaborated.

Tumors of thyroid gland follicular cells are fairly common in chronic studies of chemicals
in rodents.  Experimental evidence indicates that the mode of action for these rodent thyroid
tumors involves (a) changes in the DNA of thyroid cells with the generation of mutations, (b)
disruption of thyroid-pituitary functioning, or (c) a combination of the two.  The only verified
cause of human thyroid cancer is ionizing radiation, a mutagenic insult to which children are more
sensitive than adults. 

Thyroid hormone from the thyroid gland helps to set the metabolic rate of cells throughout
the body.  Too little or too much thyroid hormone is associated with disease, hypothyroidism and
hyperthyroidism, respectively.  Thyroid hormone production and thyroid cell division are
regulated by a negative feedback loop from the pituitary gland.  Whenever the pituitary detects
too much circulating levels of thyroid hormone, it reduces output of thyroid-stimulating hormone
(TSH).  When the pituitary perceives too little circulating thyroid hormone —whether due to
decreased synthesis or increased metabolism and excretion of thyroid hormone from the
body—the pituitary increases the output of TSH.  TSH goes to the thyroid and stimulates the
production of more thyroid hormone by existing cells or increases cell division in the thyroid to
help meet the additional demands for thyroid hormone production.  

Treatments of rodents that cause thyroid-pituitary disruption result in chronic reduction in
circulating thyroid hormone levels, increase in TSH levels and the development of increased cell
division, increased size and numbers of thyroid cells, increased thyroid gland weight and, finally,
tumors of the thyroid.  In some cases, there is also an increase in tumors of the pituitary cells that
produce TSH.  Cessation of treatment early in the process before tumor development results in
reversal of processes back towards normal.

Qualitatively, it is not known whether humans are susceptible, as are rodents, to the
development of thyroid cancer from thyroid-pituitary disruption.  Those human conditions that
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are known—namely iodide deficiency, congenital inability to synthesize thyroid hormone, and
Graves’ disease—are difficult to interpret regarding the influence of thyroid growth on thyroid
cancer.  The first two conditions result in situations like those found in rodents treated with
chemicals that lead to thyroid-pituitary disruption.  Like rodents, these individuals develop
decreased thyroid hormone and increased TSH levels, increased cell division and thyroid gland
enlargement, but cancer does not necessarily follow.  Some studies of persons in iodide deficient
areas show an association with thyroid cancer; other equally well conducted studies do not, and
there have only been a few reported cancer cases in persons with an inability to synthesize thyroid
hormone.  Persons with Graves’ disease, an autoimmune disorder, demonstrate antibodies against
the TSH receptor which stimulate thyroid cell growth as does TSH itself.  It has not been resolved
whether persons with Graves’ disease demonstrate an increased incidence of thyroid cancer or the
clinical course is more aggressive when they develop cancer.  Quantitatively, if humans develop
cancer through thyroid-pituitary disruption, it appears that humans are less sensitive to the
carcinogenic effects than are rodents.  Rodents show significant increases in cancer with thyroid-
pituitary disruption; humans show little, if any.  However, given the data at hand and the
questions that still remain unanswered, it seems that the finding of thyroid tumors in experimental
animals cannot be totally dismissed as a hazard indicator for humans. 

Using the current understanding of thyroid carcinogenesis, the EPA adopts the following
science policy for interpreting data on this process in experimental animals:

1. It is presumed that chemicals that produce rodent thyroid tumors may pose a carcinogenic
hazard for the human thyroid.

2. In the absence of chemical-specific data, humans and rodents are presumed to be equally
sensitive to thyroid cancer due to thyroid-pituitary disruption.  This is a conservative
position when thyroid-pituitary disruption is the sole mode of action, because rodents
appear to be more sensitive to this carcinogenic mode of action than humans.  When the
thyroid carcinogen is a mutagenic chemical, the possibility that children may be more
sensitive than adults needs to be evaluated on a case by case basis.

3. Based on data and mode of action information on a chemical that has produced thyroid
tumors, a judgment will be made concerning the applicability of the generic EPA
presumption that dose and response maintain linearity from high dose to zero dose as
follows:
a. A linear dose-response procedure should be assumed when needed experimental

data to understand the cause of thyroid tumors are absent and the mode of action
is unknown.
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b. A linear dose-response procedure should be assumed when the mode of action
underlying thyroid tumors is judged to involve mutagenicity alone.

c. A margin of exposure dose-response procedure based on nonlinearity of effects
should be used when thyroid-pituitary disruption is judged to be the sole mode of
action of the observed thyroid and related pituitary tumors.  Thyroid-pituitary
perturbation is not likely to have carcinogenic potential in short-term or highly
infrequent exposure conditions.  The margin of exposure procedure generally
should be based on thyroid-pituitary disruptive effects themselves, in lieu of tumor
effects, when data permit.  Such analyses will aid in the development of combined
noncancer and cancer assessments of toxicity.  Results of the margin of exposure
procedure will be presented in a way that supports risk management decisions for
exposure scenarios of differing types (e.g., infrequent exposure, short durations).

d. Consistent with EPA risk characterization principles, both linear and margin of
exposure considerations should be assumed when both mutagenic and thyroid-
pituitary disruption modes of action are judged to be potentially at work.  The
weight of evidence for choosing one over the other should also be presented.  The
applicability of each to different exposure scenarios should be developed for risk
management consideration. 

e. When supported by available data, biologically based dose-response modeling may
be conducted.  This is the preferred approach when detailed data are available to
construct such a model.

4. Adverse rodent noncancer thyroid effects (e.g., thyroid gland enlargements) following
short- and long-term reductions in thyroid hormone levels are presumed to pose human
noncancer health hazards.  

5. Dose-response relationships for neoplasms other than the thyroid (or pituitary) will be
evaluated using mode of action information bearing on their induction and principles laid
out in current EPA cancer risk assessment guidelines.

Application of the science policy guidance for chemicals that have produced thyroid
tumors in rodents is dependent on the generation of mode of action information regarding
potential mutagenic influences on the DNA and whether there are changes in thyroid-pituitary
functioning.  Mutagenic influences are evaluated by short-term tests for gene and structural
chromosome mutations and other tests.

Influences on thyroid-pituitary functioning are evaluated in eight different areas:  data on
five lines of evidence are required to evaluate this mode of action; three are desirable.  Required is
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information on increases in follicular cell size and number, changes in thyroid and pituitary
hormones, knowledge of where the chemical affects thyroid functioning, correlations between
doses producing thyroid effects and cancer, and reversibility of effects when chemical dosing
ceases.  Desirable information consists of knowledge of progression of lesions over time, chemical
structure-activity relationships, and various other investigations (e.g., initiation-promotion
studies).

Dose-response relationships will incorporate biologically based models when sufficient
data are available.  In their absence, linear, margin of exposure or both procedures will be
employed, using extant mode of action information.  The first step is to model existing data down
to the point where information is generally no longer reliable, the dose point of departure.  These
include estimates of a dose producing 10% thyroid tumor incidence and values using noncancer
effects like TSH levels, thyroid weight and other parameters.  Concern for human exposure
(“risk”) using a margin of exposure, involves calculation of the ratio of a dose point of departure
to an anticipated human exposure level.  The larger the margin, the lower the concern for
exposure.  In cases where linear considerations are applied, a straight-line extrapolation of tumor
incidence is made from the dose point of departure (e.g., 10% tumor incidence level) to the
origin.  

The procedures and considerations developed in this report embody current scientific
knowledge of thyroid carcinogenesis and evolving science policy.  Should significant new
information become available, the Agency will update its guidance accordingly.
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1.  SUMMARY OVERVIEW OF THYROID CARCINOGENESIS

Circulating thyroid hormone determines the level of operation of most cells of the body
(Brent, 1994); too much or too little hormone results in disease.  Control of the concentration of
this endocrine hormone in the blood is regulated mainly by a negative feedback involving three
organs:  the thyroid gland, which produces thyroid hormone, and the pituitary gland and
hypothalamus, which respond to and help maintain optimal levels of thyroid hormone (figure 1).  

The hypothalamus stimulates the pituitary through thyrotropin-releasing hormone (TRH)
to produce TSH, which then prompts the thyroid to produce thyroid hormone.  The stimulated
thyroid actively transports inorganic iodide into the cell; it converts it to an organic form and then
into thyroid hormone molecules that can influence target organs throughout the body.  Thyroid
hormone, in tissues peripheral to the thyroid, can be converted from a less active thyroxine (T ) to4

a more active triiodothyronine (T ) form.  Thyroid hormone also is metabolized by the liver,3

largely by conjugation reactions, and excreted into the bile.  
Cells in the hypothalamus and pituitary gland respond to levels of circulating thyroid

hormone, such that when thyroid hormone levels are high there is a signal to reduce the output of
TRH and TSH.  Similarly, when thyroid hormone levels are reduced, the pituitary is prompted to
deliver more TSH to the thyroid gland to increase the output of thyroid hormone.  This negative
feedback loop helps the body to respond to varying demands for thyroid hormone and to maintain
hormone homeostasis.  Circulating T , T , and TSH can readily be monitored in experimental4 3

animals and humans and serve as biomarkers of exposure and effect of agents that disrupt thyroid-
pituitary status.

In higher organisms, when demands for more thyroid hormone are small, existing thyroid
follicular cells can meet the demand.  With increased need, as a result of certain chemical
exposures or iodide deficiency, the thyroid responds by increasing the size (hypertrophy) and
number (hyperplasia) of thyroid follicular cells to enhance hormone output.  With continued TSH
stimulation, there is actual enlargement of the thyroid gland (goiter) and, at least in rodents,
eventually neoplasia of the thyroid follicular cells.  Because TSH-producing pituitary cells also are
stimulated, they too sometimes undergo hyperplasia and neoplasia.  

For details about thyroid follicular cell carcinogenesis, the reader should consult appendix
C (Hill et al., 1989) and appendix D, an update of the science since 1988 (Hard, 1996); only a
limited number of references are in this text.  A number of recent papers and reviews are also
valuable information sources (Ward and Ohshima, 1986; Paynter et al., 1988; Capen and Martin, 
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1989; Gaitan, 1989; McClain, 1989, 1992, 1995; Wynford-Thomas and Williams, 1989; Curran
and De Groot, 1991; Thomas and Williams, 1991; Capen, 1992, 1994; Williams, 1992, 1995;
Farid et al., 1994).  The long history and extensive database on thyroid neoplasia also are
demonstrated in many older reviews (Bielschowsky, 1955; Morris, 1955; Furth, 1969; Doniach,
1970a, b; Christov and Raichev, 1972; Berenblum, 1974; Jull, 1976).

1.1.  ROLE OF TSH IN RODENT CARCINOGENESIS
Several experimental findings in rodents that perturb thyroid-pituitary homeostasis and

lead to elevated TSH levels indicate the central role of TSH in inducing thyroid carcinogenic
effects:  (1) loss of thyroid cells through partial thyroidectomy leads to a sustained inability of the
thyroid to meet the demands for thyroid hormone, (2) iodide deficiency decreases the thyroid’s
ability to synthesize adequate supplies of thyroid hormones, and (3) transplantation of pituitary
tumors that autonomously secrete TSH adds more of the trophic hormone to graft recipients (Hill
et al., 1989).  Note that these experimental manipulations are done in the absence of any
exogenous chemical treatment but demonstrate the seminal qualitative role that TSH plays in
thyroid carcinogenesis.  Quantitatively, its significance is demonstrated by the correlation between
the TSH level and number of tumors/gland in an initiation-promotion study (McClain, 1989).    

If a goitrogenic stimulus that would lead to thyroid tumor formation in rodents is removed
early in the process, effects reverse towards normal (Todd, 1986).  Likewise, if a goitrogenic
stimulus is given (1) in conjunction with adequate amounts of exogenous thyroid hormone
(McClain et al., 1988) or (2) after hypophysectomy to remove TSH-secreting cells (Jemec, 1980),
then hypertrophy, hyperplasia, and tumors of the thyroid do not develop.  It follows from these
observations that if TSH levels are chronically elevated, there will be thyroid cell hypertrophy,
hyperplasia, and some potential for neoplasia, but under conditions where thyroid-pituitary
homeostasis is maintained, the steps leading to tumor formation are not expected to develop, and
the chances of tumor development are negligible.

1.2.  GENETIC INFLUENCES
Rodent studies indicate an interplay between genetic and nongenetic events in the

development of thyroid tumors.  Evidence indicates that carcinogenesis often proceeds through a
number of operational steps termed initiation, promotion, and progression (Pitot and Dragan,
1991).  Initiation seems to be linked to genetic events with the induction of DNA mutations,
whereas promotion includes at least nongenetic events that lead to the expansion of a clone of
initiated cells via repeated cell division.  Progression is associated with the accumulation of cell
behaviors (like enzymatic destruction of basement membranes and increased mobility) that allow
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cells to invade locally and metastasize distally, probably in part due to still other mutations.  Some
genetic influences do not result in mutations but in changes in gene expression that can affect the
carcinogenic process.  

Treatment regimens that produce thyroid tumors in rodents can be conceptualized in
regard to initiation and promotion; four examples are cited.  It is recognized that these steps do
not in themselves describe carcinogenic mechanisms but, instead, present a framework for viewing
experimental findings.  (1) In two-stage experiments where a mutagenic agent such as radioactive
iodide is followed by treatment with a nonmutagenic goitrogen (e.g., a chemical inhibitor of
thyroid hormone synthesis), the first agent acts like an initiator, while the second behaves as a
promoter (Doniach, 1953).  (2) When treatment with a goitrogen alone leads to tumor formation,
TSH increases cell division among normal cells, which leads to increases in the overall chance of a
spontaneous initiating mutation and then promotes the altered cells that retain responsiveness to
TSH; carcinogenesis in these cases would be free of chemically induced mutagenic effects (Owen
et al., 1973).  (3) Some chemicals appear to have both initiating and promoting activity because
they are mutagenic in many test systems and have significant antithyroid activity (e.g., 4,4'-
oxydianiline) (Murthy et al., 1985).  (4) Still other agents, such as x-irradiation (NRC, 1990) and
certain chemicals (e.g., some nitrosamines) (Hiasa et al., 1991), are definitely mutagenic but lack
intrinsic goitrogenic activity.  These agents can easily initiate the carcinogenic process, but tumor
formation would be independent of strong promotional activity from antithyroid effects.  TSH still
may play a permissive role because these agents can induce cell injury and cell death, which lead
to reductions in the output of thyroid hormone and increases in TSH-induced cell division of
initiated thyroid cells.

It thus appears that thyroid cancer in experimental animals may be due to either mutagenic
influences that lead to DNA changes; to hormone perturbations that lead to growth stimulation,
which directly increases the number of thyroid cells and indirectly leads to mutations; or to a
combination of the two (table 1).  In those cases where increases in cell number are dominant, the
inciting agent or procedure may be seen as the carcinogenic stimulus, but the proximate
carcinogenic influence is TSH.  For those cases with a dominant mutagenic influence, TSH may
play an enhancing role in the carcinogenic process.
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Table 1.  Carcinogenic influences on the rodent thyroid

DNA directed:
      X rays 
      I131

      Mutagenic chemicals

Indirect:
Partial thyroidectomy
Transplantation of TSH-secreting pituitary tumors
Iodide deficiency
Chemicals inhibiting uptake of iodide into the thyroid 
Chemicals inhibiting thyroid peroxidase
Chemicals inhibiting release of thyroid hormone from the thyroid gland
Chemicals damaging thyroid follicular cells
Chemicals inhibiting conversion of T  to T4 3

Chemicals increasing hepatic thyroid hormone metabolism and excretion

1.3.  POSSIBLE MECHANISTIC STEPS   
The precise molecular steps in the carcinogenic process leading to thyroid follicular cell

cancer have not been elucidated totally, although significant insights into the problem have been
described (Farid et al., 1994; Said et al., 1994).  Normal cell division in the thyroid seems to be 
affected by an interplay among several mitogenic factors, namely, TSH, insulinlike growth factor
1 (IGF-1), insulin, epidermal growth factor (EGF), and possibly fibroblast growth factor (FGF). 
Still other factors, such as transforming growth factor  (TGF ), certain interferons, and
interleukin 1, may inhibit growth.  

TSH communicates with the cell’s interior by activating adenylate cyclase to raise levels of
cyclic AMP.  It also functions through the phosphatidyl-inositol/Ca  signal transduction cascade2+

that activates phospholipase C.  This latter system expresses itself through two pathways:  inositol
triphosphate, which releases calcium from cellular stores, and 1,2-diacylglycerol, which activates
protein kinase C.  Signal transduction continues following protein kinase C activation through
several steps, including the ras protooncogene and various kinases, culminating in the activation
of nuclear transcription factor genes (e.g., c-fos), which leads to cellular proliferation.  The
diacylglycerol pathway may account for the fact that the phorbol ester tumor promoters, which
increase protein kinase C, also stimulate thyroid cell division. 
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EGF, insulin, and IGF-1 act through tyrosine kinase receptors.  TSH increases EGF
binding to its receptor and enhances cell division.  IGF-1 and high doses of insulin may influence
the TSH receptor.  Iodide decreases thyroid cell adenylate cyclase and calcium levels, whereas
reduced iodide enhances TSH effectiveness.  In sum, the actual control of normal cell division in
follicular cells may, in fact, represent some interaction of all these factors and possibly other
growth regulatory substances. 

Under conditions of thyroid-pituitary imbalance, there is no question that TSH plays a
significant role in stimulating DNA synthesis and cell proliferation.  However, there is somewhat
of a controversy concerning the extent that normal follicular cells can proliferate.  One research
group claims that cells have limited capacity to respond to the growth-inducing effects of TSH
(Wynford-Thomas et al., 1982).  In this case, tumor formation would entail mutational steps that
free cells from their growth-limiting potential.  Another group of investigators thinks that
follicular cells are innately heterogeneous, with some of them having stem cell-like proliferation
potential while others are more restricted (Studer and Derwahl, 1995).  The stem cell-like
follicular cells would continue to respond to TSH stimulation and eventually give rise to tumors. 
It seems possible that both situations might actually apply. 

Neoplastic transformation appears to occur in single cells that then expand clonally. 
Under TSH stimulation, the yield of mutations that may influence transformation increases, even
in the absence of an increase in the mutation rate per cell.  This is because the repeated cell
divisions lead to an increased number of cells at risk for mutation or because rapid cell turnover
leaves some spontaneous DNA damage unrepaired.  

The precise genetic alterations that accumulate in thyroid follicular cells have not been
clearly established in humans or in experimental systems, although mutations involving the ras
protooncogene, the p53 tumor suppressor gene, and various chromosome aberrations have been
reported in the follicular variety of epithelial tumors.  These changes in gene expression could lead
to uncontrolled cellular growth and allow cells to attain the ability to invade adjacent tissues and
metastasize (table 2).  For the papillary variety of thyroid epithelial tumors, changes in expression
of other factors have been noted, namely, PTC/ret, trk, and met  (Farid et al., 1994; Said et al.,
1994).

Transformed rodent cells that are stimulated to proliferate under the influence of
continuing antithyroid stimulation retain their responsiveness to TSH.  Interestingly, human
thyroid cancer cells often retain TSH receptors and the ability to respond to TSH, although their
receptors dissipate as tumors become more anaplastic.  For tumor cells to attain their maximal
malignant potential, they need to lose their dependence on TSH.  Although interesting 
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Table 2.  Possible molecular events in human thyroid
(follicular) carcinogenesis

Thyroid follicular cells
TSH, insulin, IGF-1, EGF, FGF

Nodular hyperplasia
 ras, gsp, chromosome aberrations of 5, 7, and 12

Follicular adenoma
loss of heterozygosity at 3p

Follicular carcinoma
p53

Anaplastic carcinoma

observations concerning growth regulation associated with thyroid carcinogenesis have been
made, clearly more work is needed.

1.4.  HUMAN THYROID CARCINOGENESIS 
Clinically manifest thyroid cancer in humans in the United States is uncommon and largely

nonfatal:  only about 13,000 new cases occur each year (an incidence rate of 
approximately 3/100,000 persons) and about 1,000 deaths annually (>90% 5-year survival, which
constitutes only about 0.5% of all cancer deaths) (Boring et al., 1994).  In contrast to clinically
apparent disease, small occult thyroid cancers are noted at autopsy in a small percentage of
persons in a number of surveys and up to about 50% in other investigations (Bondeson and
Ljungberg, 1984; Mortenson et al., 1955).  The incidence in autopsy studies is more like that
noted in rats in the National Toxicology Program, where about 1% of control rats are diagnosed
with thyroid cancers at 2 years of age.  However, this comparison is somewhat misleading. 
Detailed histologic examinations of human and rodent thyroids are not routinely performed. 
Histologic tumor criteria differ over time and across reviewers.  In addition, thyroid follicular cell
cancer most often is diagnosed histologically as papillary in humans and follicular in rodents.  The
aggressiveness of tumors varies:  rodent thyroid neoplasms rarely metastasize; human cancers
frequently metastasize.  These differences regarding histology, along with the shortcomings of
information from descriptive and analytical epidemiologic investigations, help to emphasize the
difficulty in comparing human and rodent cancer incidence data.

For years, the only known human thyroid carcinogen was x-irradiation, causing an
increase in papillary tumors, with children being about two-fold or more sensitive than adults
(table 3) (NRC, 1990; Ron et al., 1989).  There was a question as to whether ionizing radiation
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from diagnostic or therapeutic use of radioiodine ( I) was carcinogenic in humans (Holm et al.,131

1988, 1991), although more recently, children exposed to I following the Chernobyl reactor131

accident in the Ukraine have developed thyroid cancer; iodide deficiency is also common in the
region and may augment the response to I (IAEA, 1996).  To date, no chemical has been131

identified as being carcinogenic to the human thyroid.  Most of the human chemical carcinogens
appear to be mutagenic and cause tumors in more than one site; some are steroid hormones. 
Whether mutagenic chemicals might be more carcinogenic to the thyroids of children is not
known. 

Humans respond as do experimental animals in regard to short- and mid-term disturbances
in thyroid functioning from various antithyroid stimuli such as iodide deficiency, partial
thyroidectomy (surgically or I induced), and goitrogenic chemicals (e.g., thionamides):  when131

circulating thyroid hormone levels go down, the TSH level rises and induces thyroid hypertrophy
and hyperplasia.  

However, the long-term consequences of antithyroid action are harder to interpret, and 
controversy exists regarding whether the enlarged human thyroid gland undergoes conversion to
cancer.  Thyroid enlargements and nodules have been implicated as possible antecedents to
thyroid cancer in humans, but direct evidence of conversion of these lesions to malignancy is
lacking (table 3).  Three examples of indirect effects follow.  (1) Persons who live in iodide-
deficient areas of the world are unable to synthesize adequate levels of thyroid hormones; they
develop elevated TSH levels, very enlarged thyroid glands, and lesions typified as adenomatous
hyperplasia.  There is conflicting evidence whether thyroid cancer is increased in these people
(Galanti et al., 1995; Waterhouse et al., 1982).  In contrast to these observations, it seems that
domestic animals but not wild animals in iodide-deficient areas developed elevated incidences of 
thyroid tumors (Wegelin, 1928), and tumor incidence disappeared in dogs following the advent 
of using iodized salt (Ivy, 1947).  Iodide may have some influence as to the histologic type of
thyroid cancer, with follicular being more common in iodide-deficient areas and papillary being
more common in iodide-rich areas (Williams, 1985).  (2) People with various inborn errors of
metabolism who are unable to synthesize enough effective thyroid hormone develop very enlarged
thyroids, but few cases of cancer have been reported.  There are no reports of thyroid tumors
among persons with resistance to thyroid hormone (Vickery, 1981; Refetoff et al., 1993).  (3) In
persons with the autoimmune disorder Graves’ disease, there are often immunoglobulins that
stimulate thyroid cells in ways analogous to TSH, even though TSH levels per se are very low.  It
is not settled as to whether there is also an increase in thyroid cancer among these patients; some
studies seem to indicate either that cancer incidence may be increased or that



13

     Table 3.  Carcinogenic influences on the human thyroid

DNA directed:
      X-rays

I          131

Indirect factors may include:
      Iodide deficiency
      Inborn errors of thyroid hormone metabolism
      Graves’ disease

thyroid tumors in these patients may be more aggressive (Belfiore et al., 1990; Mazzaferri, 1990). 
Overall, this qualitative information suggests that prolonged stimulation of the human thyroid
under certain circumstances may lead to cancer, as in the presence of  inherited metabolic
conditions or long-term immunologic abnormalities, but there is uncertainty in this conclusion.  

In epidemiologic studies, goiter and thyroid nodules have been shown to be risk factors
for thyroid cancer.  The specific causes of these enlargements are not known but, where studied,
do not appear to be due to hypothyroidism (McTiernan et al., 1984; Ron et al., 1987).  Some
researchers believe that part of the association may be due to the close medical scrutiny given to
persons with suspicious thyroid enlargements (Ridgway, 1992; Mazzaferri, 1993). 

In spite of the potential qualitative similarities, there is evidence that humans may not be as
sensitive quantitatively to thyroid cancer development from thyroid-pituitary disruption as
rodents.  Rodents readily respond to reduced iodide intake with the development of cancer;
humans develop profound hyperplasia with “adenomatous” changes with only suggestive evidence
of malignancy.  Even with congenital goiters due to inherited blocks in thyroid hormone
production, only a few malignancies have been found in humans. 

The reasons for differences in perceived interspecies sensitivity are not really known.  
However, one factor that may play a role in interspecies quantitative sensitivity to thyroid
stimulation deals with the influence of protein carriers of thyroid hormones in the blood (table 4). 
Both humans and rodents have nonspecific low-affinity protein carriers of thyroid hormones (e.g.,
albumin).  However, in humans, other primates, and dogs there is a high-affinity binding protein,
thyroxine-binding globulin, which binds T  (and T  to a lesser degree); this protein is missing in4 3

rodents and lower vertebrates.  As a result, more T  remains bound to proteins with lower affinity4

in the rodent and is more susceptible to removal from the blood, metabolism, and excretion from
the body.  In keeping with this finding, the serum half-life of T  is much shorter in rats (less than 14

day) than in humans (5 to 9 days); this difference in T  half-life results in a 10-fold greater4

requirement for exogenous T  in the rat with a nonfunctioning thyroid than in the 4
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Table 4.  Inter- and intraspecies differences

Parameter Human Rat

Thyroxine-binding globulin present essentially absent

T  Half-life 5-9 days 0.5-1 day4

T  Half-life 1 day 0.25 day3

T  Production rate/kg b.w. 1 × 10 × that in humans4

TSH 1 × 6-60 × that in humans

Follicular cell morphology low cuboidal cuboidal

Sex differences

       Serum TSH sexes equal M < 2 × F a

       Cancer sensitivity F = 2.5 × M M > F
            M = male; F = female.a

adult human (Döhler et al., 1979).  Serum T  levels also show a species difference; the half-life 3

in rats is about 6 hr while that in humans is about 24 hr (Oppenheimer, 1979; Larsen, 1982).  
There is a morphological consequence to these hormone differences.  High thyroid hormone
 synthetic activity is demonstrated in follicles in rodents:  they are relatively small, surrounded
often by cuboidal epithelium.  Follicles in primates demonstrate less activity and are large with
abundant colloid, and follicular cells are relatively flattened (low cuboidal) (McClain, 1992).

The accelerated production of thyroid hormones in the rat is driven by serum TSH levels
that are probably about 6- to 60-fold higher than in humans.  This assumes a basal TSH level in rats

and humans of 200 ng/ml and 5 U/ml, respectively, and a potency of human TSH of 1.5 to 15 U/mg of

hormone (NIDDK, 1994).   Thus, it appears that the rodent thyroid gland is chronically stimulated by
TSH levels to compensate for the increased turnover of thyroid hormones.  It follows that
increases in TSH levels above basal levels in rats could more readily move the gland towards
increased growth and potential neoplastic change than in humans.  Interestingly, adult male rats
have higher serum TSH levels than females (Chen, 1984), and they are often more sensitive to
goitrogenic stimulation and thyroid carcinogenesis.  In humans, there is no sex difference in
hormone levels, but females more frequently develop thyroid cancer (Boring et al., 1994). 

In addition to considerations about the influence of serum thyroid hormone carrier
proteins, there are differences between humans and animals in size, lifespan, and pharmacokinetics
and pharmacodynamics of endogenous and exogenous chemicals.  Any comparison of thyroid
carcinogenic responses across species should be cognizant of all these factors.  
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The guidance given here on thyroid tumors is not unique.  Other authorities have
recognized and incorporated advances in the understanding about carcinogenic mechanisms into
their assessments of cancer risks (JMPR, 1990; IARC, 1991; JECFA, 1991; Vainio et al., 1992;
Poulsen, 1993; Strauss et al., 1994).
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2.  SCIENCE POLICY GUIDANCE

2.1.  SCIENCE POLICY STATEMENTS
Rodents and humans share a common physiology in regard to the thyroid-pituitary

feedback system.  Short-term perturbation in this system often leads to similar effects in both
species resulting in increases and decreases in circulating thyroid and pituitary hormones.  It is
well established in rodents that disruption of thyroid-pituitary status with elevation of TSH levels
is associated with thyroid tumor and sometimes related pituitary tumor development.  This is true
whether it is due to deficiency in iodide, reduction in thyroid mass, presence of TSH-producing 
pituitary tumors, or administration of goitrogenic chemicals.  An increase in TSH stimulation of
the thyroid is a final common pathway.  Likewise, administration of exogenous thyroid hormone
or removal of a TSH-increasing stimulus reduces the effects in the thyroid.  

The role of thyroid-pituitary disruption in cancer development in humans is much less
convincing than in animals.  Iodide deficiency is associated with increases in thyroid cancer in
some studies but not others.  Similarly, an association between either inborn errors of metabolism
affecting thyroid hormone output or autoimmune-related Graves' disease and cancer is suggested
but not proved.  It seems that TSH may at least play some permissive role in carcinogenesis in
humans.  Accordingly, one cannot qualitatively reject the animal model; it seems reasonable that
it may serve as an indicator of a potential human thyroid cancer hazard.  However, to the extent
that humans are susceptible to the tumor-inducing effects of thyroid-pituitary disruption and given
that definitive human data are not available, it would appear that quantitatively humans are less
sensitive than rodents in regard to developing cancer from perturbations in thyroid-pituitary
status.

Rodents develop thyroid cancer from ionizing radiation, working by a mutagenic mode of
action.  Ionizing radiation is the only verified human thyroid carcinogen, and children are more
sensitive than adults.  The role of mutagenic chemicals in human thyroid carcinogenesis and in
children is unknown.  Recognizing mode of action information linking thyroid-pituitary disruption
and mutagenesis to thyroid carcinogenesis, the Agency adopts the following science policy:

1. It is presumed that chemicals that produce rodent thyroid tumors may pose a
carcinogenic hazard for the human thyroid.

2. In the absence of chemical-specific data, humans and rodents are presumed to be
equally sensitive to thyroid cancer due to thyroid-pituitary disruption.  This is a
conservative position when thyroid-pituitary disruption is the sole mode of action,
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because rodents appear to be more sensitive to this carcinogenic mode of action than
humans.  When the thyroid carcinogen is a mutagenic chemical, the possibility that
children may be more sensitive than adults needs to be evaluated on a case by case
basis.

3. Adverse rodent noncancer thyroid effects (e.g., thyroid gland enlargements) following
short- and long-term reductions in thyroid hormone levels are presumed to pose
human noncancer health hazards.

Some chemicals that have produced thyroid follicular cell tumors in laboratory rodents
appear to work by producing a derangement in thyroid-pituitary homeostasis; others appear to act
primarily through a mutagenic mode of action; and still others seem to show a combination of
both modes of action.  The question then becomes how to evaluate the risks of thyroid tumors for
humans given exposure to any of these chemicals.  If the animal tumors are due to chemical doses
that produce imbalances in thyroid-pituitary functioning, it is anticipated that the chance of cancer
is minimal under conditions of hormonal homeostasis.  Tumors seeming to arise from relevant
mutagenic influences (e.g., gene mutations and structural chromosome aberrations) without
perturbation in thyroid-pituitary status may pose some chance of cancer across a broader range of
doses.  Consequently, until such time that biologically based models and data become available,
EPA adopts the following science policy for conducting dose-response assessments of chemical
substances that have produced thyroid follicular cell (and related pituitary) tumors in experimental
animals:

1. A linear dose-response procedure should be assumed when needed experimental data
to understand the cause of thyroid tumors are absent and the mode of action is
unknown (table 5, example 1) (See case study for compound 2 in appendix A).

2. A linear dose-response procedure should be assumed when the mode of action
underlying thyroid tumors is judged to involve mutagenicity alone.

3. A margin of exposure dose-response procedure based on nonlinearity of effects
should be used when thyroid-pituitary disruption is judged to be the sole mode of
action of the observed thyroid and related pituitary tumors (table 5, example 3) (See
case study for compound 1 in appendix A).  Thyroid-pituitary perturbation is not
likely to have carcinogenic potential in short-term or highly infrequent exposure
conditions.  The margin of exposure procedure generally should be based on thyroid-
pituitary disruptive effects themselves, in lieu of tumor effects, when data permit. 
Such analyses will aid in the development of combined noncancer and cancer
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assessments of toxicity.  Results of the margin of exposure procedure will be
presented in a way that supports risk management decisions for exposure scenarios of
differing types (e.g., infrequent exposure, short durations).

4. Consistent with EPA risk characterization principles, both linear and margin of
exposure considerations should be assumed when both mutagenic and thyroid-
pituitary disruption modes of action are judged to be potentially at work (table 5,
example 4) (See case study for compound 3 in appendix A).  The weight of evidence
for emphasizing one over the other should also be presented.  The applicability of
each to different exposure scenarios should be developed for risk management
consideration.

5. Dose-response relationships for neoplasms other than the thyroid (or pituitary) should
be evaluated using mode of action information bearing on their induction and
principles laid out in current EPA cancer risk assessment guidelines.  There is an

association between thyroid and liver tumors in rodent cancer studies (McConnell, 1992;
Haseman and Lockhart, 1993).  The reason(s) for this relationship has not been generically

established but should be carefully assessed for chemicals on a case-by-case basis.   Some may
be due to induction of hepatic microsomal enzymes.

Most of the focus in implementing this policy is devoted to answering the following
questions:  (1) Does an agent that shows thyroid carcinogenic effects have antithyroid activity?
(2) Can modes of action other than thyroid-pituitary disruption account for thyroid tumor
formation by this chemical?, and (3) How can one express thyroid dose-response relationships?  
Adequately answering these questions is dependent on a data-rich information base for the 
chemical under review.  To the extent practicable, an effort should be made to review such
information before deciding on the possible mode of chemical action underlying the thyroid
tumors and their consequences for risk assessment.  The procedures and considerations developed
in this report embody current scientific knowledge of thyroid carcinogenesis and evolving science
policy.  Should significant new information become available, the Agency will update its guidance
accordingly.
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 Table 5.  Default dose-response procedures for thyroid carcinogens

Example
Array of effects Dose-response methodology

Mutagenic  Antithyroid

1 either or both unknown linear

2 yes no  linear 

3 no yes margin of exposure

4 yes yes linear and margin of exposure

2.2.  EVIDENCE FOR ANTITHYROID ACTIVITY
Different types of information on a chemical may be obtainable indicating that it has

antithyroid activity, that is, whether it works via disruption of thyroid-pituitary status.  These
include effects manifest in the thyroid gland per se, various tissues peripheral to the thyroid, and 
the liver.  All available factors are assembled into an overall evaluation of the likelihood the
chemical is acting via disruption of the thyroid-pituitary axis.  

2.2.1.  Data Needs
Special mechanistic studies are needed to demonstrate chemically induced perturbations in

thyroid-pituitary functioning.  Repeat dose (e.g., 2 to 4 week and 13 week) studies that have
simultaneously evaluated a number of endpoints (as discussed below) often can provide critical
information for evaluating qualitatively whether antithyroid activity exists and what it is due to
and quantitatively what dose-response relationships may pertain.  Such studies should be designed
carefully to encompass multiple doses ranging from above those clearly associated with tumors in
chronic studies down to those below which there is no indication of disturbance in critical thyroid-
pituitary parameters, so that dose-response relationships can be defined.  Special  attention should
be given to the time of sampling of thyroid and pituitary hormones because of the compensatory
action of homeostatic mechanisms and the difficulty in discerning changes after compensation
occurs.  Hormone sampling also should be conducted at the same time during the course of a day,
and efforts should minimize stress in handling animals.  Effects measured only at the end of
chronic rodent studies are often difficult to evaluate and, alone, seldom provide adequate
information.  

Of the eight listed areas of inquiry shown in table 6, the determination of the antithyroid
activity of a chemical requires empirical demonstration of the following five items. Demonstration
of (1) increases in thyroid growth and (2) changes in thyroid and pituitary hormones are
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considered to be the most important.  (3) Location of the site(s) of antithyroid action documents
where in the body the chemical under assessment leads to perturbations in 

   Table 6.  Data demonstrating antithyroid activity

Required Desirable

1.  Increases in cellular growth 6.  Lesion progression

2.  Hormone changes 7.  Structure-activity relationships

3.  Site of action 8.  Other studies

4.  Dose correlations

5.  Reversibility
 
thyroid-pituitary  functioning.  Next is the demonstration of (4) dose correlations among various
effects so as to determine where the growth curve for the thyroid gland deviates from the normal
pattern of cell replacement and how this relates to doses producing tumors.  (5) Reversibility of
effects following treatment cessation during the early stages of disruption of the thyroid-pituitary
axis shows that permanent, self-perpetuating processes have not been set into motion.  The
remaining three listed items are desirable:  (6) lesion progression, (7) structure-activity analysis, 
and (8) other studies.  Each provides supporting information that can add profoundly to the
assessment of an agent’s ability to produce antithyroid effects.

2.2.2.  Increases in Cellular Growth  (evidence required)
Agents that affect thyroid-pituitary functioning stimulate thyroid enlargement.  Commonly

measured parameters include but are not limited to increases in absolute or relative thyroid gland
weight or to histologic indications of cellular hypertrophy and hyperplasia, morphometric
documentation of alteration in thyroid cellular components, and changes in the proliferation of
follicular cells detected by DNA labeling or mitotic indices.

2.2.3.  Hormone Changes  (evidence required)
With a disruption in thyroid-pituitary functioning, there is typically a reduction in both

circulating serum T  and T  concentrations and an increase in TSH levels within days or a few4 3

weeks of chemical administration.  In some cases, T  levels may be lowered while T  levels are4 3

maintained within normal limits.  In addition, sometimes hormone levels may return to normal
over time for mild goitrogenic agents because of the homeostatic compensatory increase in
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thyroid activity and mass.  Statistical tests can help evaluate the significance of hormone
perturbations, but it is the constellation of changes in both thyroid and pituitary hormones that 
indicate whether the negative feedback loop between the thyroid and pituitary has been perturbed.

2.2.4.  Site of Action  (evidence required)
Chemicals that produce thyroid tumors alone or after administration of a mutagenic

initiator produce interference with thyroid-pituitary function by a variety of specific means (figure
2; also see appendix B).  Effects have been found at one or more of the following anatomical
locations:  intrathyroidal and various extrathyroidal sites, including the liver and possible other
sites.  Sometimes clues as to the site of action can be deduced by analysis of structurally related
compounds (also see section 2.2.7).  Generally, enough information on a chemical should be given
to be able to identify the sites that contribute the major effect on thyroid-pituitary function.  Given
experience to date, it appears that most often the liver is the site of action, followed by the
thyroid, where thyroid peroxidase is affected; other sites of action seem to be less common.

2.2.4.1.  Intrathyroidal
Several different effects in the thyroid gland have been associated with the development of

antithyroid activity and the formation of thyroid tumors in rodents.  Iodide pump inhibition by
chemicals like thiocyanate and perchlorate ions leads to a decrease in uptake of inorganic iodide
into the thyroid gland.  Thyroid peroxidase inhibition blocks the incorporation of active iodide
into iodotyrosines and their coupling to form the nascent thyroid hormones.  Agents that are
known to reversibly or irreversibly inactivate this enzyme include various thionamides such as 
6-propylthiouracil and ethylene thiourea, certain aromatic amines such as some of the
sulfonamides, and miscellaneous compounds such as amitrole.  Toxicity to thyroid cells, as has
been seen with polychlorinated biphenyls, may affect the gland’s ability to manufacture and
secrete thyroid hormones.  Inhibition of thyroid hormone release, with agents such as lithium and
excess iodide, results in a retention of hormones within the colloid and a paucity released into the
circulation (Green, 1978).
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2.2.4.2.  Extrathyroidal

2.2.4.2.1.  Peripheral tissues.  Several tissues and organs of the body, including skeletal muscle,
kidneys, and liver, contain different deiodinases that remove iodine atoms from thyroid hormones. 
Inhibition of 5'-monodeiodinase, the enzyme that normally converts T  to T , leads to a reduction4 3

in circulating T  and an increase in the rT  level via 3'-deiodination.  Compounds such as FD&C3 3

Red No. 3 (erythrosine), iopanoic acid, and 6-propylthiouracil act by competitive inhibition of this
enzyme or interaction with its sulfhydryl cofactor.  The deiodinase system in the pituitary is
somewhat different from that in the periphery and may respond differently to certain chemicals
(Chanoine et al., 1993).    

2.2.4.2.2.  Liver.  A significant amount of thyroid hormone normally is metabolized by the liver. 
Certain chemicals induce liver microsomal enzymes and enhance thyroid hormone metabolism and
removal.  T  conjugation with glucuronic acid is enhanced by those agents that induce hepatic4

glucuronosyl transferase (Curran and De Groot, 1991).  In these cases, thyroid hormone also may
show increased binding to hepatocytes, increased biliary excretion, and increased plasma
clearance.  Other common manifestations of microsomal induction include such things as
enlargement of hepatocytes in the centrolobular region, increase in hepatic cell smooth
endoplasmic reticulum, increase in P-450-associated metabolism of various chemical substrates,
and increase in biliary flow.  

Disparate chemical and functional classes such as polyhalogenated hydrocarbons (e.g.,
2,3,7,8-tetrachlorodibenzo-p-dioxin [TCDD]) and barbiturates (e.g., phenobarbital) as well as
various individual compounds (e.g., the pesticide clofentezine and the drugs spironolactone and
the histamine [H2] antagonist SK&F 934790) are known to enhance thyroid hormone excretion
via effects on microsomal enzymes.  Conjugation also may occur with sulfate, usually associated
with deiodination; deamination, oxidative decarboxylation, and ether-link cleavage are minor
degradative pathways.  Interestingly, phenobarbital has been shown to be a promoter in the rodent
thyroid (McClain et al., 1988), but there is no indication it produces thyroid cancer in humans
(Olsen et al., 1989).

2.2.4.2.3.  Other potential sites.  Chemicals might bind thyroid hormone receptors and produce
certain effects.  For instance, agents (e.g., salicylates) could displace thyroid hormone from
plasma carrier proteins and result in reductions in effective thyroid hormone (Oppenheimer and
Tavernetti, 1962; Hershman, 1963).  They could bind receptors in target organs (e.g., pituitary)
but result in inactive complexes.  These possibilities as well as other potential sites of action 
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(e.g., affecting thyroid-releasing hormone, thyroid hormone-responsive elements in the DNA)
might be conceived as influencing thyroid-pituitary functioning. 

2.2.5.  Dose Correlations (evidence required)   
Confidence in an antithyroid mode of action is enhanced by evidence of a correlation

between doses of a chemical that do and do not jointly perturb thyroid-pituitary hormone levels,
produce various histologic changes in the thyroid, and/or produce other effects, including thyroid
cancer.  These are important steps in evaluating the significance of thyroid-pituitary disruption in
thyroid carcinogenesis and in evaluating dose-response relationships (see section 2.4).

2.2.6.  Reversibility  (evidence required)
Chemicals working through an antithyroid mode of action induce changes in thyroid cell

morphology and number and in thyroid-pituitary hormones that are reversible upon cessation of
chemical dosing.
  
2.2.7.  Lesion Progression (evidence desirable)

Evidence for a progression of histologic lesions over time following exposure to an agent,
including cellular hypertrophy and hyperplasia, focal hyperplasia, and neoplasia (benign and
possibly malignant tumors), is commonly noted.

2.2.8.  Structure-Activity Analysis (evidence desirable) 
Analysis of chemical structure may show that an agent belongs to a class of compounds

that induces thyroid tumors via thyroid-pituitary imbalance (e.g., agents that inhibit thyroid
peroxidase, liver microsomal enzyme inducers) (see appendix B).  This allows for the scientific
inference that the chemical under review may act similarly.  In addition, generic information
developed on a group of analogues can be used to support the assessment of the agent under
review. 

2.2.9.  Other Studies (evidence desirable)
Many other studies bearing on thyroid-pituitary imbalance can provide a range of findings

from strong ancillary information to only suggestive indications.  A few of these studies are noted
here, for example, suppression of induced effects by concurrent administration of thyroid
hormone; absence of initiating activity but presence of promoting activity in two-stage
carcinogenicity tests; localization of certain chemicals in the thyroid (e.g., thionamides); influences
on hypothalamic responsiveness to thyroid hormone levels and output of thyrotropin- releasing
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factor; changes in TSH mRNA transcripts in the pituitary; and alteration of thyroid hormone
nuclear receptor number or synthesis.

2.3.  OTHER MODES OF CARCINOGENIC ACTION
Another critical element in the evaluation of a thyroid carcinogen is a determination of

whether mutagenicity may account for the observed tumors.  Primary emphasis should be placed
on those endpoints that have mechanistic relevance to carcinogenicity.  DNA reactivity is a prime
predictor of potential mutagenic carcinogenicity.  Many of these compounds belong to particular
chemical classes (e.g., aromatic amines, nitrosamines, polyaromatic hydrocarbons).  These
chemicals or their metabolites bind to DNA, and they often induce gene mutations and structural
chromosome aberrations.  In recognition that organs and tissues may have unique metabolic
activity, it is helpful to know in addition to traditional short-term test results whether there is
evidence of DNA reactivity in target tissues (e.g., DNA adducts, unscheduled DNA synthesis,
single-strand breaks).

Mutagenic effects other than those associated with direct DNA reactivity need to be
carefully evaluated in regard to their mechanistic implications; some may have different cancer
dose-response considerations than do directly DNA reactive agents.  Included here are items such
as the ability of the chemical under review to induce indirect effects on DNA, such as through
influence on the cell division spindle or production of reactive oxygen.  Agents also should be
evaluated for the presence of structural alerts that are often predictive of chemical reactivity or
potential carcinogenicity.  All these findings are then melded into an overall appraisal of an
agent’s ability to influence genetic processes relevant to carcinogenesis in the thyroid or other
sites.

It is possible that information on carcinogenic modes of action other than mutagenicity or
thyroid-pituitary derangement will become available.  If so, this information also needs to be
incorporated on a case-by-case basis into the evaluation of a chemical’s ability to produce tumors
of the thyroid (and of other sites).

2.4.  DOSE-RESPONSE CONSIDERATIONS
Evaluation of potential dose-response relationships for thyroid tumors depends on an

evaluation of the chemical’s expected mode of carcinogenic action.  Major determinations include
whether the thyroid tumors appear to be due at least in part to thyroid-pituitary imbalance and
whether other modes of action (e.g., relevant mutagenicity) may be pertinent to their formation. 
Other case-specific factors may provide crucial information, such as the extent to which data gaps
and uncertainties prevail.  A rationale should accompany the selection of any dose-response
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method.  Guidance is provided below in the subparts of this section, and the case studies
presented in appendix A help to illustrate ways one might evaluate data and make judgments
about potential thyroid cancer dose-response relationships. 

When tumor types other than thyroid follicular cell (and related pituitary) pertain, mode-
of-action and other considerations should help guide the selection of the appropriate dose-
response extrapolation method(s).  Separate dose-response extrapolations may apply for the
different tumor types, depending on the specifics of the case.

2.4.1.  Thyroid Tumor High-to-Low Dose Extrapolation 
If antithyroid influences are operative in the formation of thyroid tumors, attention should

be directed to biologically based procedures that embody the mechanistic influences, if they are
available.  In their absence, default procedures should be employed that incorporate nonlinear or
linear considerations.  When thyroid-pituitary imbalance is not operative, other mode of action or
default considerations should be utilized; generally low-dose linear extrapolations are appropriate. 
All extrapolation procedures should be consistent with the guidance given in the EPA cancer risk
assessment guidelines (U.S. EPA, 1986a, 1996).  Finally, when thyroid tumors seem to arise from
both a chemical’s antithyroid activity and its mutagenic potential, dose-response relationships
might be projected in ways that express concerns for both possible modes of action.

2.4.1.1.  Biologically Based.  Optimally, mechanistic considerations that underlie thyroid tumor
formation would be incorporated into biologically based extrapolation models.  They should
include physiologically based pharmacokinetic considerations for the chemical and its interactions
with and effects on cells.  The trouble is that generic biologically based dose-response
extrapolation models have yet to be developed and validated for the thyroid.  Fortunately, work in
this area is commencing, and a model has been developed to explain effects associated with
TCDD (Kohn et al., 1996).  Until mechanistic models become generally available and chemical-
specific data have been produced, the Agency assessments will employ, as discussed below, one
of three default procedures in its evaluation of thyroid cancer risks:  nonlinear, linear, or both
nonlinear and linear.

2.4.1.2.  Nonlinear.  For those cases where thyroid tumors arise from chemically induced
disturbances in thyroid-pituitary functioning, tumors are considered to be secondary to the
adverse effects on thyroid gland function that precede them.  As exposures to such agents
decrease, the likelihood of cancer decreases; risks may be seen as minimal at doses where there is
no effect on thyroid-pituitary homeostasis.  Generally, homeostasis is considered to apply when
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serum T , T , and TSH levels and thyroid and pituitary morphology and growth are within their4 3

normal limits (see case study for compound 1 in appendix A).  Risk assessments on agents 
should contain case-specific and generic information that support the contention that nonlinear
dose-response relationships apply. 

Empirically, there is some support for thyroid follicular cell tumors having a dose-response
curve that is less than linear (curvilinear upward).  Using the Weibull model to give some
indication of the shape of the dose-response curve and the rodent tumor incidence database of the
National Cancer Institute/National Toxicology Program, slope functions were calculated. 
Incidence for tumors in general was more consistent with a quadratic than a linear dose-response
curve shape (Meier et al., 1993; Hoel and Portier, 1994).  However, when slopes for thyroid
follicular cell tumors were compared with those of thyroid C cell tumors and all other tumor sites,
those from the thyroid follicular cells were even more curvilinear than the others (Portier,
personal communication, September 8, 1994).

One argument for assuming low-dose linearity in dose-response assessments is the concept
of additivity to background.  If a given chemical acts in the same way or augments an endogenous
or exogenous background factor that contributes to tumor development, then the effect of the
chemical will add to that of the background factor.  The result is low-dose linearity up to at least a
doubling of the background rate (Crump et al., 1976).  The concept may not be applicable to
certain processes subject to hormonal regulation, such as with the thyroid gland.  Normally the
level of circulating thyroid hormone is adjusted carefully by the negative feedback with the
pituitary.  Elevations and reductions in thyroid hormone are met with adjustments in the amount
of TSH released from the pituitary so as to bring thyroid hormone values back into the normal
range.  These excursions are not part of an ongoing carcinogenic process; instead, they represent
the body’s means of maintaining thyroid hormone homeostasis.  Small doses of a potentially
antithyroid chemical may not result in any perturbation in hormone levels or stimulation of thyroid
follicular cell growth simply because homeostatic mechanisms will drive thyroid hormone levels
back into the normal range.

The Agency acknowledges that it may be difficult to establish a precise dose where there
is negligible response for a specific toxicological effect given the sensitivity of methods to
evaluate various parameters and the variability in measurement of endpoints.  In recognition of
this, it is incumbent on the scientific community to help in the transfer of various molecular
techniques from the research laboratory to testing facilities (e.g., measurement of hormone
receptor mRNA production and receptor content, occupancy, and turnover) that may be more
sensitive indicators of thyroid-pituitary malfunction. 

The way the Agency has dealt with nonlinear phenomena is to express concern for human
exposure (“risk”) as a margin of exposure (MOE), the ratio between a dose point of departure for



     In April 1996, EPA proposed a revision of its existing cancer risk assessment guidelines (U.S. EPA,1

1986a).  A dose point of departure is determined by extrapolating effects in the observed part of the dose-
response curve.  It is used, depending on the expected mode(s) of action, as the starting point for either linear
extrapolation to the origin or calculation of an MOE in the case of nonlinear extrapolation.  Generally, tumor
or nontumor (e.g., hyperplasia)  endpoint incidence is extrapolated to the 10% effect level.  The lower 95%
confidence limit on that dose may be used as the point of departure.  Possibly, the point estimate at the 10%
effect level may be used in lieu of the lower-bound estimate given in the proposal.  Other means of
determining departure points are also proposed (U.S. EPA, 1996).  The final cancer guidelines will clarify
these matters. 
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the critical effect and the relevant estimate of anticipated human exposure (incorporating dose,
frequency, and time).  Large MOEs are attended with less concern than are small ones. 
Traditionally, the point of departure is expressed as a no-observed-adverse-effect level (NOAEL),
and the critical effect is the relevant toxicological endpoint occurring at the lowest doses in a
toxicological study (see sections 2.4.2 and 2.4.3).  More recently, alternatives to the NOAEL
have been proposed to serve as points of departure for MOE calculation.   Procedures should be1

employed for thyroid tumors that are consistent with EPA cancer risk assessment guidelines and
practices that are applicable at the time.

Assessments should include adequate information to aid in interpreting the significance of
MOEs, such as taking into consideration the variability in sensitivity among individuals within a
species, the sensitivity of humans relative to experimental animals, and other strengths,
weaknesses, and uncertainties that are part of the assessment.  Decision makers must then judge
the adequacy of the MOE for their risk management purposes.  

2.4.1.3.  Low-Dose Linear.  For those assessment cases where thyroid tumors do not seem to be
due to thyroid-pituitary imbalance, existing case-specific mode of action information and default
considerations should be used to develop dose-response relationships.  In other cases, there may
be an absence of mode of action information for an agent.  Generally, a low-dose linear default for
the thyroid tumors may be contemplated in these two circumstances in accordance with current
EPA procedures (see case studies for compounds 2 and 4 in appendix A).  Recent cancer risk
assessment guideline proposals suggest that linear extrapolation would involve calculation of a
dose point of departure with a straight line extrapolation from there to the origin.1

2.4.1.4.  Low-Dose Linear and Nonlinear.  Finally, careful review is warranted when both
antithyroid and other determinants seem to apply to the observed thyroid tumors, such as when
there are certain mutagenic influences (e.g., structural chromosome aberrations).  Judgments with
accompanying scientific reasoning should be presented on the most appropriate way(s) to evaluate
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thyroid risk:  either linear or nonlinear or, when the two procedures are about equally tenable,
both.  When both procedures are presented, assessors should state the relative merits of each
procedure.  In some cases, one of the two methods may be preferable and should be given more
weight; the rationale for conclusions should be expressly presented.  Projected risks using linear
extrapolation often give rise to concerns at doses lower than those when nonlinear techniques are
applied.  Thus, these two techniques usually can be seen as putting lower and upper bounds on
exposures of concern (see case study for compound 3 in appendix A).  Assessments should
include guidance for decision makers in interpreting concerns for exposure when both
extrapolation techniques are presented.  

2.4.2.  Endpoints to be Employed
One optimally would have access to data on various preneoplastic endpoints that would be

evaluated (following short-term [e.g., 2 to 4 week] and subchronic [e.g., 13 week] studies) and
compared with the doses that have produced tumors in chronic studies.  Endpoints that should
regularly be evaluated and presented in dose-response analyses include (1) changes in levels of T4

and T , (2) increases in TSH, (3) the incidence of thyroid follicular cell hypertrophy, hyperplasia,3

and neoplasia, (4) increases in cell proliferation and thyroid weight, and (5) specific endpoints
associated with thyroid-pituitary disturbance at the site(s) of chemical action (e.g., inhibition of
thyroid peroxidase, increased metabolism, and clearance of thyroid hormone).  A host of other
effects as discussed above could be monitored in the thyroid, pituitary, or thyroid hormone-
responsive organs and included on a case-by-case basis.  Care needs to be taken to ensure that
studies to evaluate these parameters have been conducted (1) for adequate periods of time and (2)
at doses that clearly define dose-response relationships.  Attention also needs to be given to
procedures that help reduce the variability in responses among animals (e.g., time and means of
animal sacrifice and tissue sampling).

2.4.3.  Estimation of Points of Departure
For the important toxicity studies, a point of departure (e.g., NOAEL) is determined for

each thyroid toxicity endpoint and exposure duration.  Doses associated with tumors also should
be noted.  The departure point may be a study dose or an estimated dose.  For instance, when
data permit, the departure point can be estimated by extrapolation of doses associated with
observed responses (e.g., TSH levels) to those attended with no significant deviation from the
control range (see case study for compound 1 in appendix A).  In other cases, an appropriate
observed study NOAEL may be selected (see case study for compound 3 in appendix A) or other
procedures in accordance with EPA guidance may be used.
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Considerations for the selection of the critical endpoint to be used to project thyroid
cancer risk (i.e., calculation of the MOE) include (1) the nature of the endpoint and its
relationship to the perturbations in endocrine balance and carcinogenicity, (2) the presence of
good dose-response or dose-severity of effect relationships, (3) the sensitivity of the endpoint 
vis-à-vis other potential endpoints, and (4) the length of the dosing period and its relevance to
making judgments about the consequences of potential chronic exposures.

2.4.4.  Interspecies Extrapolation
Many considerations are relevant in attempting to extrapolate thyroid carcinogenic effects

in experimental animals to humans.  The relative sensitivity of humans and rodents to the
carcinogenic effects of elevated TSH are not firmly established, but important observations have
been made.  Given that the rodent is a sensitive model for measuring the carcinogenic influences
of TSH and that humans appear to be less responsive (as developed in section 1.4), one would
expect that projections of potential risk for rodents would serve as conservative potential
indicators of risks for humans.  

Rodent cancer studies typically include doses that lead to toxicity, including perturbation
in thyroid-pituitary functioning, over a lifetime.  The relevance of such experimental conditions to
anticipated human exposure scenarios (i.e., dose, frequency, and time) should be considered and
presented in the final characterization of risk.  This is especially true because thyroidal effects are
not necessarily expected at all doses.  In addition, chemically induced effects that are produced by
short-term disruption in thyroid-pituitary functioning appear to be reversible when the stimulus is
removed.

Although it appears that humans are less sensitive to the carcinogenic perturbations of
thyroid-pituitary status than rodents (e.g., iodide deficiency), such determinations should be made
on a case-by-case basis.  This would depend on a host of factors involving the agent, including the
depth and breadth of the database, the congruence of the information supporting a given mode of
action, and the existence of information on humans.  Decision makers should be apprised of risk
assessment judgments and their rationales.  In the absence of chemical-specific information, the
default assumption is that humans should be considered to be as sensitive to carcinogenic effects
as rodents.  That is to say, a factor of one would be used when extrapolating effects in rodents to
those in humans.

2.4.5.  Human Intraspecies Evaluations
Thyroid hormones are regulated within rather narrow ranges, with normal adult human

serum values often being given as T4--4 to 11 ug/dL and T3--80 to 180 ng/dL.  TSH levels
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extend over a broader range--0.4 to 8 uU/ml, due to the incorporation in recent years of more
sensitive laboratory methods that have extended the normal range to lower values (Ingbar &
Woeber, 1981; Surks et al., 1990).  The upper bound on normal TSH has not changed, and it is
the one of import to considerations of antithyroid effects of chemicals.  During development
somewhat higher levels for each of the hormones are noted, with adult hormone values being
reached beyond about 10 years of age (Nicholson and Pesce, 1992).   Growth of the thyroid gland
continues for the first 15 years of life, going from about 1 gram at birth to an adult size of about
17 grams (Fisher and Klein, 1981; Larsen, 1982).  The control of  normal thyroid growth during
development is not totally known, although the increase in gland size may be independent of TSH
stimulation (Logothetopoulus, 1963).

Extended deviations in human thyroid hormone levels either above or below the normal
range are associated with the disease states, hyperthyroidism and hypothyroidism, respectively. 
Worldwide, iodide deficiency is the most prominent cause of thyroid disease generally, and
hypothyroidism specifically.  In these areas, children quickly manifest characteristic symptoms and
signs which persist throughout life (Bachtarzi and Benmiloud, 1963).  Early developmental 
inability to synthesize adequate thyroid hormone leads to altered physical and mental development
(cretinism) (DiGeorge, 1992; Goldey et al., 1995).  

In the U.S., most cases of hypothyroidism are associated with some autoimmune problem. 
Symptoms and signs of  hypothyroidism readily prompt patients to seek medical attention.  The
goal of  therapy is to bring persons back into normal thyroid-pituitary balance which, secondarily,
greatly minimizes any potential for carcinogenic effects.  Overt hypothyroidism, with reduced
thyroid hormone and increased TSH levels, requires treatment; it has an incidence of about 0.2%
in women, less in men.  Subclinical hypothyroidism may have an incidence of 5% among women; 
men are affected less often; and incidence increases significantly with age.   It is not agreed as to
whether these people need treatment (Tunbridge & Caldwell, 1991).  Because of the nonspecific
nature of certain symptoms of hypothyroidism, some persons may go for a length of time before
diagnosis and treatment.  

Seemingly, the thyroid status of persons living in an iodide-deficient area or those who are
hypothyroid due to other causes might be made worse from significant exposure to naturally
occurring chemicals or xenobiotics that can further disrupt thyroid-pituitary functioning (Eltom et
al., 1985; Hasegawa et al., 1991).  The possible consequences of chemical exposure on this
subpopulation of individuals may warrant consideration on a case-by-case basis.  To the extent
that data exist in humans as to their thyroid-pituitary status, one should carefully review central
value parameters as well as the distribution of values between chemically exposed and unexposed
groups.  Analyses may include:  (a) whether the chemical or chemicals affect the same or different
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sites of antithyroid action; (b) the ways various antithyroidal and other effects might combine to
influence potential cancer risks by the same and different routes of exposure, using the guidance in
the EPA mixtures assessment guidelines (U.S. EPA, 1986b); (c) whether there may be modes of
action other than some antithyroid means; (d) the composition of human populations; (e) the
numbers and nature of sensitive individuals; (f) the magnitude and pattern of 
chemical exposure; and (g) estimates of risk to the general population and to subpopulations with
some potential increase in sensitivity.

It is recognized that the human thyroid is susceptible to ionizing radiation, the only
verified human thyroid carcinogen.  Children are known to be more sensitive than adults to the
carcinogenic effects of  radiation (NRC, 1990; IAEA, 1996).  The major effect of  ionizing
radiation on the thyroid is thought to be due to mutation.  Antithyroid effects can also be induced
at elevated radiation doses due to cytotoxicity of follicular cells with resulting reduction in thyroid
hormone and elevation of TSH.  Mutagenic chemicals, however, do not act totally like radiation:  

(a)  X rays penetrate the body and target organs without having to be absorbed.  Chemicals
must be absorbed and distributed to target organs.  

(b) Unlike most organic chemicals, radioiodine is actively transported  and concentrated in the
thyroid gland, and it becomes incorporated into nascent thyroglobulin.  

(c) Given that the size of the thyroid gland is smaller in children than in adults, for a given
blood level of radioiodine, the internal dose to the thyroid of a child is greater than that for
an adult.  

(d) Radioiodine in the Chernobyl accident was picked up by cattle and incorporated into milk. 
Due to differences in milk consumption, the external dose presented to children was
greater than to adults.  Thyroid cancer inducing chemicals may or may not be found in
foods differentially consumed by children.

(e) Single quanta of radiation result in a series of ionizations within biological material, each
of which can react with DNA to induce mutations and affect the carcinogenic process. 
Chemicals are much less efficient:  they frequently need to be metabolized to active
intermediates, with each molecule interacting singly with DNA, usually by forming
adducts which can be converted to mutations. 

(f) The spectrum of mutagenic effects vary with the source.  Ionizing radiation often results in
deletions and other structural chromosomal aberrations, while chemicals not uncommonly
produce more gene mutations.

(g) The thyroid of children is more sensitive to carcinogenic effects of external radiation on a 
per unit dose basis than in adults, especially for children less than 5 years of age. 
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Sensitivity decreases with advancing age and seems to disappear in adulthood. It is
estimated that, overall, children may be two or more times more sensitive to carcinogenic
effects of external emitters than are adults (NRC, 1990).

The relative sensitivity of children to mutagenic chemicals that produce thyroid tumors in
rodents is totally unknown.  Certainly ionizing radiation is a special risk factor for children.
Recognizing that direct acting chemicals can produce mutations, it seems possible that they may
have enhanced carcinogenic effects in children. To the extent possible, the role of  mutagenic
agents in general as well as agent specific information on thyroid carcinogenesis  should be
evaluated from qualitative as well as quantitative standpoints in risk assessments.  This
information should be conveyed to risk managers so that they can consider it in decision making.  
It would seem possible that chemicals producing mutagenic effects like radiation may pose some
accentuated risk to children.  More research is needed in this area. 
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 3.  HIGHLIGHTS OF CASE STUDIES

To illustrate the risk assessment guidance for thyroid tumors that is developed in this
science policy, four detailed case studies of hypothetical chemicals are presented in appendix A. 
Each case study indicates the types of data that might be available on chemicals and the process
that can be employed in assessing their significance.  Attention is placed on determination of
whether the observed thyroid tumors may be the consequence of thyroid-pituitary imbalance and
of ways to project potential dose-response relationships.  A summary only of those cases is
presented here (table 7).

Table 7.  Case study summaries:  dose-response assessments

Thyroid dose 

Compound Effect       Site Mutagenic tumors MOE Linear Comment
Antithyroid Other     response    

a  

1. Thionamide yes         thyroid, no no yes         no Detailed antithyroid
             periphery data; no mutagenic

effect

2. Chlorinated yes         liver (?) no (?) no (?) no          yes Multiple data gaps;
    cyclic need more
    hydrocarbon information

3. Bis-                 yes         thyroid yes yes yes        yes Antithyroid and
   benzenamine mutagenic; multiple

tumor sites

4. Nitrosamine no          not yes yes no          yes No antithyroid effect
             applicable

MOE = margin of exposure.a

3.1.  COMPOUND 1:  A THIONAMIDE THAT AFFECTS THE SYNTHESIS OF              
        ACTIVE THYROID HORMONE:  THYROID PEROXIDASE AND 5'-
        MONODEIODINASE INHIBITION

Compound 1 is a thionamide that causes thyroid tumors in both sexes of two rodent
species and pituitary tumors in one species; no other tumors are increased in animals, and no
tumor effects have been noted in humans.  Mutagenic activity is not expected to play a role in its
carcinogenicity given its chemical structure and the results of short-term testing.   
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The thyroid and pituitary tumors produced are thought to be the result of alterations in
thyroid-pituitary functioning because the compound inhibits (1) thyroid hormone synthesis in the
thyroid and (2) conversion to the active form in the periphery.  As a result, circulating thyroid
hormone levels decrease and TSH levels increase, which stimulate thyroid cells to proliferate and
eventually develop tumors.  The process is reversible at least early in its course.  

The compound acts as a promoter in a thyroid initiation-promotion study.  Increases in
thyroid cells do not develop following chemical dosing when thyroid-pituitary balance is
maintained by coadministration of exogenous thyroid hormone.  The pituitary tumors synthesize
TSH, as would be expected given the negative thyroid-pituitary feedback loop.

Dose-response information was available for multiple endpoints spanning from 28 days to
chronic administration in rats; consistent findings were noted, which increases the confidence in
the data set.  In the absence of a mechanistic model, dose-response relationships were evaluated
using the most sensitive indicator, TSH levels, from a 28-day rat study to estimate an NOAEL.  A
simple linear extrapolation was made from observed TSH levels associated with doses of
compound 1 down to those within the control group range.  This generates a point of departure
(NOAEL estimate) for calculation of margins of exposure.  No information is available to
evaluate directly the carcinogenic effects of compound 1 in humans.  In regard to thyroid-pituitary
status, exposed workers show no indication of imbalance, and monkeys appear less sensitive on a
mg/kg basis than rats. 

3.2.  COMPOUND 2:  A CHLORINATED CYCLIC HYDROCARBON THAT MAY 
        INFLUENCE THYROID THROUGH EFFECTS ON THE LIVER; 
        SIGNIFICANT DATA GAPS

Compound 2 produces a significant dose-related increase in thyroid tumors but not tumors
at other sites in rats.  The agent has not been tested for carcinogenicity in a second rodent species. 
Some structural analogues have produced mouse liver tumors but not thyroid tumors.    

The agent is nonmutagenic for Salmonella gene mutations; it has not been tested in any
other short-term tests.  Some analogues of the chemical produce structural chromosome
aberrations.  Short-term administration of compound 2 to rats leads to enlargement of the thyroid
gland and reductions in T  and T ; TSH levels have not been measured.  The chemical induces3 4

liver microsomal enzymes.
Major data gaps preclude a definitive evaluation of the carcinogenic potential of

compound 2 and the cause of the thyroid tumors.  Further research is encouraged to discern the
possible cause of the tumors to see if they may be due to interference of thyroid-pituitary
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functioning or mutagenic properties.  Because of the data gaps and uncertainties in the case, a
low-dose linear extrapolation should be used until a more complete database is developed.

3.3.  COMPOUND 3:  A BIS-BENZENAMINE THAT PRODUCES THYROID AND 
        LIVER TUMORS; ANTITHYROID AND MUTAGENIC EFFECTS

Compound 3, a bis-benzenamine, produces thyroid follicular cell tumors in rats and mice
and liver tumors in mice.  The thyroid tumors are associated with thyroid-pituitary derangement;
there is thyroid cell and gland enlargement presumably due to inhibition of thyroid peroxidase
activity, and there is indication that thyroid hormone levels are reduced and TSH levels are
increased.  Such effects could account for the thyroid tumors.  However, compound 3 also is
DNA reactive and produces gene mutations and structural chromosome aberrations in short-term
test systems.  These DNA effects could condition tumor development in both the thyroid and
liver.  Dose-response relationships should include consideration of the DNA-modulated effects for
the liver tumors.  For the thyroid gland, the DNA-associated effects could be used to place an
upper bound on the risks, whereas nonlinear considerations might be used to project a lower
bound on “cancer risk.”

3.4.  COMPOUND 4:  A NITROSAMINE THAT IS MUTAGENIC AND HAS NO 
        ANTITHYROID EFFECTS

Compound 4, a nitrosamine, produces thyroid follicular cell tumors in rats after a very
short latency period.  It also produces lung, liver, and kidney tumors in rats after a short latency
period and pancreatic, liver, and lung tumors in Syrian hamsters.  Compound 4 is mutagenic in
various short-term tests.  Because compound 4 is mutagenic, causes both thyroid and other
tumors with a short latency, and does not cause antithyroid effects, the thyroid follicular cell
tumors appear to be caused by a mutagenic mode of action.  Dose-response relationships for the
thyroid tumors should be evaluated using a low-dose linear default procedure.     
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APPENDIX A:  CASE STUDIES OF COMPOUNDS

COMPOUND 1:  A THIONAMIDE THAT AFFECTS THE SYNTHESIS OF ACTIVE 
THYROID HORMONE; THYROID PEROXIDASE AND 5'-MONO-
DEIODINASE INHIBITION

EXECUTIVE SUMMARY
Compound 1 may pose a human thyroid carcinogenic hazard at high exposures that might

be expected to produce disruptions in the thyroid-pituitary feedback loop.  Given the extensive
mode-of-action information showing that the thyroid follicular cell tumors are produced by
stimulation of the thyroid by thyroid-stimulating hormone (TSH) and not due to mutagenic action,
default nonlinear considerations will be employed to estimate concerns for human exposure.

Compound 1 causes thyroid tumors in two rodent species and pituitary tumors in one
species, as do other members of this chemical class; no other tumor incidences are increased. 
There are no tumor findings in humans.  Mutagenicity is not expected to play a role in its
carcinogenicity; it acts as a promoter of thyroid tumors in an initiation-promotion protocol.  The
tumors are thought to be the result of alterations in the thyroid-pituitary feedback:  the chemical
inhibits thyroid hormone synthesis in the thyroid and conversion to the active form in the
periphery.  Lowered thyroid hormone levels induce the pituitary to increase TSH levels (and to
enlarge), which stimulate thyroid cells to enlarge in size, to increase in number, and finally to
develop tumors.  The process is reversible at least early in its course, and thyroid hyperplasia does
not develop following chemical dosing when thyroid-pituitary balance is maintained by exogenous
thyroid hormone administration.  The pituitary tumors synthesize TSH, as would be expected
given the negative thyroid-pituitary feedback loop.

Dose-response relationships are evaluated using the most sensitive indicator from repeat
dose, subchronic, and chronic studies, that is, TSH levels from a 28-day rat study.  A simple
interpolation is made from observed TSH levels associated with doses of compound 1 down to
the midpoint of the control group.  This generates a point of departure for calculation of margins
of exposure.  No information is available to evaluate directly the carcinogenic effects of
compound 1 in humans.  In regard to thyroid-pituitary status, exposed humans show no thyroid
imbalance, and monkeys appear less sensitive on a mg/kg basis than rats.  Thus, the estimated
point of departure from the rat study is probably a conservative estimate for compound 1.
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DETAILED DATA
1.  Cancer Findings

In chronic rodent toxicity tests, groups of F344 rats and B6C3F  mice were administered1

compound 1 in the feed for 2 years to produce doses of 120, 240, and 480 mg/kg/day in rats and
240, 480, and 960 mg/kg/day in mice.  The study design was adequate, and survival of the animals
was sufficient at all doses.  Results are summarized below and in tables A-1 and A-2.

        Table A-1.  F344 rats with thyroid follicular cell tumors in a 2-year study 
        of compound 1

 Incidence (percent) in males and females according to dose (mg/kg/day)

Dose 0 120 240 480

Sex M       F M       F M       F M     F

Follicular 1/49   0/50 1/49    0/50 10/47*   14/48* 34/45*   28/46*
adenoma (2) (2) (21)         (29) (76)        (61)

Follicular 1/49    0/50 0/49    0/50 4/47*   3/48* 8/45*   7/46*
carcinoma (2) (9)         (6) (18)       (15)

Adenoma + 2/49   0/50 1/49    0/50 14/47*   17/48* 42/45*   35/46*
carcinoma (2) (2)   (30)        (35) (93)        (76)

    *p<.05 compared to control value.
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     Table A-2.  B6C3F  mice with thyroid follicular cell tumors in a1

     2-year study of compound 1

 Incidence (percent) in males and females according to dose (mg/kg/day)

Dose 0 240 480 960

Sex M       F M       F M       F M     F

Follicular 1/48   2/50 1/46   1/47 2/44    1/47 16/47*   11/46*
adenoma   (2)     (4)   (2)     (2) (5)     (2) (34)     (24)

Follicular 0/48   0/50 0/46   0/47 0/44    0/47 0/47*    1/46*
carcinoma     (2)

Adenoma + 1/48   2/50 1/46   1/47 2/44    1/47 16/47*   11/46*
carcinoma   (2)     (4)   (2)     (2)     (5)        (2)   (34)       (26)

     *p<.05 compared to control value.

Thyroid tumor frequency in rats and mice was elevated by compound 1.  In both male and
female rats, the incidences of thyroid follicular cell adenomas, follicular cell carcinomas, and
both tumors combined were statistically significantly increased at the middle and high doses (table
A-1).  Thyroid follicular cell adenomas but not carcinomas were increased significantly in mice at
the highest dose (table A-2).  Adenomas of the anterior lobe of the pituitary gland were
significantly increased in high-dose male rats (19/45 vs. 10/49 in control) and female rats (27/46
vs. 18/50 in control) and in high-dose male mice (8/47 vs. 1/48 in control).  Tumor incidence was
not elevated at any other organ site in any species-sex combination.

In conclusion, the tumor data provide solid evidence of a tumorigenic effect of compound
1 for the thyroid in both sexes of rat and mouse as well as a weak effect on the pituitary in rats
and male mice.

2.  Mechanistic Considerations
a.  Mutagenicity
This compound did not demonstrate mutagenic effects in the Salmonella mutation assay in

a set of tester strains both for frameshift and base-pair interactions, with and without metabolic
activation.  Point mutation tests in Saccharomyces were negative.  In mammalian cells in culture,
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the mouse lymphoma test produced negative results, but there were weakly positive results for the
frequency of sister chromatid exchanges in CHO cells.  In in vivo tests, compound 1 was negative
for chromosomal aberrations in the rat bone marrow and mouse dominant lethal tests.  The
compound was investigated for DNA reactivity in rat liver cells in vivo using C- and S-labeled14 35

compound.  There was no evidence of DNA binding in these cells at the limit of sensitivity. 
Saccharomyces was studied for mitotic gene conversion and gave a weak positive indication of
effect.  Even though there is some genetic activity in a fungal test system and a mammalian cell
test, these test systems are not indicators of mutagenicity and are difficult to interpret as to their
significance for a cancer mode of action.  In addition, given the lack of DNA reactivity and gene
and structural chromosomal mutations, it is concluded that there is an overall lack of mutagenic
activity for compound 1 relevant to the evaluation of cancer.

b.  Thyroid Growth   
Following the results in the chronic toxicity studies, the company designed an extensive

28-day study in male rats that included the collection of information on thyroid weight and 
hormone levels at seven different doses (15 rats/dose).  The mean thyroid weights were
significantly increased at the three highest doses (table A-3).

Table A-3.  Mean thyroid weights (mg) in male F344 rats after treatment with
compound 1 for 28 days

Dose (mg/kg/day)

0 15 30 60 120 240 480 960

21.4 22.0 22.1 22.7 23.9 29.9* 48.0* 48.6*
+0.6 +0.7 +0.8 +0.7 +0.9 +1.9 +2.6 +3.9

*p<.05 compared to control value.

Thyroid weight data were also available from male and female rats in the 2-year study
(including its 12-month interim sacrifice).  The observations from these studies were consistent
with the information derived from the 28-day study in male rats.  As an example, thyroid weights
were significantly increased at the 240 and 480 mg/kg/day dose levels in male and female rats
sacrificed at the interim period of 12 months in the cancer bioassay (table A-4).  In all of these
studies on thyroid weight, expressing the thyroid weight data as a percentage of body weight
(relative thyroid weight) produced exactly the same results, indicating that the thyroid weight gain
was chemically induced and not just a normal growth change.
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The increase in thyroid weight at the different times correlated with a progressive increase
in hypertrophy and hyperplasia of the thyroid follicular cells, noted histologically.  These changes
were diffuse throughout the gland, as opposed to focal.  Hypertrophy was characterized by an
increase in size of cells lining the follicles from the normal flattened or low cuboidal shape to
columnar.  Hyperplasia involved a generalized increase in the number of follicular cells and the
number of follicles.  Increased cellularity was accompanied by a reduction in the size of the
follicles and in colloid content.  Hyperplastic follicles were often irregular in shape with a
narrowed, slitlike lumen.  The follicular epithelium was often convoluted, sometimes projecting as
papillary formations into the follicular lumen.  These changes were more pronounced centrally
within the gland than at the periphery.  Nodular hyperplasia was reported at one or more sites in
animals in the top two doses.  The incidence of hyperplasia at 12 months in male and female F344
rats is summarized in table A-5.

In the 28-day study, the mitotic index for follicular cells was determined in the male rats
receiving doses of 480 mg/kg/day by manually counting mitotic figures (metaphases) in standard 

      Table A-4.  Mean thyroid weights (mg) in F344 rats treated with
      compound 1 and sacrificed at 12 months

Dose (mg/kg/day)

0 120 240 480

Males 29.3±2.1 29.4±2.7 44.2±3.8* 52.6+3.2*

Females 25.3±3.2 25.1±2.1 34.3±2.3* 44.7+2.0*
    *p<.05 compared to control value.

Table A-5.  Incidence of thyroid follicular cell hyperplasia in rats at 12 months

Dose (mg/kg/day)

0 120 240 480

Males 0/15 0/15 10/15* 12/15*

Females 0/15 0/15 8/15* 11/15*
    *p<.05 compared to control value.

unit areas of thyroid tissue.  The mitotic index, expressed as the number of cells in metaphase per
10,000 nuclei, was increased fivefold over the untreated control rats (control value 1.5+0.3 vs.
treated group value 7.8+0.2), providing further evidence of thyroid follicular cell proliferative
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activity in response to compound 1. Data on thyroid weights and morphology from a 13-week
oral study with rhesus monkeys were provided (table A-6).  Males (four per group) were
administered a dose of compound 1 (300 mg/kg/day) that was above those producing thyroid
tumors and weight changes in rats on a mg/kg basis.  There were no treatment-related effects on
thyroid weights, nor were there any differences in gross and histologic observations of the thyroid
between treated and control monkeys.  Specifically, follicular cell hyperplasia, either diffuse or
focal, was not observed at either dose of compound 1.  Additionally, all clinical chemistry
determinations in the monkeys were within the normal range.

In conclusion, the data on thyroid weights and morphology show that compound 1 has a
specific effect on the thyroid in rats, increasing thyroid size through stimulation of cellular
hypertrophy and diffuse follicular cell hyperplasia.  Limited data from monkeys suggest that
primates may be less sensitive to these thyroid effects than rats.  The sensitivity of mice requires
more study.

Table A-6.  Mean thyroid weights (gm) in rhesus monkeys after
treatment with compound 1 for 13 weeks

Dose  (mg/kg/day)

0 300

Males 0.57 0.45
+0.3 +0.2

c.  Hormones   
As part of the mechanistic studies on compound 1, T  (triiodothyronine), T  (thyroxine),3 4

and TSH levels were measured in male rats from the 28-day study at all seven dose levels.  Table
A-7 presents mean levels (15 animals per group).  Serum T  and T  levels were significantly lower4 3

than controls in the three higher doses tested but not the four lower doses.  TSH levels were
significantly elevated in a dose-related manner at doses of 120 mg/kg/day and above; no such
increases were noted in the two lowest doses, which were comparable to the control. 
Comparable changes in serum hormone levels were noted at the same doses in the interim
sacrifice of the 2-year rat study.  These hormone changes along with the alterations in thyroid
histology noted above provide unequivocal evidence that compound 1 influences thyroid-pituitary
functioning.
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d.  Site of Action   
(1) Thyroid.  To provide data on the site of perturbation of the thyroid-pituitary axis,

information was obtained on the effect of compound 1 on thyroid peroxidase.  Hog thyroid
peroxidase activity was inhibited in vitro at several dose levels through a reversible interaction not
involving covalent binding and suicide inactivation, as has been reported for some of the other
thionamides.

(2)  Other.  Another study showed that compound 1 is also capable of inhibiting
5'-monodeiodinase activity.  The effect of compound 1 on the enzymatic conversion of T  to the4

active form, T , was investigated by incubating the supernatant fractions (containing 5'-3

deiodinase) from perfused livers of control rats and rats treated with three i.p. doses of compound
1.  The amount of T  generated in the incubation mixture was a measure of enzyme activity;3

inhibition of the enzyme results in decreased generation of T  and increased production of the3

inactive form, reverse T  (rT ).  The results (table A-8) indicate a dose-dependent inhibition of 3 3

Table A-7.  Serum T , T , and TSH levels in male F344 rats3 4

after treatment with compound 1 for 28 days

Dose (mg/kg/day)

0 15 30 60 120 240 480 960

T 56.2 58.1 61.2 63.5 59.7 44.4* 26.4* 23.5*3

(ng/dL) ±3.3 ±2.4 ±3.1 ±2.4 ±3.3 ±2.5 ±2.6 ±2.0

T 3.4 3.3 3.6 3.4 3.1 2.5* 0.6* 0.2*4

(µg/dL) ±0.2 ±0.1 ±0.2 ±0.2 ±0.1 ±0.3 ±0.1 ±0.1

TSH 3.3 3.0 3.6 3.9 5.9* 7.8*  12.2* 13.8*
(ng/ml) ±0.4 ±0.5 ±0.4 ±0.6 ±0.7 ±0.9 ±0.7 ±1.0

          *p<.05 compared to control value.
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    Table A-8.  Effect of compound 1 on hepatic 5'-  
    monodeiodinase in rats

Dose Hepatic T  generation from T
(mg/kg/day) (% of control value)

3 4

0 100

125 97.5

250 61.0*

500 39.5*
*p<.05 compared to control value.

5'-deiodinase activity by compound 1 and provide evidence of a mechanism for reducing effective
thyroid hormone levels and enhancing TSH production.  Collectively, these mechanistic data
confirm the position that compound 1 exerts actions centrally on the thyroid and peripherally
(e.g., liver) to reduce thyroid hormone formation. 

e.  Dose Correlations
The plethora of data on compound 1 lead to some important correlations between dose

and various neoplastic and preneoplastic lesions as well as other effects.  They are discussed later
in the Hazard and Dose-Response Characterization section of this appendix; specific correlations
are illustrated in figures A-1 and A-2.
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f.  Ancillary Data   
Data were provided on reversibility of induced effects, pituitary changes and initiation-

promotion aspects for compound 1 in support of the position that the thyroid tumors occurred as
the result of thyroid-pituitary disruption.

(1)  Reversibility studies .  Male rats were administered 240 mg/kg/day of compound 1
for 4 weeks to induce increases in thyroid weight and hormone changes.  Animals were then
allowed to recover for 4 additional weeks, by which time thyroid weights and serum T  and T3 4

and TSH had returned to the control range.  This study demonstrates that cells are not irreversibly
committed to progress to neoplasia.  Instead, weight and thyroid hormone changes are completely
reversible to preexposure values upon cessation of treatment.  

(2)  Effect of exogenous thyroid hormone .  In conjunction with the study described in
d(1) above, additional groups of male rats were administered compound 1 (240 mg/kg/day) for 4
weeks in combination with equal amounts of T  and T  at three different dose levels.  Thyroid4 3

weights and serum T , T , and TSH levels were measured at the end of the 4-week period.  The4 3

results, shown in table A-9, are consistent with an interpretation that T /T  treatment blocks the4 3

antithyroid effects of compound 1.
These two studies emphasize the effect of compound 1 on circulating TSH levels as an

ultimate mechanism that can be manipulated by a recovery phase or replacement therapy back to
the normal range of thyroid-pituitary functioning.

(3)  Initiation-promotion data .  The carcinogen N-bis(2-hydroxypropyl) nitrosamine
(DHPN) is used frequently as a model initiator in rodent studies involving the thyroid as a target
organ.  In one of these studies, male F344 rats, 6 weeks old, were administered a single i.p.
injection of DHPN and fed compound 1 in the diet (240 mg/kg/day), beginning 1 week after
injection, for 19 weeks.  The incidence of thyroid follicular cell tumors in the group receiving
DHPN and compound 1 was 95% compared with 5% in the DHPN only group and 0% in the
compound 1 only group.  The results, summarized in table A-10, provide convincing evidence
that compound 1 can act as a promoting agent for the development of thyroid tumors in rats. 
Alone, the compound did not induce tumors at the end of the observation period, but following a
mutagenic initiator a significant proportion of animals developed tumors.
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Table A-9.  Effect of T  and T  treatment on thyroid3 4

weights and serum T , T , and TSH levels in male rats4 3

given compound 1 over a 28-day period

Doses

Compound 1 0 240 240 240 240
 (mg/kg/day)

T  + T 0 0 10 30 503 4

( g/kg/day each)
Thyroid weight 18.4 27.3* 22.2 27.6 17.5

(mg) ±0.9 ±0.9 ±1.7 ±0.9 ±0.8
T 60.2 45.5* 50.7* 66.3 63.13

(ng/dL) ±2.8 ±2.8 ±2.1 ±3.1 ±1.7

T 3.9 2.5* 2.9 4.3 4.54

(µg/dL) ±0.1 ±0.4 ±0.5 ±0.1 ±0.3

TSH 3.01 6.36* 4.84* 3.08 2.62
(ng/ml) ±0.6 ±0.7 ±0.7 ±0.6 ±0.4

            *p<.05 compared to control value.

Table A-10.  Numbers (percent) of male rats with thyroid tumors
at 20 weeks after treatment with DHPN followed by compound 1

Treatments

None DHPN Compound 1 DHPN + Compound 1

Thyroid 0/20 1/20 0/20 19/20
tumors (0) (5) (0) (95)

(4)  Pituitary changes .  Because of the finding of pituitary adenomas in the 2-year rat and
mouse studies, male rats in the expanded 28-day study were investigated as to the histologic
origin of the pituitary lesions.  At weekly intervals, groups of animals were sacrificed, and sections
of pituitary gland were stained with the aldehyde-thionine-PAS stain or immunohistochemically
with an antirat TSH antibody using the peroxidase staining method.  Microscopic evaluation of
aldehyde-thionine-PAS stained sections showed hypertrophy and hyperplasia of basophilic cells
(thyrotrophs) that secrete TSH after 1 week. Immunohistochemical staining of pituitary sections
showed a quantifiable increase in TSH immunoreactivity by 7 days.  An increase in the number of
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thyrotrophs induced by compound 1 correlates with an expected stimulation of the pituitary under
conditions of reduced thyroid hormone levels and with increased production of TSH; it is a
further indication of an effect on the thyroid-pituitary axis.  Accordingly, it is reasonable to
conclude that the pituitary adenomas arose from basophilic thyrotrophs.

g.  Structure-Activity Relationships
Chemically, compound 1 is a thionamide, a class of compounds that has produced thyroid

tumors in rodents and sometimes liver tumors in mice.  The chemicals frequently are inhibitors of
thyroid peroxidase, and some are also inhibitors of hepatic 5'-monodeiodinase activity.  The
biological and tumor findings with compound 1 are consistent with these structural attributes.  

h.  Metabolic and Pharmacokinetic Properties
Metabolism and excretion studies in the rat were conducted with C-labeled compound 114

administered orally or intravenously.  No comparative studies have been done in the mouse or the
monkey.  The results, reported in the literature, were in agreement regardless of route of
administration.  Radioactivity in rat blood was identified as unchanged chemical.  Less than 5% of
radioactivity was detected in the feces, but 80% to 85% of the administered dose was excreted via
the kidneys within 24 hours, all radioactivity clearing by 48 hours.  About 15% of the
administered dose was excreted in the urine as the unchanged compound, while the major urinary
metabolite was the chemical conjugated with glucuronide.  Approximately 15% of the compound
was excreted into the bile as a glucuronide conjugate (different from the major urinary
metabolite), indicating enterohepatic circulation.  No oxidative metabolites could be demonstrated
in urine or plasma.

Accumulation of compound 1 in the thyroid was investigated by administering the chemical
radiolabeled with S i.p. to rats and comparing the radioactivity in the thyroid to the serum.  The35

results of this study showed that the intact parent compound preferentially accumulated in the
thyroid gland, as has been found for some of the other thiol-containing chemicals and which is
consistent with some direct antithyroidal action for compound 1.

3.  Human Observations
The manufacturer of compound 1 has produced the chemical, using batch processing, for

many years.  The medical department monitored thyroid function of about 150 employees directly
involved in the synthetic process every 2 years over the preceding 10 years.  Overall, the results
showed no significant differences between exposed workers and normal values reported in the
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literature for serum T  and TSH.  T , measured in the most recent surveillance, was also within4 3

normal limits.  No worker exposed to compound 1 reported symptoms or showed signs consistent
with hypothyroidism, and medical examination did not reveal any enlarged thyroid glands. 
Occupational exposure levels never reached the level of quantification using a rather insensitive
air monitoring system. 

HAZARD AND DOSE-RESPONSE CHARACTERIZATION
Compound 1 may pose a carcinogenic hazard to the human thyroid if doses perturb thyroid-

pituitary homeostasis.  It produces thyroid tumors (males/females) and related pituitary tumors
(males) in rats and mice.  It is readily absorbed following oral exposure, and because of its small
size and physical properties, it also should be readily absorbed through the lung and to a lesser
extent the skin.  Extensive mode-of-action information demonstrates that compound 1 inhibits
both the synthesis of thyroid hormone in the thyroid gland and the conversion of thyroid hormone
(T ) to its more active form (T ) in organs outside the thyroid gland.  Given this information and4 3

the absence of relevant mutagenicity, it would appear that thyroid risk would be minimal under
conditions of thyroid-pituitary homeostasis.  Therefore, in the absence of a mathematical model
that incorporates mode-of-action data on a chemical like this, a dose-response relationship that
involves nonlinear default extrapolation will be projected.

There is strong evidence that compound 1 has carcinogenic activity in laboratory animals. 
The agent is a thionamide, a group of chemicals that often produces thyroid (and sometimes
other) tumors in rodents.  Both male and female rats and mice receiving compound 1 in feed
showed significant increases in thyroid follicular cell tumor (benign and malignant tumors in rats,
benign only in mice) incidence.  Rats and male mice also showed an increase in benign pituitary
tumors.  No other tumors were increased in dosed animals.  There is no information on the
carcinogenicity of compound 1 in humans.

Overall, mutagenicity studies fail to demonstrate relevant effects.  There is no indication
from those endpoints that there is some direct mechanistic relationship to carcinogenic processes: 
gene mutations (Salmonella and cultured mammalian cells), structural chromosome aberrations
(rat bone marrow), DNA reactivity using radiolabeled compound 1, and analysis of structural
analogues.  Although other studies (yeast mitotic gene conversion and crossing over and
mammalian cell sister chromatid exchange) show at least some indication of a positive response,
the implication of chemically induced increases in these effects to carcinogenicity is not well
understood.  There are no studies of the potential genetic effects of compound 1 in the thyroid per
se; such information may be useful. 
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An extensive range of testing demonstrated that the thyroid tumors may be due to
disruption of thyroid-pituitary functioning.  The chemical causes a dose-related enlargement of the
thyroid gland (goitrogenic effect) and a progression of lesions over time.  After 28 days of dosing,
individual thyroid cells show enlargement in size (hypertrophy), and the proportion of cells in cell
division (mitotic index) increases.  In addition, there is an increase in the number of thyroid cells
(hyperplasia).  These factors combined lead to increased thyroid weights of dosed rats.  These
effects persist in rats sacrificed at 1 year, and after 2 years of treatment, thyroid tumors are noted.

Studies also indicate that compound 1 results in altered thyroid-pituitary hormone levels. 
By 28 days of treatment, there are profound dose-related reductions in serum T  and T  and4 3

increases in TSH.  There is a dose correlation between those that influence both hormone levels
and thyroid histology.  Hormone and histologic effects are reversible when treated animals are
returned to a diet without compound 1.  All histologic changes in the above studies occur at doses
of 240 mg/kg and higher; all changes in hormones occur at the same doses, except TSH at 28
days, which is significantly increased at 120 mg/kg and higher.  

The site of action of compound 1’s influence on thyroid-pituitary status seems to be
centered on the thyroid gland and extrathyroidal sites.  The compound is concentrated in the
thyroid gland like some other thionamides and produces reversible reduction in thyroid peroxidase
activity (in vitro), the enzyme that results in iodination of tyrosyl moieties and their coupling into
thyroid hormones.  In addition, there is reduction in liver 5'-monodeiodinase activity (>250
mg/kg), which reduces the normal conversion of circulating T  to the cellular active form, T . 4 3

Studies of other potential sites of antithyroid action of compound 1 (e.g., interference of thyroid
uptake of inorganic iodide and induction of liver enzymes) have not been conducted.  However,
the identified influence of compound 1 on thyroid hormone synthesis and conversion can
adequately explain the increases in TSH levels and the resulting growth of the thyroid gland.

Other studies indicate that thyroid-pituitary imbalance leads to tumor formation.  Rat
pituitary adenoma cells contain TSH, which is consistent with reductions in thyroid hormone
levels with corresponding increased stimulation of the pituitary to produce TSH.  Compound 1
promotes thyroid tumors after treatment with an initiator.  In addition, thyroid gland and
hormonal changes are blocked by coadministration of compound 1 and amounts of thyroid
hormones that maintain normal thyroid-pituitary status.

All mechanistic work is consistent with this chemical producing thyroid and pituitary
tumors in rodents by a nonmutagenic mode of action that involves (1) inhibition of the synthesis
of active thyroid hormone, (2) feedback stimulation of the pituitary to enlarge and synthesize
TSH, and (3) TSH stimulation of growth of the thyroid gland.  Although the precise events
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accounting for transformation of hyperplastic cells into neoplastic cells are unknown, they seem to
occur under conditions of continued TSH stimulation.  If exposures to compound 1 can be kept at
levels that do not lead to thyroid-pituitary disruption, there would be no stimulus for tumor
development in either the thyroid or the pituitary.

  Relevant dose-response data demonstrate a consistent alteration in test parameters in rats
at doses of at least 120 mg/kg.  Few data are available in the mouse other than the finding of
tumors at a dose (900 mg/kg/day) higher than in rats; therefore, information in rats is used. 
Figure A-1 shows dose-response plots of thyroid weight after 28 days, thyroid weight after 
1 year, and thyroid tumors after 2 years of dosing.  Figure A-2 shows similar dose-response plots
for T  and TSH levels after 28 days of dosing.  Other endpoints could have been depicted, but4

they add nothing significant to what is depicted here; besides, they show similar dose-response
relationships.  Tumor incidences are increased at 240 mg/kg, a value consistent with increases in
thyroid weight (after both 28 days and 1 year of dosing) and decreases in thyroid hormone levels
at 28 days.  TSH, however, is significantly elevated at doses of 120 mg/kg and above.  

Since TSH plays a pivotal role in thyroid stimulation and there is a progressing doubling of
doses to help illustrate the effects of dose and effect, the TSH level is used to estimate a dose of
compound 1 that would not be expected to increase the hormone level in rats above that of
normal, untreated animals.  The TSH response appears to be essentially flat from the control
through the 15, 30, and 60 mg/kg/day groups, with a profound upward change in slope from 60
mg/kg/day up to the highest dose tested, 960 mg/kg/day. 

The question is how far to extrapolate downward from high doses of compound 1
associated with pronounced increases in TSH to reach a value that probably is without significant
effect on the thyroid.  Given the prominence of TSH in priming the carcinogenic process in the
rodent thyroid, one would not want chemically induced additions to the normal homeostatic levels
of TSH.  In addition, the information at hand is quite revealing; it seems that some doses of
compound 1 are without effect on circulating TSH levels.  For instance, doses up to about 60
mg/kg/day do not seem to add to the underlying TSH level in any significant way.  It appears that
some level of compound 1 is required before it can interfere with thyroid homeostasis, that is, to
inhibit both thyroid peroxidase and T  deiodination to T , to decrease circulating thyroid hormone4 3

levels, and to increase TSH.  In recognition of these findings, the 60 mg/kg/day no-observed-
adverse-effect level (NOAEL) from the 28-day rat study is a reasonable estimate of a point of
departure for projecting concern for human exposures and calculating a margin of exposure. 

There is limited information on compound 1 concerning the ability to extrapolate the finding
of thyroid tumors in rodents to humans.  Workers exposed to undisclosed levels of compound 1



A-21

have no indication of perturbation of thyroid-pituitary status; all exposed individuals are without
significant physical findings and have relevant hormone values with the same mean and
distribution as in the general population.  A limited number of monkeys exposed to the compound
at 300 mg/kg failed to show any thyroid effects; these findings suggest that primates (and possibly
humans) may be less sensitive than rats (possibly, at least fivefold on a mg/kg basis) to the
antithyroid effects of the chemical.  Therefore, using the midpoint of the control TSH level as a
point of departure may be a conservative estimate of the potency of compound 1.  This
information should be considered in the evaluation of the significance of the calculated margin of
exposure for humans.
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COMPOUND 2:  A CHLORINATED CYCLIC HYDROCARBON THAT MAY 
INFLUENCE THE THYROID THROUGH EFFECTS ON THE LIVER;
SIGNIFICANT DATA GAPS  

EXECUTIVE SUMMARY
Compound 2 is a chlorinated cyclic hydrocarbon that produces thyroid but no other

tumors following chronic dosing in male and female rats.  Some structural analogues produce
liver tumors in mice; none has produced thyroid tumors.      

In studies on the mode of carcinogenic action, compound 2 produces enlargement of the
thyroid gland and a decrease in serum T  but not T .  There is an increase in liver weight in rats in4 3

the chronic study.  Induction of liver microsomal enzymes is reported in one acute study using a
very high dose.  Compound 2 is nonmutagenic in the only test in which it has been evaluated
(Salmonella gene mutation); however, some analogues produce structural chromosome
aberrations.

Many uncertainties are associated with the assessment of compound 2.  Major data gaps
include a cancer study in a second species, further mutagenicity testing, demonstration of the
chemical’s influence on TSH levels, and a delineation as to whether enhanced thyroid metabolism
and excretion by the liver may account for the observed thyroid tumors.

Given the data at hand, a low-dose linear approach is used for dose-response purposes
until such time that further data are developed and a mode of action is determined. 

DETAILED DATA
1.  Cancer Findings

The animal cancer bioassay provides convincing evidence of a positive tumorigenic effect
by compound 2 for the thyroid in rats.  This study was conducted in male and female rats, 50
animals per group, using three dose levels of compound 2 (15, 50, and 150 mg/kg) and a control,
administered by gavage each day, seven times weekly.  Over the 2-year study period, survival of
the animals was excellent, with the high-dose males exhibiting the highest mortality at 10%.

Thyroid tumor incidences with respect to dose are summarized in table A-11.  A dose-



      The investigators did not report separate incidences for thyroid adenomas and carcinomas; see table1

A-11.

A-24

related increase in thyroid tumors was statistically significant in the mid- and high-dose males and
females.   A significant increase in tumors was not detected for any other organ.  In 1

Table A-11.  Numbers (percent) of rats with thyroid tumors 
(adenomas/carcinomas combined)

Sex 0 15 50 150

Dose (mg/kg/day by gavage)

Male 2/50 3/50 7/48* 7/45*
(4) (6) (15) (16)

Female 1/50 1/50 7/49* 9/47*
(2) (2) (14) (19)

*p<.05 compared to control value.

particular, out of a total of 389 rats in this carcinogenicity bioassay, only two liver tumors, both
hepatocellular adenomas, were observed, one in a mid-dose male and one in a control female.

2.  Mechanistic Considerations
a.  Mutagenicity
Compound 2 was nonmutagenic in Salmonella assays for frameshift (TA-98) and base-

pair (TA-100) mutations.  No other endpoints have been assayed.

b.  Thyroid Growth
Information on thyroid weight and histology is available from a 90-day study in which

compound 2 was administered daily by gavage to male rats, 10 per group.  Thyroid weights were
increased in a dose-related manner at all doses tested (table A-12).  Effects were significant at
each dose as compared with the control.  Microscopic examination of the animals showed that the
increase in thyroid weight was due to diffuse follicular cell hyperplasia, characterized by more
numerous but smaller follicles.  There was no statement as to whether cells were hypertrophied.
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c.  Hormones
In a 14-day study using male rats (10 per dosage group), the chemical was administered

daily by gavage, and serum T  and T  concentrations were then measured (table A-13).  T  3 4 4

concentrations showed dose-related decreases and were statistically significant at the two highest
doses.  T  levels were not affected by dosing.  There was no measurement of TSH levels.3

Table A-12.  Mean thyroid weights (mg) in male Sprague-Dawley
rats treated for 90 days with compound 2

Dose (mg/kg/day by gavage )

          0      15     50     150

   16.4±2.5 23.8±4.1* 24.1±5.8* 32.6±4.6*

*p<.05 compared to control value.

Table A-13.  T  and T  levels in male Sprague-Dawley rats treated 3 4

with compound 2 for 14 days

Hormone 0 5 10 50 150

Dose (mg/kg/day by gavage)

T  (ng/dl) 94.4±19.1 89.3±15.5 94.5±11.2 90.7±14.8 91.3±10.63

T  (µg/dl) 4.6±1.2 4.5±0.9 4.0±0.6 3.5±0.7* 3.3±0.6*4

*p<.05 compared to control value.

d.  Site of Action
(1) Thyroid.  No studies investigated the effects of compound 2 on the thyroid gland per

se.

(2) Other.  There is a lack of information concerning the effects of compound 2 on 5'-
monodeiodinase activity.

(3) Liver.  In the 2-year rat study, the livers in low-, mid-, and high-dose animals were
heavier on an absolute and relative-to-body-weight basis than those in controls; increases were
statistically significant in the mid- and high-dose groups.  There was no mention of histologic
changes in the livers.

Compound 2’s mixed-function oxidase (MFO)-inducing properties have been
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demonstrated in one acute study in Sprague-Dawley rats.  Animals received a single dose of
compound 2 that was equivalent to one-half the acute LD  (1,000 mg/kg).  Liver microsomal50

enzyme activities were measured 3 days later and included cytochrome P-450 content,
benzphetamine-N-demethylase, 7-ethoxycoumarin O-deethylase, and NADPH-cytochrome
c-reductase.  In all cases, the values were significantly greater in treated animals than in controls
(table A-14).

Table A-14.  Hepatic microsomal enzyme activities in male Sprague-Dawley
rats treated for 14 days with compound 2

Dose c-reductase (nmol/mg (nmol/mg (nmol/mg
(mg/kg) (nmol reduced/mg) protein/min) protein/min) protein/min)

NADPH-cytochrome P-450 N-demethylase O-deethylase
Cytochrome Benzphetamine- 7-Ethoxycoumarin

 0      1.48±0.10      6.54±0.93      2.14±0.30     253.3±70.7

1,000      2.09±0.21*      9.27±0.84*      3.84±0.20*     370.8±51.4*

*p<.05 compared to control value.

These data provide evidence that compound 2 induces liver enzyme activity in the rat at a high
acute dose.  No studies have been conducted following repeat dosing and at chemical doses
around those that are associated with the development of thyroid tumors.  Similarly, there is an
absence of data on the activity of uridine diphosphate glucuronosyl-transferase in the liver and of
T  clearance from serum or excretion in the bile.4

e.  Dose Correlations
Given the data gaps, only preliminary correlations can be developed between dose and

specific endpoints.  These are discussed later (see table A-15).
.

f.  Metabolism
In the rat, compound 2 is freely absorbed through the gastrointestinal tract and extensively

metabolized in the liver; individual metabolites have not been characterized.  Little else is known
about the handling of the chemical, and no comparative studies in different species are available.

g.  Structure-Activity Relationships
Some structural analogues produce liver tumors in mice, but most have not been studied

at all for carcinogenicity.  None has induced thyroid tumors.  Some analogues produce structural
chromosome aberrations in cultured mammalian cells; one close analogue also induces these
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aberrations in mammals in vivo.

3.  Human Observations
No relevant data are available on thyroid-related function or carcinogenicity of this

chemical in humans.

Table A-15.  Summary of effects relevant to evaluating the significance
of thyroid tumors in rats

Study    Effect
Dose (mg/kg/day)

5 10 15 50 150 1,000

2-Year study: tumors  +  + 

liver weight ±  +  + 

90-Day study: thyroid weight  +  +  + 

14-Day study: T  decrease ±  +  + 4

Acute study: MFO induction  + 

HAZARD AND DOSE-RESPONSE CHARACTERIZATION
Compound 2, a chlorinated cyclic hydrocarbon, produces a small but significant increase

in thyroid tumors in gavaged male and female rats.  No other tumor increases are noted.  The
chemical has not been tested for carcinogenicity in a second laboratory species, and nothing is
known about its potential carcinogenic effects in humans.  Data on the carcinogenicity of
structural analogues do not indicate carcinogenic effects in the thyroid, although some produce
liver tumors in mice; most analogues have not been studied for carcinogenicity.  It is likely that
compound 2 may pose a carcinogenic hazard to humans.

The existing mutagenicity information indicates negative effects for gene mutations in
Salmonella.  Some structural analogues produce structural chromosome aberrations in
mammalian cells that could influence carcinogenicity.

There are data indicating that compound 2 affects thyroid-pituitary functioning.  Within 90
days of dosing, there is thyroid enlargement associated with diffuse hyperplasia and an increase in
thyroid weight.  It is not known whether there is cellular hypertrophy in the thyroid.  Hormone
changes were investigated after dosing for only 14 days.  Serum T  decreased with dosing while4

serum T  remained unchanged; TSH levels were not measured.  There are no studies measuring3

hormones at times beyond 14 days. 
Concerning the site of action, compound 2 produced liver enlargement in the chronic rat
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study, and consistent with this, it induced microsomal enzymes in the rat liver (e.g., increased P-
450 content and benzphetamine-N-demethylase activity) following a single, high acute dose.  No
studies have been conducted following subchronic dosing or at doses around those that produced
thyroid tumors in rats.

A mode of action that accounts for production by compound 2 of thyroid tumors in
rats can be proposed.  It seems to be acting by nonmutagenic processes that involve chemically
induced antithyroid activity.  The compound may enhance metabolism and excretion of thyroid
hormone by stimulating hepatic microsomal enzymes.  These enzymes would be expected to
enhance clearance of thyroid hormone from the body and result in a lowering of serum thyroid
hormone levels.  These decreases would result in reflex increases in TSH levels with stimulation
and enlargement of the thyroid gland and, eventually, neoplasia.  These observations and
presumptions support the use of a default dose-response analysis using threshold considerations
(use of an NOAEL and computation of the margins of exposure).  

Significant uncertainties exist, which bring into question the proposed mode of action and
the merit in using the margin of exposure method.  Compound 2 has not been tested for cancer in
a second species, and some related chemicals are known to induce liver tumors in mice.  In
addition, the agent has not been adequately tested for gene mutations, structural chromosome
aberrations, and other such endpoints.  The site of antithyroid action has not been adequately
investigated; studies should investigate the thyroid and periphery as well as the liver where
preliminary evidence suggests an effect.  Mode-of-action studies are needed following subchronic
dosing and at dosages adequate to explain thyroid tumor formation.

Because of the uncertainties and until such time that more information is available that
explains a mode of action for compound 2, dose-response relationships will be projected by the
low-dose linear approach.

There is not an extensive or totally appropriate database to evaluate the antithyroid effects
of compound 2, but the existing dose correlations are summarized in table A-15, assuming that
the liver may play some role in tumor development.  Preneoplastic effects are noted at 15
mg/kg/day (thyroid weight) and 10 mg/kg/day (T  decrease), which are lower than the dose4

producing thyroid tumors (and increased liver weight) in the chronic study (50 mg/kg/day).  An
estimate of the NOAEL can be derived from the 14-day study where a dose of 5 mg/kg/day had
no significant effect on the T  level.  Further work is needed.4

Depending on the outcome of future testing, a linear default may be maintained if the
agent is mutagenic, if more than one tumor site is noted, or if adequate mode of action
information is not developed to understand thyroid tumor production.  A nonlinear default may be
used if no other tumors are found in a second species, the compound is not mutagenic, and an
antithyroid mode of action is found to describe the formation of thyroid tumors.  Both methods
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may be retained when more than one mode of action leads to the conclusion that both linear and
nonlinear projections are about equally tenable.
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COMPOUND 3:  A BIS-BENZENAMINE THAT PRODUCES THYROID AND LIVER 
                              TUMORS; ANTITHYROID AND MUTAGENIC EFFECTS

EXECUTIVE SUMMARY
Compound 3 produces thyroid follicular cell and liver tumors in two rodent species.  The

thyroid tumors are associated with interference in thyroid-pituitary functioning, presumably due to
inhibition of thyroid peroxidase activity.  There is no mechanistic information concerning the
development of liver tumors.  Compound 3 is also DNA reactive and mutagenic, and these effects
could influence tumor development in both the thyroid and the liver.  Accordingly, it is likely that
compound 3 may pose a human cancer hazard, and a low-dose linear procedure should be used
for the quantification of both cancer dose-response relationships, although a lower bound on the
thyroid cancer “risk” should also include nonlinear considerations.

DETAILED DATA
1.  Cancer Findings

Chronic laboratory animal studies provide strong evidence of a tumorigenic effect of
compound 3 for both the thyroid and liver in both sexes of rat and for the female mouse.  F344
rats and B6C3F  mice were administered compound 3 at three doses of 200, 400, and 500 (20,1

40, and 50 mg/kg/day) and 150, 300, and 800 ppm (30, 60, and 160 mg/kg/day) in tap water,
respectively.  There were 50 animals per sex/species/dose, with the control groups receiving plain
tap water.  No animal died before 52 weeks of dosing.  Survival was lowest in the control male
rats (50%) and the high-dose female rats (26%) at 104 weeks.  In all other groups (rats and mice),
survival ranged from 60% to 82%.  The tumor incidence results are summarized in table 16 for
both rats and mice.

The incidences of liver tumors (adenomas, carcinomas) were significantly increased in the
low-, mid-, and high-dose male rats, in the mid- and high-dose female rats, and in the high-dose
female mice.  Male mice showed no increase in liver tumors.  Although foci and areas of
hepatocellular alteration were present, consistent with the preneoplastic phases of liver
carcinogenesis, there was no indication of hepatocellular hypertrophy characteristic of MFO-
inducing compounds.

The incidences of benign and malignant thyroid follicular cell neoplasms were significantly
increased in the mid- and high-dose male and female rats and in the high-dose female mice (benign
only).  Male mice showed no increase in thyroid tumors.  Tumors occurring at sites other than the
liver and thyroid in rats and mice were not statistically related to treatment.
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Table A-16.  Rodents with liver and thyroid tumors in 2-year bioassays
of compound 3

Rats Tumor incidence (percent) according to dose (ppm in water)
(N=50 animals/group)

Sex M         F M         F M         F M         F
0 200 400 500

Liver (hepatocellular)
Adenoma 1        3 9*       0 18*      20* 17*      11*

Carcinoma

(2)      (6) (18)             (36)      (40) (34)     (22)  

0        0 4*       0 23*       4* 22*      6* 
          (8)           (46)     (8) (44)   (12)

Thyroid (follicular cell)
Adenoma 1        0 1        2 8*       17* 13*       16*

Carcinoma

(2)          (2)      (4) (16)      (34)    (26)      (32)  

0        0 2        2 9*       12* 15*        7*
      (4)      (4) (18)      (24)    (30)     (14)  

Mice

Sex M         F M         F M         F M         F
0 150 300 800

Liver (hepatocellular)
Adenoma 11          4 13          6 11           9 10           14*

Carcinoma

(22)        (8) (26)     (12) (22)      (18) (20)        (28)

18          4 27          7 23           6 26          15*
(36)       (8) (54)      (14) (46)       (12) (52)        (30)

Thyroid (follicular cell)
Adenoma 0        1 0        0 2        0 2             7*

          (2) (4)           (4)          (14) 

*p<.05 compared to control value.
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2.  Mechanistic Considerations
a.  Mutagenicity
Compound 3 was studied in both in vitro and in vivo short-term tests for mutagenicity.  In

the Salmonella mutation assay, the compound was positive in the presence of an S9-activating
system using strains TA-98 and TA-100.  The compound induced transformation in BHK cells,
DNA-strand breaks, and point mutations in V79 cells and DNA repair in rat hepatocytes.  There
was an equivocal response for sister chromatid exchanges in mouse bone marrow but positive
results for chromosomal aberrations in the same system.  Because compound 3 is DNA reactive
and produces point and structural chromosomal mutations, it is regarded as having mutagenic
activity relevant to carcinogenicity. 

b.  Thyroid Growth   
To date, the only data generated for compound 3 specifically on thyroid weights were

from a published account of its administration to male Wistar rats at 400 ppm in tap water for 20
weeks.  At cessation of treatment, the mean values for thyroid weight were statistically
significantly different in treated (30+6 mg) as compared with control (18+8 mg) groups (21 rats
per group), respectively.  

In the 13-week study, male and female Fischer rats were given 200, 400, and 700 ppm of
compound 3 in tap water, while male and female mice received 100, 300, and 700 ppm.  Thyroid
follicular cell hyperplasia was found in 5/10 and 7/10 mid-dose male and female rats, respectively,
but only in 1/9 high-dose males.  Adenomatous goiters were observed in 3/10 mid-dose males and
1/10 mid-dose females, while more severe goiters were found at the high dose in 8/9 males and
10/10 females.  In mice, adenomatous goiters (less severe than those found in rats) were observed
in 1/10 of high-dose males and 1/10 high-dose females.  None of the low-dose rats or mice
showed thyroid lesions.  

The incidence of diffuse hyperplasia of the thyroid gland in the 2-year bioassay was
significantly increased in the mid- and high-dose rats of both sexes and the high-dose mice of both
sexes, as summarized in table A-17.

In sum, many of these data indicate that compound 3 has an enhancing effect on thyroid
growth by inducing diffuse thyroid follicular cell hyperplasia and adenomatous goiter and
increased thyroid gland weight on repeated administration.

c.  Hormone Levels
The studies completed so far provide limited data on the effect of compound 3 on serum

levels of T , T , and TSH.  Serum levels for these three hormones were measured in a group of 4 3
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Table A-17.  Rats and mice with diffuse thyroid hyperplasia after 2
years of exposure to compound 3

Incidence (percent) according to dose (ppm in water)
(N=50 animals/group)

Rats

Sex M         F M         F M         F M         F
0 200 400 500

0        0 1        1    11*      13*      22  
(2)      (2) 16* (26)     (44)  

(22)      (32)

Mice

Sex M         F M         F M         F M         F
0 100 300 700

0          0 0          0 0           0 26*         
  25*

(52)        (50) 
*p<.05 compared to control value.

five male rats after exposure to 400 ppm of compound 3 for 20 weeks and compared with those
from a control group (also five male rats), as illustrated in table A-18.  Circulating levels of both
T  and T  were significantly reduced and TSH was significantly elevated, indicating an effect of3 4

the compound on thyroid-pituitary functioning.

d.  Site of Action
No studies have yet been conducted to investigate the action of compound 3 on

components of the iodide pump, thyroid peroxidase, peripheral deiodination of T , or MFO4

induction.  However, some close analogues are known to reduce radioactive iodine accumulation
in the thyroid; presumably this is due to an inhibition of thyroid peroxidase activity and not a
function of affecting the iodide pump.

In the animal bioassays, the liver shows sinusoidal dilatation in male rats, fatty
metamorphosis and focal cellular change in male and female rats, and degeneration in male mice. 
It has been speculated that the metabolic activation of compound 3 to a reactive electrophile may
be responsible for these nonneoplastic lesions.  This is consistent with the Salmonella mutation
data, where effects are noted only after metabolic activation.  No other information is available
concerning the biological processes leading to liver tumor development.
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e.  Dose Correlations
Important correlations can be made between the dose of compound 3 and various effects. 

These are discussed later in this appendix (see table A-19).
   

Table A-18.  Serum T , T , and TSH levels in4 3

male Wistar rats exposed to 400 ppm of compound
3 in water for 20 weeks

Control Treated

T 54.6+1.8 40.2+2.2*3

(ng/dL)

T 5.2+1.1 3.0+0.3*4

(µg/dL)

TSH 4.1+0.8 6.1+0.7*
(ng/mL)

*p<.05 compared to control value.

Table A-19.  Thyroid effects noted in the toxicity
studies in rats and mice on compound 3

Dose in drinking water (ppm)

Rats 200 400 500 700

2-Year study
    Tumors - + +
    Hyperplasia - + +

13-Week study
     Hyperplasia/goiter - + +

20-Week study
Thyroid/pituitary
hormones and thyroid
weight +

Mice 100 150 300 700 800

2-Year study
Tumors - - +
Hyperplasia - - +

13-Week study
Goiter

- - +
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f.  Metabolic and Pharmacokinetic Properties
No information is available on the tissue distribution of compound 3.  It has been

estimated that 90% is absorbed through the gastrointestinal and respiratory tracts in rats.  The
compound is rapidly excreted in the urine with two major metabolites.  No comparative metabolic
information is available in mice or humans.

g.  Structure-Activity Relationships
Compound 3 is a member of the bis-benzenamine class of chemicals, being an alkyl-

substituted derivative of 4,4'-methylene-dianiline.  Several dianilines with methylene, oxygen and
sulfur bridges, and their alkyl-substituted derivatives have been shown to (1) inhibit iodine
accumulation in the thyroid, (2) possess goitrogenic activity following repeated administration,
and (3) produce thyroid tumors and sometimes liver tumors in rats and/or mice.  These aromatic
amines are mutagenic in a number of short-term tests relevant for evaluation of carcinogenicity,
namely, DNA reactivity and gene and structural chromosome mutations.  

3.  Human Observations
No data are available concerning the effects on humans of exposure to compound 3. 

However, it is known from accidental and certain high-dose industrial incidents that exposure to
structurally related chemicals in the bis-benzenamine class have the potential to produce toxic
hepatitis.

HAZARD AND DOSE-RESPONSE CHARACTERIZATION
Compound 3 is likely to pose a carcinogenic hazard to humans given that it induces both

thyroid and liver tumors in rodents and has gene mutagenic activity in microbes and cultured
mammalian cells.  Mutagenic properties may account for the tumor responses; in addition, the
thyroid tumors may be due to perturbation in thyroid-pituitary functioning.  Therefore, cancer
dose-response relationships should be projected using a low-dose linear procedure; a lower bound
on the thyroid cancer risks may be characterized using nonlinear considerations.

Cancer studies on the bis-benzenamine, compound 3, show significant increases in thyroid
follicular cell carcinomas and adenomas in male and female rats and adenomas alone in female
mice; male and female rats and female mice also show significant increases in hepatocellular
carcinomas and adenomas.  Male mice do not show increases in either of these tumor types. 
Structurally related compounds often produce thyroid tumors in rats and mice and liver tumors in
mice.  Just as compound 3 shows DNA reactivity, gene mutations, and possible structural
chromosome mutations, structural analogues also produce mutagenic effects relevant to
carcinogenicity.
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Several lines of investigation indicate that compound 3 affects thyroid-pituitary
functioning.  (1)  Significant dose-related goitrogenic effects (e.g., increase in thyroid weight,
diffuse hyperplasia) are noted after subchronic and chronic dosing in rats and mice.  There is no
mention whether follicular cell hypertrophy was noted in any of the studies.  (2) Following 20
weeks of treatment, hormone levels are altered in rats, including decreases in both T  and T  and4 3

increases in TSH.  (3) No studies have been done on compound 3 to discern its site of action on
thyroid-pituitary functioning, although several structural analogues inhibit the accumulation of
iodide in the rat thyroid, probably the result of thyroid peroxidase inhibition.  (4) Some indication
of progression of histologic lesions is noted:  thyroid hyperplasia and/or adenomatous goiter
develop after subchronic dosing in rats and mice, while neoplasms form after chronic dosing.  In
mice, seemingly the more resistant species (on a mg/kg/day basis), the only thyroid neoplasms are
adenomas, while in rats, both adenomas and carcinomas are found in roughly comparable
frequencies.  (5) Dose correlations are presented in table A-19 and are discussed later.  In sum,
these observations constitute an adequate database to evaluate antithyroid effects, but there is a
lack of specific information on the site of action.

The above influences of compound 3 on thyroid-pituitary status could account for thyroid
tumor formation following chronic exposure.  However, there is also mutagenic activity relevant
to carcinogenicity for both compound 3 and structural analogues that include DNA reactivity,
gene mutations, and structural chromosome aberrations.  The compound is seemingly metabolized
to produce reactive products that are mutagenic.  Only minimal metabolic information is available
in rats, and none exists in mice and humans.  These mutagenic effects could account for both the
thyroid and liver tumors.  

Characterization of cancer dose-response relationships should primarily rely on mutagenic
considerations for the thyroid and liver tumors using a low-dose linear procedure.  However, the
thyroid tumor responses may be due to both its mutagenic and antithyroid properties.  Other
chemicals with both mutagenic and antithyroid effects also have led to high thyroid tumor
incidences, as have combinations of mutagenic and antithyroid stimuli.  Because it is not possible
to totally discern the relative impacts of these influences for compound 3, threshold considerations
should be used in addition to a linear extrapolation so as to estimate the lower bound on the
thyroid cancer risk.  

In making a decision about potential thyroid cancer risk due to antithyroid activity,
toxicity dose correlations on compound 3 are important considerations (table A-19).  Thyroid
effects are noted in rats at doses of 400 ppm and higher in studies spanning the subchronic and
chronic dosing periods, but not at 200 ppm.  In mice, effects are noted at 700 and 800 ppm, but
not at 300 ppm and below.  It is recognized that there are thyroid-pituitary hormone levels only in
rats after dosing with 400 ppm and no data in mice; more extensive testing in mice would help to
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ensure identification of doses where hormone alterations are not noted.  In their absence,
emphasis can be placed on the above identified no-observed-effect-levels (NOEL), recognizing
that there is some degree of uncertainty in relying on the values.  Rats appear to be as sensitive or
more sensitive to the antithyroid effects of compound 3 as mice on a mg/kg/day basis.  With the
existing database, the estimated NOEL for rats is 200 ppm (20 mg/kg/day), while that for mice is
300 ppm (60 mg/kg/day).  The 20 mg/kg/day value in rats can be used in calculating margins of
exposure.  Linear risks for thyroid tumors might be estimated by drawing a straight line from the
10% estimated tumor incidence level to the origin or the lower 95% bound on that incidence. 
Risks for other tumors would depend upon the mode of action information available on those
sites.
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COMPOUND 4:  A NITROSAMINE THAT IS MUTAGENIC AND HAS NO 
ANTITHYROID EFFECTS

EXECUTIVE SUMMARY  
Compound 4, a nitrosamine, produces thyroid follicular cell tumors in rats after a very

short latency period.  It also produces lung, liver, and kidney tumors in rats after a short latency
period and pancreatic, liver, and lung tumors in Syrian golden hamsters.  Compound 4 is
mutagenic in various short-term tests for DNA alkylation, DNA damage, and gene and structural
chromosome mutations.  Because compound 4 is mutagenic, causes tumors with short latencies at
multiple anatomical sites including the thyroid, and does not appear to interrupt the thyroid
endocrine axis, the thyroid follicular cell tumors appear to be caused by a mutagenic mechanism,
indicating that linear risk assessment procedures for low-dose extrapolation apply in this case.     

DETAILED DATA
1.  Cancer Findings  

Although compound 4 has not been tested in a conventional 2-year rodent bioassay, tumor
incidence data for the chemical are available from various shorter term biomedical research
studies.  The results from one of these studies using male Wistar rats are summarized in table A-
20.  The doses administered to groups of 20 rats were 0, 50, 100, and 200 ppm (corresponding to
0, 5, 10, and 20 mg/kg/day or 0, 910, 1,820, and 3,640 mg/kg total dose) in drinking water that
was provided ad libitum.  The study was terminated after 26 weeks of exposure.  Although only
one death (in the high-dose group) had occurred at that time, adenomas and carcinomas of the
lung, liver, kidneys, and thyroid were found.  Lung tumors, induced at all dose levels tested, were
found in 100% of the mid- and high-dose animals.  Tumors in the liver, kidney, and thyroid
occurred with lower incidences at the mid- and high-dose levels, but showed dose responsiveness.

Separate studies have shown that compound 4 is effective in producing tumors in a similar
range of organ sites by other routes of administration, for example, by weekly subcutaneous
injection in both male and female Sprague-Dawley rats or by i.p. injection to Wistar rats.  Another
study, using oral administration, demonstrated compound 4’s ability to produce pancreatic cancer,
as well as lung and liver tumors, in the Syrian golden hamster.  In the experiment using the
i.p. route of administration, compound 4 was administered to male and female rats at three dose
levels once weekly for 4 weeks.  The experiment was 
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Table A-20.  Wistar rats with tumors by site in a 26-week study of compound 4

Tumor incidence (percent) according to dose

Organ site 0 50 100 200

Lung 0/20 5/20 20/20 19/19
(25) (100) (100)

Liver 0/20 0/20 5/20 8/19
(25) (42)

Kidney 0/20 0/20 3/20 4/19
(15) (21)

Thyroid 0/20 0/20 0/20 5/19
(10) (26)

terminated at 30 weeks, at which time thyroid tumors were diagnosed at the mid and high doses in
both male and female rats (table A-21).  There was a particularly high incidence (80%) in the
high-dose males.  Since the cumulative doses in the i.p. study were well below those in the
drinking water study, the i.p. route appears to be a more effective mode for inducing thyroid
tumors in the rat with compound 4.

These data in both sexes of multiple species, multiple organs, and by different routes of
administration indicate that compound 4 is a potent carcinogen in laboratory animals.  The
chemical’s potency is further emphasized by the very short latency period of induction, the low
total dose of the chemical, and the high tumor incidences.

2.  Mechanistic Considerations
a.  Mutagenicity
A review of the literature indicates that compound 4 is consistently positive in short-term

tests for mutagenicity in the presence of a metabolic activation system.  It has tested positively in
various Salmonella assays for frameshift and base-pair mutations with strains TA-1537 and TA-
1535, respectively, and produces sister chromatid exchange and chromosomal aberrations in CHO
cells and transformation of BHK cells.  DNA reactivity has been shown by positive results for
DNA single-strand breakage in cultured mouse epithelial cells, for alkylation both in vitro and in
vivo, and for inducing DNA-repair replication in human lymphocytes.
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Table A-21.  Thyroid follicular cell tumor incidence at 30 weeks in
male and female Wistar rats treated with compound 4 by i.p. injection

Total cumulative dose
(mg/kg)

0 200 400 600

Male 0 1/25 6/25 20/25
(4) (24) (80)

Female 0 0 1/24 5/24
(4) (21)

b.  Thyroid Growth    
The effects of compound 4 on the thyroid, both grossly and histologically, were different

from the effects of chemicals acting on the thyroid-pituitary axis.  Thyroid weights were recorded
at 30 weeks in the i.p. injection cancer study of compound 4.  These are summarized in table A-
22.

Although thyroid follicular cell tumors were present in the mid- and high-dose males and in
the high-dose females, thyroid weights overall showed no statistically significant difference among
groups and therefore no correlation with the incidences of thyroid tumors.  This lack of statistical
significance remained when the thyroid weights were calculated relative to body weights.  At the
histologic level, the thyroids from treated groups showed a dose-response relationship for the
incidence of follicular cell hyperplasia (table A-23).  The hyperplasia, however, was not of the
diffuse form typical of antithyroid compounds, but manifested as small solitary foci, presumably
representing the first stage in the continuum of hyperplasia to adenoma to carcinoma.  Thus, focal
hyperplasias were described as small aggregates of basophilic epithelial cells involving part of a
follicle or a few follicles, but without fibrous encapsulation.  Uninvolved tissue lacked cellular
hypertrophy, and the follicles contained amounts of colloid within the normal range.

c.  Hormone Levels   
In the i.p. cancer study, serum T  and TSH levels (but not T ) were also measured4 3

(summarized in table A-24).  There were no differences in serum T  or TSH levels in treated4

groups when compared with levels in control animals.  In addition, comparison of serum TSH
concentrations in high-dose rats with and without thyroid tumors demonstrated no significant
differences (table A-25).
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Table A-22.  Mean thyroid weights (mg) at 30 weeks in male and
female Wistar rats treated with compound 4 by i.p. injection

Total cumulative dose
(mg/kg)

0 200 400 600

Male 15.6+2.2 15.2+2.2 14.8+1.4 29.9+35.5*

Female 11.1+2.6 10.6+1.3 10.8+1.3 11.9+3.5
*The large variation in thyroid weights in the high-dose males was due to the
presence of several very large tumors.  The high standard deviation for this group
resulted in a lack of significance from controls.

Table A-23:  Incidence of focal hyperplasia involving thyroid follicular
cells at 30 weeks in male and female Wistar rats treated i.p. with
compound 4

Total cumulative dose
(mg/kg)

0 200 400 600

Male 0 4/25 9/25 18/25*
(16) (36) (72)

Female 0 0 1/24 3/24
(4) (12)

*p<.05 compared with control values.

Table A-24.  Serum T  and TSH levels at 30 weeks in male and female Wistar 4

rats treated i.p. with compound 4

Total cumulative dose
(mg/kg)

0 200 400 600
M       F M       F M       F M       F

T 3.4     2.9 3.8     3.3 3.0     2.3 3.3     3.04

(ug/dl) +0.5    +0.7 +0.4    +0.4 +0.5    +0.7 +0.4    +0.6

TSH 4.5     3.2 5.8     3.9 4.0     4.4 4.4     4.0
(ng/ml +1.1    +0.5 +2.5    +1.4 +1.0     +1.5 +1.1   +1.2
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Table A-25.  Comparison of serum TSH levels in rats with and without thyroid tumors
induced by i.p. treatment with a cumulative dose of 600 mg/kg of compound 4  

No. of rats TSH concentration (ng/ml)

M         F             M              F

Without tumors 9        19 4.9+1.4     4.0+1.1

With tumors 11       3 4.2+1.0     4.0+0.5

A separate study provided limited information on serum T  levels at 20 weeks3

posttreatment in male Wistar rats receiving a single i.p. injection of compound 4 at a dose of
1,000 mg/kg.  Compared to the mean value of 80.8+3.8 ng/ml for 20 control animals, the mean
value for serum T  in the treated group (n=20) was not significantly different at 90.7+11.5 ng/ml.3

These various data, showing serum T , T , and TSH levels within the control ranges after3 4

treatment with compound 4, provide further evidence that the chemical has no effect on the
function of the thyroid/pituitary axis.

d.  Site of Action    
No studies were available that have investigated the effects of compound 4 on thyroid

peroxidase, the deiodination pathway, or effects on thyroid metabolism and excretion in the liver.  
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However, the chemical is without goitrogenic or thyroid-pituitary hormone effects, indicating that
such studies are not needed.  Obviously, there are no significant dose correlations to consider.

e.  Ancillary Data    
The initiating effect of compound 4 on two-stage thyroid carcinogenesis was investigated

using the antithyroid agent propylthiouracil (PTU) as a promoter.  Male Wistar rats, 6 weeks old,
were administered a single 1,000 mg/kg i.p. dose of compound 4 and fed PTU in the basal diet for
19 weeks (beginning of week 2 to week 20) at a level of 0.15%.  The experiment was terminated
at 20 weeks, and the thyroids were examined histologically for neoplastic lesions.  The results are
tabulated in table A-26.  The incidence of thyroid follicular tumors in the group receiving
compound 4 followed by administration of PTU was 95% compared to 5% in the compound 4
only group and 0% in the PTU only group.  The results provide evidence that compound 4 acts as
an initiating agent for the development of thyroid tumors in rats that can be promoted with PTU.

Table A-26.  Male rats with thyroid tumors at 20 weeks after a single treatment
with compound 4 followed by PTU

Treatments*

None Compound 4 PTU Compound 4 + PTU

No. (%) of rats with 0/20 1/20 0/20 19/20
thyroid tumors (0) (5) (0) (95)

* Compound 4:  single i.p., 1,000 mg/kg; PTU:  0.15% in diet for 19 weeks.

f.  Structure-Activity Relationships
Compound 4, a nitrosamine, belongs to a notorious class of chemicals recognized to be

potent mutagenic carcinogens, producing tumors in many anatomical sites in both sexes of
multiple species.  Many other members of this class are also used in research studies involving
mechanisms of carcinogenesis.  Enzymic hydroxylation of these chemicals is required for
generation of the proximate carcinogens/mutagens, which are strong alkylating agents.

g.  Metabolism and Pharmacokinetic Properties
It is known from mechanistic studies that compound 4 is rapidly and evenly distributed

throughout the body water.  Although approximately 60% of the administered dose is excreted
unchanged in the urine, the chemical is also oxidized in the liver to a ketone that has been shown
to be a methylating agent.  The enzyme system responsible for oxidation has not been determined.
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3.  Human Data
No direct information exists on the acute or chronic effects of this chemical in humans.

HAZARD AND DOSE-RESPONSE CHARACTERIZATION
Compound 4 produces tumors at several sites, including the thyroid.  The thyroid tumors

do not result from disruption of  thyroid-pituitary status.  The chemical does not produce
follicular cell hypertrophy or diffuse hyperplasia and does not alter the levels of circulating 
thyroid hormones or TSH.  Although there are no specific studies on the chemical’s effect on
thyroid hormone synthesis or disposition, there is no indication that it has such effects.
Instead, it appears to act, as do many other members of the nitrosamine group, as a clear-cut
mutagenic carcinogen.  It possesses demonstrable gene and chromosome-breaking mutagenic
activity and an ability to alkylate DNA both in vitro and in vivo.  It also causes DNA damage, has
initiating capacity in a thyroid two-stage carcinogenesis test, acts as a complete carcinogen
producing tumors at multiple sites in addition to the thyroid, is effective as a carcinogen by more
than one route of administration and in more than one species, and exhibits a very short tumor
latency.  For these reasons, compound 4 has the potential to be a human carcinogen, functioning
as a mutagenic carcinogen rather than by disruption of thyroid-pituitary status.  Accordingly,
thyroid dose-response assessments for this substance should be conducted using a low-dose linear
procedure.  Risk estimation at other sites would depend on the mode of action information.
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APPENDIX B

SYNOPSIS OF AGENTS AFFECTING THE THYROID 

Extensive investigation of physical and chemical factors have identified many treatments that
influence the thyroid gland.  Some directly affect thyroid gland functioning (table B-1), such as
those that damage the genetic material and those that in some way affect the synthesis or release
of thyroid hormone from the gland.  Other agents influence the thyroid indirectly (table B-2), as
by reducing the formation of circulating T  from T  due to inhibition of 5'-monodeiodinase. 3 4

Chemicals from many different structural and functional classes also indirectly affect the thyroid
by inducing liver microsomal enzymes and increasing the metabolism and excretion of thyroid
hormones.  

Still other agents can affect the thyroid in more than one way; several examples are
applicable. Thiocyanate ion inhibits both iodide uptake into the thyroid and thyroid peroxidase
activity, while propylthiouracil inhibits both thyroid peroxidase and 5'-monodeiodinase activities. 
These agents doubly reduce effective thyroid hormone levels.  Other compounds may have both
thyroid cancer initiation and promotion activity.  For instance, both 3-methylcholanthrene and
4,4'-methylenedianiline are mutagenic and may affect thyroid cell DNA, while the former is also a
liver microsomal enzyme inducer that increases thyroid hormone metabolism and excretion and
the latter also reduces thyroid hormone synthesis by probably inhibiting thyroid peroxidase.

Not all agents that have some direct or indirect effect on the thyroid have demonstrated
carcinogenic effects.  In humans, for instance, only x-irradiation has been demonstrated to
produce thyroid cancer.  In rodents, many compounds that have produced some effect on the
thyroid have never been tested in chronic studies.  Even those that have been tested do not always
produce thyroid tumors.  For instance, phenytoin produces many different effects on the thyroid,
but it was negative for thyroid tumors in rodent studies conducted by the National Toxicology
Program (NTP).  The same is true for certain polyhydroxy aromatic compounds that are inhibitors
of thyroid peroxidase, in that neither resorcinol nor 4-hexylresorcinol produced thyroid tumors in
NTP rodent studies.  This is interesting, given that resorcinol has been shown to be goitrogenic in
short-term animal studies and in humans.  

Liver microsomal enzyme inducers are very heterogeneous:  they span many different
structural and functional classes of chemicals, they differ in regard to the specific microsomal
enzymes that are induced, and they vary greatly in their potency for enzyme induction.  
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       Table B-1.  Illustrative treatment regimens directly affecting the thyroid gland

Iodide deficiency Thyroid peroxidase inhibition

Iodide pump inhibition goitrin
perchlorate ion propylthiouracil
pertechnetate ion thiocyanate ion
thiocyanate ion thiouracil

Thyroid hormone release inhibition 4,4'-methylenedianiline
excess iodide p-aminobenzoic acid
lithium sulfamethazine

Thyroid gland damage polyhydroxy aromatics
polybrominated biphenyls 4-hexylresorcinol
polychlorinated biphenyls phloroglucinol

thionamides

aniline derivatives

sulfathiazole

resorcinol
miscellaneous

2-aminothiazole
amitrole

Mutagenic
    x-irradiation
    I131

    glycidol
    3-methylcholanthrene
    4,4'-methylenedianiline
    N-bis (2-hydroxypropyl) nitrosamine
    tribromomethane

Accordingly, only some enzyme inducers have been shown to influence thyroid-pituitary 
functioning following short-term administration.  Among those with antithyroid effects, thyroid-
pituitary status may return to homeostasis following continued dosing.  Thus, in long-term dosing
studies in rodents, only a proportion of these agents go on to induce thyroid neoplasia.  Generally,
thyroid carcinogenic responses are noted in a relatively low percentage of animals with the
enzyme inducers, in contrast to those agents that inhibit thyroid peroxidase that often produce
much more pronounced carcinogenic effects.

As of February 1996, the experience from the NTP indicates that 33 of approximately 460
chemicals (about 7%) (table B-3) tested in chronic studies show thyroid follicular tumors in rats
and/or mice.  A number of others show some preneoplastic lesion (usually hyperplasia but 
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         Table B-2.  Illustrative agents indirectly influencing the thyroid gland

Liver microsomal enzyme induction  5'-Monodeiodinase inhibition
channel blocker amiodarone

nicardipine FD&C Red No. 3
CNS active iopanoic acid

phenobarbital propranolol
phenytoin propylthiouracil

histamine (H2) antagonist 
SK&F 93479

CoA reductase inhibitor
simvastatin

imidazole antibiotic
SC-37211

leukotriene antagonist
L-649,923

pesticide
clofentezine
thiazopyr

polyaromatic hydrocarbon
3-methylcholanthrene

polyhalogenated hydrocarbon
C  chlorinated paraffins12

dieldrin
polychlorinated biphenyls
2,3,7,8-tetrachlorodibenzo-p-dioxin

 toxaphene
retinoid

etretinate
steroid

spironolactone

also hypertrophy) without corresponding neoplasia.  Most of the tested chemicals have not been
studied as to their antithyroid potential.  However, it appears that a number of these chemicals
inhibit thyroid peroxidase or are microsomal enzyme inducers; still others have mutagenic activity
that might account for the thyroid neoplasms.  For instance, short-term toxicity studies have been
completed on the thionamide 2-mercaptobenzimidazole that show both significant thyroid
hyperplasia (Gaworski et al., 1991) and antithyroid activity; thyroid tumors would be expected in
chronic studies.  Interestingly, 2-mercaptobenzothiazole, a closely related compound, failed to
show antithyroid effects (Bywater et al., 1945) and likewise failed to induce thyroid cancer in
NTP chronic testing.
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     Table B-3.  Chemicals producing thyroid follicular cell tumors in NTP studies

aldrin isobutyl nitrite
3-amino-4-ethoxyacetanilide malonaldehyde, sodium salt
o-anisidine hydrochloride manganese sulfate monohydrate
azinphosmethyl mercuric chloride
2,2-bis (bromomethyl)-1,3-propanediol 4,4'-methylenebis (N,N-dimethyl)                     
tertiary butyl alcohol     benzenamine
chlorinated paraffins:  C12, 60% chlorine 4,4'-methylenedianiline dihydrochloride
C.I. Basic Red 9 monohydrochloride 1,5-naphthalenediamine
C.I. Pigment Red 3 oxazepam
decabromodiphenyl oxide 4,4'-oxydianiline
2,4-diaminoanisole sulfate 2,3,7,8-tetrachlorodibenzo-p-dioxin
N,N’-diethylthiourea p,p’-tetrachlorodiphenylethane (DDD)
ethylene thiourea (ETU) 1-trans-delta-9-tetrahydrocannabinol
glycidol 4,4'-thiodianiline
HC Blue No. 1 toxaphene
heptachlor trimethylthiourea
iodinated glycerol tris (2-chloroethyl) phosphate
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NOTICE

This report was prepared by Dr. Gordon C. Hard of the American Health Foundation
initially under subcontract to Eastern Research Group, Inc. (ERG), Lexington, Massachusetts, for
the U.S. Environmental Protection Agency (EPA) Risk Assessment Forum.  ERG assembled and
produced the final September 1992 report.  Since then, the 1992 report has been further updated
by Dr. Hard to include papers into 1996.  The views presented are those of the author, and not
necessarily those of EPA.

Mention of trade names or commercial products does not constitute endorsement or
recommendation for use.
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INTRODUCTION
Most risk assessment issues involving the thyroid concern the role of the prolonged

elevation of circulating thyroid-stimulating hormone (TSH) levels on the development of follicular
cell neoplasia in laboratory animals and the appropriate procedures for extrapolation of these
results to humans.  A Technical Panel of the U.S. Environmental Protection Agency (EPA) Risk
Assessment Forum (Forum) examined this issue and concluded in a 1988 draft report that, under
certain circumstances, thyroid follicular cell tumors develop through an ordered linkage of steps
beginning with interference in thyroid-pituitary status.  When there is no direct interaction of the
chemical with DNA, the Technical Panel concluded that thyroid follicular neoplasia involves a
threshold process and would not develop unless there is prolonged interference with the thyroid-
pituitary feedback mechanisms.  The mechanistic information assembled in the 1988 draft was
published in 1989 (Hill et al., 1989).  The Forum is presently preparing a science policy statement
for assessing risk of thyroid follicular cell neoplasia and requested an update of the pertinent
literature as part of this process.

Since the EPA report on thyroid follicular cell carcinogenesis, was published (Hill et al.,
1989), over 600 pertinent papers on thyroid function, regulation, carcinogenesis, and
epidemiology have appeared in the literature.  This review of the new publications highlights
selected information on the mechanisms of normal and abnormal thyroid growth and function and
the action of chemicals thereon.

Briefly, recent studies on regulation of the thyroid gland and thyroid follicular cell
neoplasia present a broad array of new data that add depth and complexity to the information
available in 1988 on this fundamental biological process.  These studies provide information on
growth factors and messenger systems, the control of TSH secretion in the central nervous
system, the intrinsic heterogeneity in follicular cell populations with regard to proliferative
potential, and new data on thyroid cancer in rodents and humans.

The studies also confirm previous suggestions regarding the importance of chemically
induced thyroid peroxidase inhibition and the inhibition of 3,3',5,5'-tetraiodothyronine (T ,4

thyroxine) deiodinases on disruption of the thyroid-pituitary axis and thyroid neoplasia.  In
particular, new investigations that couple mechanistic studies with information from animal cancer
bioassays (e.g., sulfamethazine studies) confirm the linkage between prolonged disruption of the
thyroid-pituitary axis and thyroid neoplasia.  Many new initiation/promotion studies also add to
previous information suggesting that chronic stimulation of the thyroid induced by goitrogens can
result in thyroid tumors.

It is now known that thyroid regulation occurs through a complex interactive network
mediated through different messenger systems.  Increased TSH levels activate the signal
transduction pathways to stimulate growth and differentiation of the follicular cell.  Although
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oncogene activation and tumor suppressor gene inactivation may also be factors in the
development of thyroid cancer, the important role of TSH on growth as well as function helps to
explain how disruptions in the thyroid-pituitary axis may influence thyroid neoplasia.

Other new data from epidemiologic studies contribute to the understanding of thyroid
neoplasia.  Acute exposure to ionizing radiation, especially in childhood, remains the only verified
cause of thyroid carcinogenesis in humans.  Iodine deficiency studies as a whole remain
inconclusive, even though several new studies in humans examine the role of dietary iodine
deficiency in thyroid cancer.

EPA’s analysis in the 1988 draft report focused on the use of a threshold for risk
assessment of thyroid follicular tumors.  New studies, involving several chemicals, provide further
information that suggests there will be no antithyroid activity until critical intracellular
concentrations are reached.  Thus, for chemically induced thyroid neoplasia linked to disruptions
in the thyroid-pituitary axis, a practical threshold for thyroid cancer would be expected.  More
information on thyroid autoregulation, the role of oncogene mutations and growth factors, and
studies directly linking persistently high TSH levels with the sequential cellular development of
thyroid follicular cell neoplasia would provide further confirmation.

THYROID REGULATION
Numerous recent studies point to the conclusion that the physiological regulation of

thyroid cell growth and function involves a complex interactive network of trophic factors
(endocrine, paracrine, and autocrine) and that the effects of these factors are mediated through a
number of different second messenger systems.  It is well established that TSH is the main growth
factor for thyroid cells, maintaining as well the differentiated state of the thyroid and controlling
thyroid hormone secretion.  Other growth regulators involved in the complex web include
insulin/insulinlike growth factor-I (IGF-I), epidermal growth factor (EGF), basic fibroblast growth
factor (bFGF), transforming growth factor ß (TGFß), as well as an endogenous iodide-dependent
mechanism (Wynford-Thomas, 1993; Farid et al., 1994).

TSH exerts its action on thyroid follicular cells via receptor sites, restricted mainly to the
basal membranes of follicle cells (Mizukami et al., 1994).  The advent of recombinant DNA
technology has led to the cloning of the TSH receptor of both rat (Akamizu et al., 1990) and
human thyroid (Libert et al., 1989; Nagayama et al., 1989; Parmentier et al., 1989; Misrahi et al.,
1990).  The TSH receptor is a plasma membrane site able to bind G (guanine nucleotide-binding)
protein for signal transduction (Parmentier et al., 1989).  G protein activitation by the TSH
receptor appears to be a highly complex effector system involving all four G protein families
(Laugwitz et al., 1996).  The gene for the TSH receptor is virtually constitutive in the thyroid cell,
occurring far along the pathway of transformation, as demonstrated by persistent expression in
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normal thyroid tissue as well as in differentiated thyroid tumors, but not undifferentiated
carcinoma (Brabant et al., 1991).  Current models indicate that the human TSH receptor is a
heptahelical glycoprotein molecule with an extremely large extracellular domain at the N-
terminus, a transmembrane/intracellular region consisting of seven intramembrane helices
connected by three alternating intracellular and extracellular loops, and an intracellular tail at the
carboxyl terminus (Nagayama and Rapoport, 1992; Vassart and Dumont, 1992).  The
extracellular domain is the ligand-binding site, conferring a high affinity for TSH binding and
distinguishing it from other G protein-coupled receptors.  It is thought that the three extracellular
loops help the ligand to fit to the tertiary structure, while the intramembrane and intracellular
segments appear to be critical for signal transduction.  The available evidence indicates that the
overall conformation of the TSH receptor in rats is probably the same as in humans.

TSH, through activation of its receptor, has been shown to stimulate multiple signal
transduction pathways in the regulation of both growth and differentiated function.  Each pathway
may be related to specific cellular events.  The main effector of TSH on proliferation and
differentiation in a variety of species, man and rat included, is the cAMP signal transduction
pathway, that is, the cascade involving activation of adenylate cyclase resulting in cAMP
generation (Maenhaut et al., 1990; Dumont et al., 1992).  There is increasing evidence that the
physiological stimulation of thyroid cell function by TSH is achieved as well via the phosphatidyl-
inositol/Ca  (Pi-C) signal cascade, with activation of phospholipase C, in rat and human thyroid2+

cells (Laurent et al., 1987; Leer et al., 1991; Dumont et al., 1992; D’Arcangelo et al., 1995),
although, as a species difference, apparently not in dog thyroid cells (Mockel et al., 1991).  Thus,
the TSH receptor activates both pathways, but with a different efficacy, because in contrast to the
cAMP pathway, much higher concentrations of TSH are required to stimulate the Pi-C
phospholipase C cascade (Laurent et al., 1987).  The signalling by these diverse pathways results
in a range of metabolic consequences, including iodine uptake and release, thyroid peroxidase
generation, organification of residues on thyroglobulin, thyroid hormone synthesis and release,
and thyroid cell growth and division (Dumont et al., 1992).  In this complex regulatory network,
the TSH-cAMP cascade is functionally responsible for secretion, while the Pi-C phospholipase C
cascade controls H 0  generation and thyroid hormone synthesis (Corvilain et al., 1994).  It is2 2

generally accepted that cAMP accounts for the mitogenic effect of TSH (Uyttersprot et al.,
1995), although higher concentrations of TSH and more prolonged stimulation of the cAMP
cascade are necessary to induce cell proliferation than for expression of differentiated function
(Roger et al., 1988).  cAMP also appears to play a central role in iodide uptake and metabolism
by the follicular cell (Filetti and Rapoport, 1983, 1984) and in thyroglobulin and thyroid
peroxidase (TPO) gene expression (Van Heuverswyn et al., 1985; Chazenbalk et al., 1987).  



D-6

  In addition to the above second messenger systems, the possibility of a nontranscriptional
regulatory pathway involving a phosphorylation site on the TSH receptor that is kinase-C
sensitive has also been suggested (Akamizu et al., 1990).

Growth factors also play a key role, along with TSH, in the complex regulation of thyroid
cell proliferation.  However, there are few data yet to explain how these trophic factors interact
with the cell cycle to stimulate or inhibit cell division in the thyroid.  There is evidence that both
TSH receptor gene expression and thyroglobulin gene expression are under the control of
insulin/IGF-1 as well as TSH, at a transcriptional level in the rat cell-line FRTL-5 (Santisteban et
al., 1987; Takahashi et al., 1990; Saji et al., 1992).  Similar evidence for a complex autoregulatory
feedback mechanism involving insulin/IGF-1 operative at several levels of interactive signalling is
accumulating for other primary thyroid cell culture systems (Gerard et al., 1989; Eggo et al.,
1990).  Collective data suggest that a complex interaction between the 1,2-diacylglycerol/protein
kinase C (one of the bifurcating second messenger pathways of the Pi-C signal cascade) and the
adenyl cyclase signal transduction systems is important in the regulation of thyroid growth by
TSH and IGF-1 (Fujimoto and Brenner-Gati, 1992).  Thus, in rat and man, insulin/IGF-1 is
considered a necessary cofactor for the action of TSH on follicle cells, synergizing with TSH to
induce thyrocyte proliferation while maintaining differentiated function (Farid et al., 1994).  In
humans, it has been recorded that benign and malignant thyroid tumors produce increased levels
of  IGF-1 (Minuto et al., 1989; Williams et al., 1989).  Such findings have led to the suggestion
that emergent adenoma cells lose their dependence on exogenous IGF-1, acquiring the capability
for autocrine production of this growth factor, resulting in continued autostimulation of cell
replication and thus allowing thyroid nodules to become autonomous (Williams et al., 1988;
Thomas and Williams, 1991).  

Other autocrine/paracrine regulators of thyroid growth, with potent mitogenic activity for
thyroid cells demonstrable in vitro include EGF and bFGF.  EGF is synthesized within the thyroid
gland and induces proliferation in thyroid cells from a wide range of species at the expense of
dedifferentiation and loss of specialized thyroid-specific function (Asmis et al., 1995; Nilsson,
1995).  bFGF is present in human thyroid tissue (Taylor et al., 1993), and there are stores of FGF
in the basement membrane of follicles in adult normal rat thyroid (Logan et al., 1992).  EGF has
been shown to stimulate the growth and invasion of differentiated human thyroid cancer cells in
culture and in nude mice (Hoelting et al., 1994), whereas bFGF expression increases during
thyroid hyperplasia in the rat (Becks et al., 1994).  

Transforming growth factor ß  (TGFß ) is a putative negative regulator of thyroid growth,1 1

as studies in all normal cell systems have shown it to inhibit thyrocyte proliferation, including that
mediated by TSH (Morris et al., 1988; Colletta et al., 1989; Roger, 1996).  Although the actual
role of TGFß  in the thyroid is not known, cell culture and rodent studies suggest that it is a1
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limiting autocrine influence on thyroid cell hyperplasia and cancer growth (Hölting et al., 1994;
Logan et al., 1994).  In one study, TGF  was detected in approximately 50% of human thyroid1

carcinomas, but not in adenomas, with a striking correlation being observed between the dual
presence of TGF  expression and arginine substitution at codon 61 of the H-ras oncogene1

(Jasani et al., 1990)
There also has been additional evidence that iodine is a major mediator of thyroid

autoregulation, involving numerous inhibitory actions (Wolff, 1989).  One of these is a decrease in
cAMP formation in response to TSH, resulting in an inhibition of all cAMP-mediated stimulatory
effects of TSH on the thyroid.  Excess iodide therefore exerts a negative control on different
thyroid parameters, inhibiting iodide uptake and organification, protein and RNA biosynthesis,
hormone secretion, as well as paracrine mitogenic activity on endothelial cells and fibroblasts
(Chazenbalk et al., 1988; Pisarev et al., 1988; Gärtner et al., 1990).  Most of these actions appear
to be mediated by an intracellular organified iodine intermediate of as yet unknown identity. 
Various derivatives of arachidonic acid have been proposed as this putative regulator(s), including
the iodinated eicosanoid -iodolactone (Gärtner et al., 1990).  However, this compound had no
effect on TSH-mediated cAMP formation in porcine follicles (Dugrillon and Gärtner, 1995). 
Considered to be a more likely candidate is 2-iodohexadecanal (Boeynaems et al., 1995), a major
iodolipid formed in horse thyroid when incubated with iodide (Pereira et al., 1990), but which is
also detectable in the thyroid of other species, including man and rat.

METABOLISM AND EXCRETION OF THYROID HORMONES
There has been much recent progress in understanding the enzymatic pathways responsible

for metabolism of T , T , and the inactive T  analog, reverse T (rT ).  T  is secreted by the thyroid4 3 3 3 3 4

but has little biological activity unless deiodinated to T .  Two isoenzymes catalyze this 5'-3

deiodination reaction:  type I 5'-deiodinase abundant in liver, kidney, and thyroid, and type II 5'-
deiodinase found primarily in brain, pituitary, and brown adipose tissue (Leonard and Visser,
1986; Chanoine et al., 1993).  In man, about 80% of circulating T  derives from peripheral 5'-3

monodeiodination of T , particularly that by liver and kidney, while 20% of T  is secreted by the4 3

thyroid (Pekary et al., 1994).  In the rat, intrathyroidal conversion of T  to T  provides the major4 3

source of T  (Chanoine et al., 1993), and rat thyroidal levels of the 5'-deiodinase are the highest3

so far reported for any species.  
Recent studies have also confirmed that thyroid hormones in rats are metabolized

predominantly through conjugation with either glucuronic acid or sulfate (de Herder et al., 1988;
Eelkman Rooda et al., 1989; Visser et al., 1990).  The enzymes responsible for glucuronidation of
thyroid hormones are UDP-glucuronysyltransferases located mainly in the endoplasmic reticulum
of the liver, but also of intestines and kidney.  It appears that there are at least three UDP-GT
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isoenyymes involved in rat liver.  T  and rT  are glucuronidated by types I and II isoenzyme, while4 3

T  is glucuronidated by the type III isoform (Visser et al., 1993).  The T  glucuronide conjugate is3 3

excreted in bile, which may represent a reversible pathway as the conjugate is hydrolyzed by
intestinal bacteria, creating an enterohepatic cycle enabling reabsorption of free T  (de Herder et3

al., 1988; Rutgers et al., 1989a).  The evidence also suggests that there may be a more effective
enterohepatic circulation in humans than in rats (Rutgers et al., 1989a).

Sulfate conjugation of thyroid hormones is an alternative metabolic pathway.  The sulfate
conjugate of T  is rapidly deiodinated by type I deiodinase through successive deiodinations of the3

tyrosyl (inner) and phenolic (outer) rings (Visser et al., 1988), thus releasing iodine into the
circulation for reutilization by the thyroid (Rutgers et al., 1989b).  In man, the majority of
nondeiodinative disposal of T  occurs via this pathway (LoPresti and Nicoloff, 1994).  3

CONTROL OF TSH SECRETION IN THE CENTRAL NERVOUS SYSTEM
At the central nervous system (CNS) level, recent work has provided additional

information on the control of TSH secretion by thyroid hormones in the anterior pituitary and via
the hypothalamus.  A discrete population of neurons synthesizing thyrotropin-releasing hormone
(TRH), located in the paraventricular nucleus of the hypothalamus, is under negative feedback
regulation by circulating thyroid hormones (Koller et al., 1987; Segerson et al., 1987).  Some
results suggest that the biosynthesis of TRH is regulated by both T  and T  (Kakucska et al.,3 4

1992), although the mechanism by which T  plays an inhibitory role is unknown.  The negative4

feedback of thyroid hormones on TSH secretion caused by antithyroid compounds appears to be
exerted mainly at the pituitary level.  This is because the increase in TRH release into hypophyseal
portal blood produced by propylthiouracil (PTU) is relatively small (less than 50%) compared to
the pronounced increase (up to 20 times at 3 weeks) in serum TSH (Rondeel et al., 1992).  In
rats, the data suggest that serum T  has a greater inhibitory action on TSH secretion from the3

pituitary than does serum T  (Emerson et al., 1989), at least in the euthyroid or mildly4

hypothyroid states.  In humans, new highly sensitive immunometric assays used for measurement
of TSH serum concentrations have underscored earlier work showing that thyroid hormone
negative feedback on pituitary TSH secretion is mediated mainly by local generation of T  within3

the pituitary from T  by the 5'-deiodinase enzyme system (Spencer, 1996).4

MITOGENIC EFFECT OF TSH ON THYROID TISSUE
Evidence concerning the mitogenic role of TSH for thyroid cells in vivo has been further

consolidated over recent years.  Studies from various laboratories employing tritiated thymidine
labeling, metaphase-arrest techniques for mitotic index, or immunohistochemical decoration of
statin (a nonproliferation-specific nuclear antigen identifying quiescent Go-phase cells) show that
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TSH stimulates, in a dose- and time-dependent way, the recruitment of noncycling Go cells into
the cycling compartment, entry into S-phase, and entry of G2 cells into mitosis (Bayer et al.,
1992).

Recent work has indicated that the normal rodent (and human) thyroid may have an
intrinsic heterogeneity in the follicular cell population regarding the capacity for proliferative
response to TSH.  One hypothesis suggests that there are a few subsets of stemlike follicular cells
having a high growth potential compared to the majority of the population, and that this trait is
stable and heritable (Peter et al., 1985; Smeds et al., 1987; Groch and Clifton, 1992; Studer and
Derwahl, 1995).   According to this model, the clones of cells with extensive proliferative
potential are the origin of the adenomas that develop under conditions of chronic TSH stimulation
(Smeds et al., 1987; Groch and Clifton, 1992).

As suggested by Studer et al. (1989), the intrinsic stem cell clone model reconciles earlier
kinetic observations (Wynford-Thomas et al., 1982; Christov, 1985) that hyperstimulated thyroid
attains a plateau phase of growth or state of “desensitization,” with the vast majority of follicular
cells becoming refractory to the mitogenic effects of increased TSH levels, before the emergence
of adenomas.  In this model, chronic TSH stimulation would select preexisting thyrocyte clones
with the greatest proliferative potential, and thus greater risk of neoplastic transformation.  An
alternative model for explaining the self-limited nature of hypothyroidism and the development of
hormone-responsive tumors in the chronically stimulated rat thyroid proposes that clones of cells
escape from the desensitization mechanism through mutational events and natural selection,
leading ultimately to tumor formation (Thomas and Williams, 1991).  Both models agree that
thyroid carcinogenesis involves rare subsets of cells responsive to continued TSH stimulation but
differ concerning the origin of follicular cell heterogeneity.  Additional support for the intrinsic
subset concept and/or the controlling influence of TSH on the development of selected clones of
thyroid follicular cells comes from other studies on cell proliferation (Bayer et al., 1992), or those
using transplantation methodology (Watanabe et al., 1988; Domann et al., 1990; Ossendorp et al.,
1990).  

RODENT THYROID CANCER STUDIES
Although additional bioassays have revealed new compounds with thyroid tumor-

inducing capability in rodents, such as malonaldehyde (NTP, 1988), or have provided stronger
evidence of tumorigenicity as in the case with sulfamethazine (Littlefield et al., 1989, 1990), the
most significant studies in this area concern the promoting activity of antithyroid compounds. 
These studies have employed N-bis(2-hydroxypropyl)nitrosamine (DHPN) as the initiating agent. 
Promoting activity in the rat has been confirmed for many antithyroid compounds, including
thiourea and potassium thiocyanate (Kanno et al., 1990), PTU and potassium perchlorate (Hiasa



D-10

et al., 1987), 4,4'-methylenebis'(N,N-dimethyl)-benzenamine (MDBA) (Kitahori et al., 1988), 2,4-
diaminoanisole sulfate (Kitahori et al., 1989), sulfadimethoxine (Mitsumori et al., 1995), and
phenobarbital (McClain et al., 1988; Kanno et al., 1990).  Where thyroid gland and hormone
parameters were measured, there were strong correlations between the tumor-promoting activity
on the one hand and increased thyroid weight, decreased serum T  and T  levels, and increased3 4

circulating TSH on the other (Kitahori et al., 1988, 1989; McClain et al., 1988).  One of these
studies (with MDBA) also linked the increased circulating level of TSH with increased numbers of
TSH-positive cells in the anterior lobe of the pituitary gland (Kitahori et al., 1988).  The
phenobarbital study was noteworthy in demonstrating a clear dose-dependent negation of thyroid
tumor promotion and plasma TSH elevation by T  replacement therapy (McClain et al., 1988).  In4

the investigations where cell proliferative activity has been determined, the results strongly
support an important role for high serum levels of TSH in the early stages of thyroid
tumorigenesis (Shimo et al., 1994; Mitsumori et al., 1995).

These tumor promotion studies add further and consistent support to the hypothesis that
antithyroid compounds exert effects secondarily on the thyroid through the chronic stimulation of
persistently elevated levels of TSH.

EFFECTS OF SPECIFIC CHEMICALS ON THE THYROID-PITUITARY AXIS
Several recent studies have provided more quantitative data on the time- and dose-

dependent effects of specific antithyroid chemicals on thyroid hormone status, including PTU (de
Sandro et al., 1991), sulfamethazine (McClain, 1995), and phenobarbital (McClain et al., 1988; de
Sandro et al., 1991).  These studies defined the effects as early but persistent decreases in
circulating T  and T  levels and a substantial increase in circulating TSH.  Particularly noteworthy3 4

are observations on sulfamethazine where the dose-responsiveness for thyroid parameters in rats
was studied with 10 dose levels spanning 3 orders of magnitude (McClain, 1995).  Consistently,
the parameters of thyroid weight and plasma T , T , and TSH levels displayed nonlinear dose-3 4

response curves with a major break in linearity from zero slope at around the 1,600 ppm dose
level.  These data suggested that, if coincident with tumor incidence data, a benchmark approach
might conceivably be applied through the most sensitive indicator to provide a scientific basis for
high- to low-dose extrapolation for secondary thyroid carcinogenesis.

There is also more detailed information available on the metabolic pathways and
metabolites of such antithyroid compounds as methylmercaptoimidazole (MMI) and PTU (Taurog
and Dorris, 1988; Taurog et al., 1989).  Some of these data confirm the importance of antithyroid
drugs accumulating in the target organ and thus achieving effective intracellular concentrations at
the intrathyroidal site of iodide organification as a requirement for antithyroid activity. 
Accordingly, it has been calculated that the intracellular concentration of PTU in the rat thyroid
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reaches approximately 20 µM (Taurog and Dorris, 1989), sufficiently high for iodination
inhibition.

A  particularly critical site of action representing a common intrathyroidal mechanism
shared by PTU, ethylenethiourea (ETU), MMI, and aminotriazole (ATZ) is TPO inhibition. 
Antithyroid chemicals appear to be able to inactivate TPO in one of two ways, either by a
reversible reaction that does not involve covalent binding, or by an irreversible interaction
involving suicide inactivation of the enzyme.  The latter reaction comprises branched pathways
that proceed concurrently, namely, inactivation of the enzyme and turnover of the suicide
substrate (Doerge, 1988).  Thus, suicide inhibitors inactivate TPO by covalent binding to the
prosthetic heme group in the presence of H O , resulting in H O -dependent catalytic formation of2 2 2 2

reactive intermediates (Doerge, 1988; Doerge and Niemczura, 1989).  In this case, de novo
synthesis is required to restore the lost enzyme activity (Doerge and Takazawa, 1990).  The
reaction between either PTU or ETU and the TPO/H O  generating system is reversible,2 2

representing metabolic detoxification of these compounds in thyroid and not suicide inactivation
(Doerge, 1988; Taurog and Dorris, 1989; Doerge and Takazawa, 1990).  This contrasts with the
effects of MMI and other thiocarbamide goitrogens, as well as ATZ, which cause suicide
inactivation of the enzyme via covalent binding (Doerge, 1988; Doerge and Niemczura, 1989;
Doerge and Takazawa, 1990).  The difference in action between PTU or ETU and MMI, 
involving reversible inhibition of TPO on the one hand, and on the other, irreversible inactivation
requiring de novo synthesis of enzyme to restore activity, may account for the longer duration of
effect and greater clinical potency of MMI (Doerge and Takazawa, 1990).  The different
mechanism of TPO inactivation between compounds would not necessarily implicate a different
overall mechanism of rodent thyroid carcinogenesis.  However, the commonality of this
intrathyroidal mechanism among antithyroid chemicals that appear to induce follicular cell
carcinogenesis via secondary effects on the thyroid/pituitary axis suggests that TPO inactivation
might be a useful additional criterion for categorizing these chemicals.  It has been suggested
further, that for risk assessment purposes, the effect on TPO provides a biochemical basis for the
existence of a no-observed-effect level (NOEL) in chemically induced thyroid toxicity (Doerge
and Takazawa, 1990).  

A marked species difference may exist between primates and rodents in the inhibition of
TPO by antithyroid compounds.  As examples, inhibition of monkey TPO requires approximately
50 and 450 times the concentration of PTU and sulfamonomethoxine, respectively, than does rat
TPO (Takayama et al., 1986).  This inequality might explain the greater susceptibility of the rat to
the antithyroid effects of such compounds compared to the primate.  

More recent data concerning the extrathyroidal action of antithyroid compounds on the
peripheral conversion of T  and T  involving inhibition of T  deiodinases primarily in liver4 3 4



D-12

(reviewed by Curran and De Groot, 1991) is available for PTU (de Sandro et al., 1991), ATZ 
(Cartier et al., 1985), and phenobarbital (McClain et al., 1989; de Sandro et al., 1991; Barter and
Klaassen, 1992).  Unlike PTU, ATZ did not affect the outer ring 5'-deiodination pathway but
stimulated inner ring 5-deiodination of T  with a consequent increase in serum concentration of 4

rT  (Cartier et al., 1985), an inactive form of T .  ATZ  has no thiocarbonyl (or aromatic) group in3 3

its structure, and the lack of sulfur could be a possible explanation for the difference in peripheral
action from PTU.  The studies with phenobarbital have confirmed that this drug acts through an
extrathyroidal mechanism by increasing both hepatic glucuronidation of T  as well as increasing4

the clearance of T  from serum (McClain et al., 1989; de Sandro et al., 1991; Barter and Klaassen,4

1992).  These effects were mediated by the substantial induction of the enzyme responsible for T4

metabolism, as well as an increased biliary flow.  The effect of phenobarbital solely on the
peripheral pathway and the less potent consequence for thyroid hormone levels, compared to the
effects of a thiourylene compound like PTU, accords with its role as a promoter rather than an
inducer of rodent thyroid tumorigenesis.  There is still no epidemiologic evidence that chemicals
such as phenobarbital, which affect thyroid function through a peripheral mechanism involving
thyroid hormone metabolism, are associated with thyroid neoplasia in humans (McClain, 1989;
Curran and De Groot, 1991).  

In keeping with an indirect action on TSH hypersecretion from the anterior pituitary, some
antithyroid compounds have been shown to have CNS effects.  Qualitative increases in TSH-
producing thyrotrophs in the rat pituitary have been associated with administration of PTU
(Samuels et al., 1989) and 4,4'-oxydianiline (Murthy et al., 1985), with a rapid reversal of
morphological changes upon cessation of treatment in the case of PTU.  In the PTU study, there
was also a coincident decline in growth hormone cells, suggesting transdifferentiation of
somatotrophs into thyrotrophs (Horvath et al., 1990), thus implying changes in cell type rather
than total cell number in the hypothyroid state.  At the molecular level, this accords with the
induction of increased levels of TSH mRNA in the anterior pituitary by PTU and a concomitant
fall in growth hormone mRNA (Franklyn et al., 1986; Wood et al., 1987).  The profound effect on
cytoplasmic TSH levels affected both TSH  and  subunits (Franklyn et al., 1986; Mirell et al.,
1987; Samuels et al., 1989), but the increases were relatively greater in TSHß than in the 
subunit.  T  replacement reversed these specific subunit changes (Samuels et al., 1989).  These3

effects of PTU were dose and time dependent, and the various studies confirmed a direct
influence of “thyroid status” on the regulation of pituitary hormones at a pretranslational level.

Importantly, there is evidence that genotoxic chemicals able to induce thyroid cancer in
rodents have different morphological and physiological effects from those of known goitrogens. 
Thus, DHPN induces rat thyroid tumors along a multistage pathway involving focal atypical
hyperplasia (originating from single follicles) rather than diffuse follicular hyperplasia (Kawaoi et
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al., 1991).  Furthermore, DHPN and N-nitrosomethylurea (NMU) appear not to influence the
thyroid-pituitary axis during the induction of thyroid carcinogenesis because these compounds did
not increase thyroid weights unrelated to tumor development or cause a persistent elevation of
serum TSH levels or changes in serum T  levels (Mori et al., 1990; Hiasa et al., 1991; Hiasa et al.,4

1992).  
Collectively, these studies with a range of compounds strengthen the hypothesis that

antithyroid agents in rodents act by secondarily causing sustained elevations in serum TSH levels
associated with the development of thyroid carcinogenesis.  They also highlight the differences in
pertinent effects between antithyroid compounds and those rodent thyroid carcinogens that are
directly DNA reactive.

EPIDEMIOLOGY AND ETIOLOGY OF HUMAN THYROID CANCER
In man, tumor histology is important to the understanding of the etiology of thyroid

cancer because different types appear to represent separate biological entities with different
clinical and epidemiologic features (Pettersson et al., 1991, 1996).  The most frequent type is
papillary carcinoma, accounting for approximately 60% of all thyroid cancers, while follicular 
carcinoma represents about 20% (Goepfert and Callender, 1994).  In Sweden, there are regional
differences in the incidence of papillary and follicular types of thyroid cancer defined by iodine
status, iodine-deficient areas being associated with a higher risk of follicular cancer (Pettersson et
al., 1996).  There is also some evidence that the incidence rates of these histologic entities may be
changing.  The data from one study reflect an increase for papillary thyroid cancer in Sweden
since 1919 but a decline for follicular cancer in cohorts born since 1939 (Pettersson et al., 1991).  
Although residence in endemic goiter areas in Switzerland was linked to a modestly increased
probability of developing thyroid cancer (Levi et al., 1991), overall, there remains a general view
that no convincing evidence has yet emerged to link environmental thyroid cancer with areas of
iodine deficiency.  Furthermore, the long-standing program of supplementation of food items with
iodine in Sweden has not affected thyroid cancer trends in iodine-deficient or iodine-rich areas
(Pettersson et al., 1996).  Vegetables known to contain, or endogenously generate, thiocyanate
have not been found to enhance the risk of thyroid cancer, but possibly exert a protective
influence (Franceschi et al., 1993).  A meta-analysis of four similarly designed case-control studies
conducted in high-thyroid cancer areas of Switzerland and Italy revealed an association with diets
rich in starchy foods and fats, while raw ham and fish were protective (Franceschi et al., 1991).

The only verified cause of thyroid cancer in humans is exposure to ionizing radiation.  This
association has been established for x-radiation therapy (de Vathaire et al., 1988; Hawkins and
Kingston, 1988; Ron et al., 1989; Tucker et al., 1991) and for radioactive fallout (Kerber et al.,
1993; Nikiforov et al., 1996).  Of the several events exemplifying the latter, the Chernobyl nuclear
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power-plant disaster provides the most striking correlation.  Since 1990, a very high incidence of
childhood thyroid cancer has been recorded in the Republic of Belarus, affecting predominantly
children who were less than 1 year old at the time of the accident (Nikiforov et al., 1996).  Almost
all of the cases have been papillary carcinomas with short latency (Nikiforov and Gnepp, 1994), in
keeping with the observation that radiation-associated thyroid tumors are predominantly of the
papillary type (Goepfert and Callender, 1994).  The most biologically significant isotopes released
in the fallout were radioiodines, primarily I,  and consequently radioiodine has been accepted as131

the causative factor (Williams, 1996).  This stands in marked contrast to the lack of evidence
incriminating diagnostic or therapeutic doses of  I  (Holm et al., 1988, 1991).  As with the131

Chernobyl experience, age at the time of treatment with x-radiation therapy is also an important
factor in thyroid cancer development, the 67-fold risk at 12 years mean age declining to
nonsignificance at a mean age of 29 years (Tucker et al., 1988).  In contrast to the risk posed by
high-level ionizing radiation, a well-designed Chinese study indicates that lifetime exposure to
low-level environmental radiation, with an estimated cumulative dose of 9cGy, is not a risk factor
for human thyroid cancer (Wang et al., 1990).

Graves’ disease, an autoimmune thyroid condition, is associated with the presence of
circulating antibodies stimulating the TSH receptor (TSAb) (Rees Smith et al., 1988; Paschke et
al., 1995).  Whether this disease carries an increased risk of thyroid carcinoma has been
controversial.  Nevertheless, from the collective published reports, Mazzaferri (1990) concludes
that thyroid cancer incidence in surgically treated Graves’ disease patients is between 5% and
10%.  It is generally agreed that thyroid cancer occurring in Graves’ disease is an aggressive form
(Belfiore et al., 1990).  There is strong support for a pathophysiological role of TSAb rather than
circulating TSH in thyroid cancer development associated with Graves’ disease (Filetti et al.,
1988; Belfiore et al., 1990), particularly as serum TSH levels are suppressed in hyperthyroid
patients with thyroid cancer, while TSAb’s are present in most cases (Belfiore et al., 1990). 
Evidence that TSAb’s are circulating autoantibodies to the TSH receptor comes from the finding
that they, and monoclonal antibodies to the human TSH receptor in thyroid tissue, mimic many of
the activities of TSH on thyroid cells (Rees Smith et al., 1988; Belfiore et al., 1990; Marion et al.,
1992).  The role of TSH in mediating the growth of thyroid nodules in humans needs further
clarification, however (Ridgway, 1992).

CHANGES IN GENE EXPRESSION IN THYROID CARCINOGENESIS
To date, there have been numerous studies at the molecular level exploring the changes in

gene expression that might accompany human thyroid carcinogenesis, involving a wide range of
protooncogenes, oncogenes, tumor suppressor genes, or gene protein products.  Despite the
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technical evolution from transfection methodology to polymerase chain reaction amplification
coupled with sequence-specific oligonucleotide hybridization or probing, some of the findings are
discordant.  For example, conflicting results have been obtained for the erb family of “nuclear”
oncogenes, and for involvement of mutations of the TSH receptor or retinoblastoma (Rb) gene in
thyroid tumor development, while other investigations have indicated clear evidence of no role in
thyroid cancer for mutation of the APC, p16  or nm23 genes, or for abnormal expression of theINK4

central regulating genes, myc, myb, fos, or jun (Wynford-Thomas, 1993; Fagin, 1994; Farid et al.,
1994; Said et al., 1994).

There is general agreement emerging that some of the genetic changes observed can be
correlated with tumor histotype and stage of tumor development.  Point mutations of ras are the
most frequent single genetic abnormalities found in human thyroid tumors, occurring in about
50% of those of follicular cell type (Wynford-Thomas, 1993; Fagin, 1994; Said et al., 1994), and
these mutations are regarded as early molecular events in the development of this tumor type
(Lemoine et al., 1989; Wright et al., 1989; Shi et al., 1991).  Although all three ras family
members have been involved (that is, Ha-ras, Ki-ras, N-ras), the changes have been associated
mainly with Ha-ras mutation, the most common mutation site being codon 61 with
glutamine)>arginine substitution (Wright et al., 1989; Namba et al., 1990; Shi et al., 1991).  When
comparing the data for thyroid cancer associated with areas of iodine sufficiency, one study found
a higher rate of ras mutation in thyroid tumors from iodine-deficient areas (Shi et al., 1991).  Also
prevalent in follicular adenomas are gsp mutations, occurring in about 25% of cases with a
possible predilection for microfollicular adenomas (Suarez et al., 1991; O'Sullivan et al., 1991;
Farid et al., 1994; Said et al., 1994).  This distribution suggests that gsp mutation is another early
event in the development of follicular thyroid cancer, although there appear to be some
discrepancies between studies concerning the involvement of G proteins in thyroid neoplasia
(Esapa et al., 1997).

In contrast to follicular tumors, rearrangements of ret and trk protooncogenes are
associated with the papillary type of cancer.  The ret/PTC rearrangement is specific for the thyroid
and found in up to 30% of human papillary carcinomas (Jhiang and Mazzaferri, 1994; Said et al.,
1994; Viglietto et al., 1995).  As this alteration has been detected in over 40% of occult papillary
carcinomas, generally considered to be the early stage of papillary malignancy, it is believed to
represent an early event in the development of this tumor histotype (Viglietto et al., 1995).  A
higher prevalence of ret protooncogene rearrangement, in up to two-thirds of cases, has now been
recorded in papillary thyroid carcinomas from children exposed to the Chernobyl nuclear reactor
accident (Fugazzola et al., 1995; Klugbauer et al., 1995).  Unlike the situation in adult tumors
where the most common ret translocation is ret/PTC1, the alteration in the childhood radiation
tumors from Belarus was preferentially ret/PTC3 rearrangement (Fugazzola et al., 1995;
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Klugbauer et al., 1995).  Interestingly, the only reproducible cytogenetic abnormality found in
papillary thyroid cancer has been an inversion of chromosome 10 at the 10q11.2 locus, which is
known to involve the ret protoocogene at that locus (Donghi et al., 1989; Jenkins et al., 1990). 
Activating rearrangement of the trk protoocogene has also been found only in papillary
carcinomas (Fagin, 1994; Said et al., 1994), while overexpression of the met oncogene is another
molecular aberration observed mainly in papillary thyroid cancer (Said et al., 1994; Farid et al.,
1995).

Little is known concerning molecular changes involved in the transition from adenoma to
carcinoma, although in follicular tumors a loss of heterozygosity involving chromosome 3p was
considered to be specific for follicular carcinoma, appearing to correlate with the transition from
the adenoma to the carcinoma stage (Herrmann et al., 1991).  Chromosomal analysis of follicular
thyroid tumors has also indicated the existence of three cytogenetically distinct subsets of
adenoma, with numerical changes in chromosomes 5, 7, and 12 as the most frequent cluster of
anomalies (Roque et al., 1993a).  A similar cluster of alterations found in some thyroid nodular
hyperplasias has been interpreted as support for a biological continuum between hyperplastic
nodules and the most common subset of adenomas (Roque et al., 1993b).  At the histologic level,
polysomies for chromosomes 7 and/or 12 have been observed only in lesions with an exclusive or
predominant microfollicular component (Criado et al., 1995).  There is some evidence from
several studies that mutation of the tumor suppressor gene p53 is a late genetic event in thyroid
carcinogenesis involved in the progression to a more aggressive phenotype in the form of
undifferentiated or anaplastic cancer (Nakamura et al., 1992; Ito et al., 1993; Nikiforov et al.,
1996).  

Genetic alterations have also been detected in rat thyroid carcinogenesis, but only a few
investigations have been reported.  Ha-ras activation was exclusively involved in a majority of
tumors induced by the direct-acting genotoxin NMU (Lemoine et al., 1988).  In DHPN-induced
rat thyroid tumors, however, mutations involved the Ki-ras gene via a G to A transition at the
second base of codon 12 (Kitahori et al., 1995).  The same point mutation was detected at an
early time point in preneoplastic thyroid, suggesting that Ki-ras mutations may play a role in the
development of DHPN-induced rodent thyroid cancer.  In about half of the cases, radiation-
induced thyroid tumors in rats were associated preferentially with Ki-ras activation (Lemoine et
al., 1988).  In this respect the rat data conform with that for radiation-induced papillary thyroid
tumors in humans, which also are associated with Ki-ras mutation (Wright et al., 1991).  On the
other hand, ATZ-induced adenomas in the rat showed only a very low incidence of Ki-ras
activation (Lemoine et al., 1988).
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DATA GAPS AND RESEARCH NEEDS
Much of the recent new data strengthen the hypothesis that nongenotoxic antithyroid

compounds induce rodent thyroid follicular cell carcinogenesis by an indirect mechanism involving
thyroid-pituitary feedback regulation, and none of the data negate that notion.  Some of the new
evidence also supports the view that humans may be less sensitive to the antithyroid process than
rodents.  Nevertheless, there are gaps in the available information that require further research.

1. Despite the voluminous literature on thyroid autoregulation, more research is needed
before the complex interactive network is fully elucidated.

2. More data are required to clarify the role and interaction of oncogene mutations and
growth factor alterations in thyroid carcinogenesis in both rodents and humans, and
particularly in defining differences, if any, between rodent thyroid cancer induced by
antithyroid compounds compared to the action of genotoxic carcinogens.

3. More information is required concerning the differences that might distinguish the
thyroid-related mechanisms of action of antithyroid compounds versus genotoxic
carcinogens, such as DNA adduct analysis within the thyroid, and the effects of
DNA-reactive carcinogens on TPO.

4. More information is required directly linking persistently high levels of circulating
TSH with a step-by-step sequence involved in the cellular development of thyroid
follicular cell neoplasia.

5. Well-conducted studies are needed to better define the comparative sensitivity of
humans, relative to rodents, to the long-term effects of antithyroid factors.
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