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PREFACE

The U.S. Environmental Protection Agency (EPA) Risk Assessment Forum was
established to promote scientific consensus on risk assessment issues and to
ensure that this consensus is incorporated into appropriate risk assessment
guidance. To accomplish this, the Risk Assessment Forum assembles experts from
throughout the EPA in a formal process to study and report on these issues from
an Agency-wide perspective. |

For major risk assessment activities, the Risk Assessment Forum may estab-
1ish a Technical Panel to conduct scientific review and analysis. Members are
chosen to assure that necessary technical expertise is available. Outside
experts may be invited to participate as consultants or, if appropriate, as
Technical Panel members.

The scientific analysis and policy recommendations in this report on
thyroid neoplasia are based mainly on 1aboratory;studies in which thyroid tumors
in animals exposed to exogenous chemicals were associated with disruptioh in
normal thyroid-pituitary function. The Forum analysis enlarges upon a 1986
0ffice of Pesticide Programs report on this issue and develops science policy

recommendations for Agency-wide use.
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I. EXECUTIVE SUMMARY

A Technical Panel of the U.S. Environmental Protection Agency’'s (EPA) Risk
Assessment Forum investigated potential mechanisms of action of agents that
cause thyroid follicular tumors in animals and potentially in humans in an
effort to develop a scientifically p]ausib]e approach for assessing risk due to
exposure to these agents. Based on its review of relevant scientific information,
the Technical Panel concluded that:

(1) thyroid follicular cell tumors may arise from long-term disturbances
in thyroid-pituitary hormonal feedback under conditions of reduced
circulating thyroid hormone and elevated thyroid stimulating hormone
(TSH);

(2) the steps leading to these tumors areiexpected to show fhresho]ds,
such that the risks of tumor development are minimal when thyroid-
pituitary homeostasis exists; and

(3) models that assume thresholds may be used to assess the risks of
certain thyroid follicular cell tumors where there is evidence of
thyroid-pituitary imbalance.

The policy set out in this report provides guidance on determining whether
it is reasonable to presume that the observed thyroid follicular tumors are the
result of thyroid-pituitary imbalance, and on sé]ecting appropriate procedures
to use in estimating the risks related to these tumors.

The scientific information reviewed by the Technical Panel provides sufficient
evidence to support the conclusion that a threshold mechanism‘is 1ikely to apply
to the development of certain thyroid follicular tumors. In particular, several
different types of experimental treatments in laboratory animals (e.g., iodide

deficiency, subtotal thyroidectomy, chemical goitrogens) result in the formation




of thyroid tumors and to some extent pituitary tumors of the cells that secrete
TSH, seemingly by the same mechanism. Tumors arise under conditions in which
there is prolonged decrease in circuiating thyroid hormone and increase in TSH.
Under continued TSH stimulation, thyroid follicular ce11s undergb hypertrophy,
hyperplasia and, eventually, neoplasia. It appears that TSH, prbbab1y in
concert with other factors (e.g., somatomedins), acts as a stimulus for cé11
division, thus increasing the pool of cells at risk for neop]astic transformation.
ioH may also play a role in the transformation process by yet undiscovered
means . |

Studies in humans reveal that they respond as do animals in;regard to
goitrogenic stimuli (e.g., iodide deficienc&, thionamides); there is cellular
hypertrophy and hyperplasia. Although thyroid enlargements and nodules may be
risk factors for cancer development in humans, the case for neoplastic conversion
under goitrogenic stimulation is less well established in humans}than in animals.
This suggests that humans may be less sensitive to the carcinogenic effects of
long-term TSH stimulation than animals.

In its assessment of the relevant information, the Technicaj'Pane1 focused
on the following evidence: (1) a progression of events occurring under Tong-term
exposure to an agent, including a disruption in thyroid-pituitar& homeostaéis

involving reduction in thyroid hormone concentrations and increase in TSH

B =2

levels, follicular cell hypertrophy and hyperplasia, benign follicular cell
neoplasia and, possibly, malignant follicular cell neoplasia; (2) reversibility ‘
of certain steps in the progression when thyroid-pituitary home&stas{slis

reestablished; and (3) Tack of consistent correlation of thyroid carcinogenicity

with the genotoxic potential of chemicai classes imp1icated in fhykoid canéer.

Based on this primary evidence, the Technical Panel developed a policy for risk

assessment of agents that cause thyroid follicular cell tumors.
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Briefiy, the Technical Panel determined that threshold models may be
applied in dose—respoTse assessments for those chemical substance;‘where only
thyroid tumors (and relevant pituitary tumors) have been produced; the tumors
can be attributed to a disruption in thyroid-pituitary hormonal hqﬁeostasis:
and mechanisms other than thyroid-pituitary imbalance, e.g., genotoxicity, can
be ruled out. Where there are tumors at other sites and/or genotoxicity is
present, it is presumed that threshold models wi]] not be used; however, case-
by-case determinations are possible. Threshold models will not be used where
there is no evidence of thyroid-pituitary imbalance.

Finally, the Technical Panel advised that in evaluating thyroid follicular
cell neoplasms under this policy, the risk assessment depends on full use of
the available information. In any given organism, a carcinogen méy act through
more than one mechanism at one or multiple anatomical sites. According}y,
whi1é use of this policy may be appropriate for assessing certain thyroid
follicular cell tumors, use of other models may be necessary to evaluate risks
at other tumor sites observed in the same study, which may result in different
risk estimates. It is incumbent upon the risk assessor to consider all relevant
risk estimates in making the final judgments on the potential human risk related

to exposure to the éhemica] being evaluated.




IT. INTRODUCTION

Responding to a request frdm the Office of Pesticides and Toxic Substances,
the Risk Assessment Forum established a Technical Panel to stqdy issues raised
in an Office of Pesticide Programs (OPP) report on neop1asticichanges in the
thyroid gland. Thyroid follicular neoplasia E/, the subject éf this report, is
a form that has been associated with low iodine diets, subtotal thyroidectomy,
radioactive iodine, natural goitrogens such as rape seed and éabbage,
chemotherapeutic agents such as sulfathiazole, pesticides sucﬁ as amitrole,
industrial chemicals 1ike polychlorinated biphenyls, and cont%minants like
2,3,7,8-tetrachlorodibenzo-p-dioxin. A1l of these agents either directly or
indirectly interfere with the normal thyroid-pituitary feedba§k system.

In the OPP report, “"Neoplasia Induced by Inhibition of Thyroid Giand
Function (Guidance for Analysis and Evaluation)," Paynter et al., (1986) postulated
that there is a causal relationship between thyroid-pituitary dysfunction and
thyroid follicular neoplasia, and further that the mechanism underlying this
relationship may be a threshold phenomenon. If this were the case, .thyroid
follicular carcinogenesis would not be expected to occur below a demonstrable
threshold level of thyroid-pituitary dysfunction.

Simply stated, the OPP report described a possib]é mechahism for thyroid
follicular neoplasia that involves interference with the,normal physiological
thyroid-pituitary hormonal feedback mechaﬁism. It is postu]afed that certain

1/ This report deals with mechanistic considerations surrounding the development
— of tumors of the parenchymal cells of the thyroid. In the experimental

animal 1iterature, such tumors are usually called follicular cell adenomas and
carcinomas. The clinical literature usually divides human follicular cell tumors
jnto different classes depending upon their histological features: follicular,
papillary, and anaplastic. Neoplasms of the calcitonin-secreting parafollicular
or C-cells (i.e., medullary tumors) are not considered in this report.
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chemicals may result in decreased levels of thyroid hormone E/ in the blood
which result in increased release of thyroid stimulating hormone (TSH) by the
anterior pituitary. This, in turn, leads to hypertrophy and hyperplasia of the
thyroid without a corresponding increase in blood thyroid hormone levels;
hyperplasia of the pituitary is also sometimes observed due to the reduced
levels of circulating thyroid hormone. After prolonged stimulation of the
thyroid-pituitary axis, thyroid (and to some extent, pituitary) hyperplésia

may progress to neoplasia. Cessation of exposure prior to the induction of
neoplasia results in a return toward the normal state. Because some degree of
thyroid-pituitary dysfunction can be accommodated within the bohnds of the

normal feedback mechanism without induction of hyperplasia, a threshold for

thyroid follicular cell carcinogenesis via hyperplasia appears to be indicated.

Thus, for a chemical substance that decreases thyroid hormone levéis, a dose
below which it has any effect on thyroid pituitary hormone status may be conceived
of as a threshold for the thyroid carcinogenic process.

Forum review of the issues raised in the OPP report was considered
appropriate because of the potentiaT]y significant implications for carcinogenic
risk assessment inherent in the OPP hypothesis. A risk assessment approach
based on thyroid follicular neoplasia being a threshold phenomenon would be a
significant departure from EPA's customary carcinogen risk assessment practice,
which generally uses "nonthreshold" models for extrapolation from high- to
low-dose exposures, based on the assumption that human carcinogenesis may
develop as a result of exposure to carcinogens even at the very lowest levals.

EPA's risk assessment guidelines recommend the linearized multistage model for

E/ In this report, "thyroid hormone" is often used as a collective term to
refer to the active thyroid hormones released from the thyroid gland into
the circulation (thyroxine and 3,5,3'-trijodothyronine).
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carcinogen risk assessment to place an upper bound on potential cancer risks,

in the absence of relevant biological and statistical 1nf6rma;ion to the contrary
(U.S. EPA, 1986). However, the guidelines also stress thét all of the available
mechanistic, toxicological, metabolic, and pharmacokinetic information should

be reviewed for each chemical in making judgments about the abpropriateness,
selection, and use of various extrapolation models. | |

The Technical Panel undertook the present analysis With ihree objectives:
(1) to explore the role of thyroid-pituitary re]ationships in{thyroid carcino-
genesis; (2) to determine if threshold concepts might apply t@ the steps leading
to thyroid cancer and (3) if warranted, to d?ve1op Agency—widé guidance on how
threshold considerations may affect the estimation of risks fLom exposure io
chemicals that produce thyroid tumors.

The Technical Panel has studied the OPP report, as well @s an extensive
number of additional studies and other information sources in%orderito assess
whether the hypothesis set forth in the report is consistent @ith available
information on human and animal thyroid neoplasia, thyroid-pikuitary physiology
and function, and the mechanisms of carcinogenesis. Upon review of such
evidence, the Technical Panel agrees that under certain circwﬁstances neoplasia
in thyroid follicular cells involves interference of thyroid-bituitary feedbéck
mechanisms and may involve threshold rather than nonthreshold processes. It
is recognized that when there is evidence that the thyroid foﬂ]icu]ar tumors
are related to an ordered linkage of steps from interference Hn thyfoid-pituitary
status leading to depressed thyroid hormone concentrations, eﬂevated TSH levels,
thyroid hypertrophy and hyperplasia, and neoplasia (adenoma Qnd possibly carcinoma),

then the threshold for an earlier step becomes a threshold for the entire chain

of events. This Risk Assessment Forum report presents the fﬂndings of the

Technical Panel.
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The report has nine sections. Section I :is an Executive Summary and
this introduction constitutes Section II. vSection,III summarizes information on
thyroid-pituitary physiology and biochemistry; and the hormonal feedback rélation-
ship between these glands. Section IV reviews the available information on the
induction of thyroid follicular neoplasia, and sets forth a hypofhetica] mechan-
istic model based on current information on molecular and cellular processes
relating to thyroid carcinogenesis. In Secti§n V, exogenous factors affecting
thyroid carcinogenesis are discussed, focusing primarily on information developed
in experimental animals. Thyroid hyperp]asia‘and neoplasia in humans are
discussed in Section VI, and Section VII develops a science policy to guide the
development of EPA risk assessments on this issue. Finally, Sections VIII and IX

are the Appendices and References, respectively.




III. THYROID-PITUITARY PHYSIOLOGY AND BIOCHEMISTRY
In order to examine the possible role of pituitary, thyroid, and related
hormones in thyraid carcinogenesis, it is important to first undérstand the
physiology and biochemistry of the thyroid-pituitary hormonal syﬁtem‘ Accordingly,
this section summarizes the nature, formation, and secretion of the thyroid
hormones and discusses the mechanisms by which circulating levels of the hormones
are regulated. References are mainly to recent reviews (see espéciaﬂTy‘Paynter

et al., 1986) rather than to the original scientific literature.

A. SYNTHESIS OF THYROID HORMONES

The thyroid hormones are synthesized in the thyroid gland ahd are stored
as amino acid residues of thyroglobulin, a protein constituting most of the
cclloid in the thyroid follicles (Goodman and Van Midd]esworth,‘l980; Taurog,
1979; Haynes and Murad, 1985). Thyroglobulin is a complex glycoprotein made up
of two identical subunits each with a molecular weight of 336,000’da1t0ns.

The first stage in the synthesis of the thyroid hormones i the uptake of
jodide from the blood by the thyroid gland (Figure 1). Uptake 1s act1ve in
nature (requires energy) and is effected by the so-called ' 1od1de pump.” Under
normal conditions the thyroid may concentrate iodide up to about 50-fold its

concentration in blood, and this ratio may be considerably h1gher when the

.}

thyroid is active. Iodide uptake may be blocked by several anions (e.g.,
thiocyanate and perchlorate) and, since iodide uptake 1nvo1ve$ #oncurrent
uptake of potassium, it can be also blocked by cardiac g)ycosidés that inhibit
potassium accumulation. |

The next step in the process is a concérted reaction in wh{ch'iodidéfis
oxidized to an active iodine species that fditurn jodinates the tyrosyl resfdues‘

of thyrogTobulin. The reaction is effected by a heme-containing peroxidase in
N | ’

g
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Figure 1. Schematic representation of thyroid hormone biosynthesis and secretion.
Protein portion of thyroglobulin is synthesized in rough endoplasmic reticulum.
It then travels to Golgi apparatus, where carbohydrate moieties are added, and
proceeds to the apical surface in secretory vesicles, which fuse with the apical
membrane and discharge their contents into the lumen. Iodide is pumped into

the cell of a peroxidase. At the apical surface, it is oxidized through the
action of a peroxidase. Iodine attaches to tyrosine residues in peptide 1inkage
in thyroglobulin. Two iodinated tyrosyl groups couple in ether linkage to form
thyroxine, which is still trapped in peptide linkage within thyroglobulin. The
secretory process requires that thyroglobulin be engulfed by pseudopods thrown
out into follicular lumen to resorb thyroglobulin into vesicles that fuse with
lysosomes. Lysosomal protease breaks thyroglobulin down to amino acids, T4, T3,
MIT, and DIT. T4 and T3 are released from the cell. DIT and MIT are deiodinated
to free tyrosine and jodide, both of which are recycled back to 1od1nated thyro-
globulin. (DIT = Diiodotyrosine; MIT = Monoiodotyrosine).-

Source: Goodman and Van Middlesworth, 1980.




the presence of hydrogen peroxide. While diiodotyrosyl (DIT)jresidues constitute
the major products, some monoiodotyrosyl (MIT) peptides are afso produced
(Figure 2). Additional reactions involving the coup1ing of t@o‘DIT residues or
of one DIT with one MIT residue (each with the net Toss of alanine) lead to
peptides containing residues of the two méjor thyroid hormoneg, thyroxine (Tgq)
and triiodothyronine (T3), respectively (Figure 1). It is thdught that these
reactions are catalyzed by the same peroxidase effecting the fodination reaction,
and it seems that both peroxidase steps are blocked by certain compounds such
as thiourea and some sul fonamides. i

The release of T4 and T3 from thyroglobulin or smaller peptides is effected
by endocytosis of colloid droplets into the follicular epithefial cells and
subsequent action of 1ysosomal proteases. The free hormones dre sub sequently
released into the circulation. It is not known whether‘thyrog1obu1in must be
hydrolyzed completely to permit release of T4 and T3. ‘ |

Although T4 is by far the major thyroid hormone secreted;by the thyroid
(normally about 8 to 10 times the rate of T3, although it varies as a function
of the iodine intake), it is usually consiaered to be a prohdﬁmone. Thus, T3 is
about fourfold more potent than T4, and about 33 percent of the T4 secreted
undergoes 5'~-deiodination to T3 in the peripheral tissues; anqther 40 percent

undergoes deiodination of the innec ring to yield the inactivé‘materia1 reverse

T3 (Figure 2).

B. TRANSPORT OF THYROID HORMONES IN BLOOD
On entering the circulation, both T4 and T3 are tranSporﬁed in strong, but
not covalent, association with plasma protéinS»(Figure 3). Tﬁe major carrier-
protein is thyroxine-binding globulin, a gtyceprotein (M.W. 6?,000) that férms
al:l comb]ex with the thyroid hormones. fhyroxine—binding‘giobulih'has a very
high affinity for T, (K, about 1010 M) and a Tower affinity fér'T3, Thyroxine-
10 '
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HO—%:§i>»CH2-CH-COOH tyrosine
l

3 NH,

Monoiodotyrosine (MID) = 3-iodotyrosine

Diiodotyrosine (DID) = 3,5-diiodotyrosine

5! 5
HO-@O-@CHZ -CH-COOH thyronine
|
3! 3 NH2

Thyroxine (T4) = 3,5,3',5'-tetraiodothyronine
Triiodothyronine (T3) = 3,5,3'-triiodothyronine

Reversed triiodothyronine (rT3) = 3,3',5'-triiodothyronine

Figure 2. Todinated compounds of the thyroid gland.
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HYPOTHALAMUS

TRH TSH

PITUITARY THYROID : -

TH TH /

BLOOD

(TBG, TBP,
TH/  albumin)

LIVER OTHER

ORGANS
Bilary |
Excretion |

TRH--thyrotropin releasing hormone
TSH--thyroid stimulating hormone
TH-- thyroid hormones
TBG--thyroxine binding globulin

TBP--thyroxine binding prealbumin : * | !

Figure 3. Hypothalamic-pituitary-thyroid-peripheral organ relationships.
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binding prealbumin and albumin also transport thyroid‘hormones in the blood;

the prealbumin has K, values of about 107 M and 10° M for T4 and T3, respectively.
Only about 0.03 percent of the T4 in the circulation is free and available for
celi membrane penetration and thus hormone action, metabbiism, or excretion.

The levels of free thyroid hormones in the circulation may be changed through
competitive binding interactions of certain drugs and other foreign compounds

(Haynes and Murad, 1985).

C. METABOLISM AND EXCRETION

As previously discussed, T4, the major hormone secreted from the thyroid,
is considered to be a prohormone and is converted to the more active T3 by
5'-monodeiodination in a variety of peripheral tissues. Tgq is also metabolized
to reverse T3 which is hormonally inactive and has no known function, except
perhaps as an inhibitor of the conversion of T4 to T3. Under normal conditions
the half-1ife of T4 is 6 to.7 days in humans. _

Degradative metabolism of the thyroid hormones occurs primari]y.in the
liver and involves conjugation with either glucuronic acid or sulfate through
the phenolic hydroxyl group. The resulting conjugates are excreted in the bile
into the intestine. A portion of the conjugated material is hydrolyzed in the
intestine, and the free hormones thus released are reabsorbed into the blood
(enterohepatic circulation). The remaining portjon of the conjugated material
(20% to 40% in humans) is excreted in the feces.
D. PHYSIOLOGIC ACTIONS OF THYROID HORMONES

While not of direct relevance to this discuSsion, the thyroid hormonés
play numerous and profound roles in regulating metabolism, growth, and development
and in the maintenance of homeostasis. .It is generally believed that these

actions result from effects of the thyroid hormones on protein synthesis.
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There is considerable evidence to suggest that many of the vafious‘biologfca1
effects of the thyroid hormones are initiated by the interaction of T3 with
specific nuclear receptors in target cells, presumably proteins (Oppenheimer,
1979). Recent evidence points to these receptors being the pﬁoducts of the
c-erb-A oncogene (Weirberger et al., 1986; Sap et al., 1986).. Such interactions
can lead, directly or indirectly, to the formation of a diversity of mRNA
sequences and ultimately to the synthesis of a host of differgnt enzyme proteins.
Qualitative and quantitative differences in the responses resﬁ1ting from formation
of Tg-receptor complexes may occur in different target tissues. Such differences
may be controlled at a Tocal cellular level and may be mediated through metabolic
or hormona] factors. |
E. REGULATION OF THYROID HORMONE SYNTHESIS/SECRETION

Homeostatic control of thyroid hormone synthesis and sec;etion in the
thyroid gland is effected by a seﬁsitive feedback mechanism that responds to
changes in circulating levels of the thyroid hormones T4 and T3. The mechanism
involves the hypothalamus and anterior pituitary of the brain;(Figure 3) (Paynter,

et al., 1986; Larsen, 1982; Houk, 1980)

0f central importance in the feedback mechanism is the thyrofd stimulating
hormone (TSH, thyrotropin), which is secreted by the anterior pituitary gland
and causes the thyroid to injtiate new thyroid hormone syntheéis. Increases in
jodide uptake, the iodihation of thyrog]obu]in, and endocytosis and proteolysis
of colloid are all observed in response to TSH stimulation. The effects of TSH
on the thyroid appear to be the consequence of bindfng to ce]j-surface receptors
and activation of adenyl cyclase and protéin kinase with subséquent phosphory-
lation of cellular proteins. Cyclic adenosine monophosphate kcAMP) can itself

mimic most of the actions of TSH on thyroid cells (Van Sande et al., 1983;

Roger and Dumont, 1984). Further details of the molecular biology of TSH
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action on the thyroid are discussed elsewhere in this document (Section IV.C.).
The rate of release of TSH from the pituitary is delicately controlled by
the amount of thyrotropin-releasing hormone (TRH) secreted by the hypotha]amus
and by the circulating levels of T4 and T3. If for any reason there is a
decrease in circulating levels of thyroid hormones, TSH is secreted and thyroid
function is increased; if exogenous thyroid hormone is administéred, TRH secretion
is supressed and eventually the thyroid gland becomes inactive and regressés.
It appears that the plasma concentrations of bofh T4 and T3 (and possibly
intracellular formation of T3‘from Tg in the;pituitary) are important factors
in the release of TSH; they also may modulate the interaction of TRH with its
recepfors in the pituitary (Goodman and Van Middlesworth, 1980; Hinkle and Goh,

1 1982; Larsen, 1982; Ross et al., 1986). Lastly, in the pituitary T4 undergoes
5'-mono-deiodination to T3. 1In the rat about 50 percent of T3 within pituitary
cells arises from this means. When serum T4 is reduced but T3 is normal,
pituitary intracelliular T3 is reduced, and cells are able to respond to the
decreased serum T4 and increase TSH secretion (Larsen, 1982).

~ Thyroid hormone-responsive tissues contain a variable number of nuclear
receptors for thyroid hormones (mainly T3) usually in excess of seyera] thousand
per cell (Oppenheimer, 1979). Under euthyroid conditions in the rat, usually
about 30 to 50 percent of the sites are occupied by T3,,a1though in the pituitary
more 1ike 80 percent of the sites are filled under physiological conditions.

The T3-receptor complex is quite labile with a half-life for dissociation of
about 15 minutes; the released T3 reenters the exchangeable cellular pool where
it can complex with another receptor or exit the cell. The half-1ife for T3
clearance from the plasma in experimental aniha1s is variable, being about 6 hr
in the rat (Oppenheimer, 1979).

Studies on the regulation of TSH output from the pituitary have indicated
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a 1ink between T3 nuclear receptor occupancy and the mRNA levels for fhe TSH
subunit chains. Administration of exogenous T3 resulted in decfeases in TSH
mRNA levels in the pituitaries and in transplanted pituitary tumors of thyroidQ
ectomized mice within 1 day of administration (Chin et al., 1985). Subunit
messenger RNA elongation in nuclei isolated from pituitary tumofs of mice
treated in vivo with T3 is decréased within 1/2 hr after hormone administration,
and mRNA levels were reduced within 1 hr (Shupnik et al., 1985). It appears
that the decrease in mRNA is either due to decreased transcript&on or decreased
stability of the mRNA transcripts. A straight-line re]ationship existed between
the proportion of nuclear T3 receptors occupied and the proportional reduction
in TSH subunit transcripts in transplanted pituitary tumors (Shbphik et al.,
1986). A 50 percent reduction in mRNA transcripfs occurred wheﬁ about 45
percent of the receptors were occupied; this occurred at p1asmaiT3 levels of
about 1 ng/mL (1.5 x 10-9 M).

Other studies have investigated the effects of withdrawal §f T3 oﬁ TSH
mMRNA levels in thyroidectomized mice beariﬁg transplanted pituftary tumors'
(Ross et al., 1986). Plasma T3 levels dropped precipitously within 1 day after
withdrawal; plasma TSH concentrations rose fourfold between 1 abd 2 days; and
tumor TSH subunit mRNA Tevels increésed markedly between days # and 2.

These experiments demonstrate the rapid response of the p%tuitary gland to
increases and decreases in plasma T3 levels. It seems that piﬁuitaryace11s
modulate the levels in TSH subunit mRNAs as a function of the ﬁroportional

\
occupancy of the numerous nuclear receptors for T3. ;
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IV. THYROID AND PITUITARY GLAND NEOPLASIA

As described in the previous section, the pituitary exerts a delicate
control over the morphological and functional status of the thyroid;Jand thyroid
hormones are in turn important regulators of pituitary function. It is perhaps
not surprising, therefore, that the pituitary may be affected profoundly by
factors causing thyroid gland dysfunction. Because of this close depehdency;

it is appropriate to discuss thyroid and pituitary neoplasia in the same section.

A. THYROID NEOPLASIA

While, statistically, clinical thyroid cancer is not a serious human
health problem in the United States (it accounts for 0.4 percent of all cancer
and 9 in 1 million deaths annually), occult thyroid cancer discovered at autopsy
is much more common (average about 2 percent:autopsies). Other thyroid lesions,
like "nodules" noted upon palpation of the thyroid, occur in about 4 to 7 percent
of adults and are of concern to physicians because they may be or deve]op‘into
thyroid malignancies (Paynter et al., 1986; De Groot, 1979; Sampson et al., 1974,
Rojeski and Gharib, 1985).

1. Induction |

Thyroid neoplasia may be induced by exbosure of experimenfa] animals to a
variety of exogenous chemicals or physical agents. This is the major focué of
this paper and is discussed in some detail in Section V.

It hasvbeen recognized for some time, however, that thyroid gland follicular
cell neoplasia can also be induced in experimental animals by a number of otner
factors that cause thyroid gland dysfunction, in particular those leading to

hypothyroidism. Among these factors are jodine deficiency (Bielschowsky, 1953;

Axelrod and Leblond, 1955; Schaller and Stevenson, 1966) and subtotal thyroidectomy

(Dent et al., 1956). In addition, thyroid tumors can result from the transplan-
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tation of TSH-secreting pituitary tumors (Dent et al., iQBG;'Earam—Guanaset
al., 1960; Sinha et al., 1965). |

The one factor common to each of these conditions s thaf they all lead to
increased :production of TSH and prolonged stimulation of the thyroid gland by
"excess" TSH. In the first two conditions this results fnomﬁ£hroni£'stﬂmu1atign
of the pituitary in response to .a deficiency in the c1rcu1at1ng lewvels of
thyroid hormones (see Section I1I1). Also note that nothing has been given to
these animals: iinstead the tumors-deve&oped in the absence ©of something that
is normally present ((i.e., iodine :and thyroid gland mass). In the third case,
excess TSH comes from the transplanted pituitary tumor. Thus, irrespective of
the cause, it appears that prolonged stimulation of the thyroad pituitary feed-
back mechanism that results in release of elevaled ‘levels of TSH'by the pituitary
may lead to thyroid gland neoplasia. |

Support for the role of TSH in thyroid carcinogenesis .also .comes firom
jrradiation studies. X- 1rrad1at1on is the only demonstrated human thyroid
carcinogen. High doses of irradiation common]yvassoc1ated W1th ihyro1d,tumor
development are associated with thyroid parenchymal ce]i'kiﬂlﬁng and compensating
increase in TSH. The types of tumors produced by 1rrad1ation?are:£ﬁetsameAas
those noted following purposeful manipulation of TSH (e.g., iodine deficiency).

In addition, treatments which raise TSH Tevels cooperate wﬁth irradiation in

-y

increasing the frequency of thyroid tumors, while ablation of TSH -stimulation
(e.g., hypophysectomy) under these experimental conditions b1ocks ‘tumor deve]opment .
(Donjach, 1970, 1974; Nadler et al., 1970;>NAS,,1980). Thus,fpart;of»the
drradiation-induced carcinogeniciﬁy'appears to -be due to or résponsive to
increases in TSH levels.

Sti11 further support for the rolergf‘TSH in thyroid car?inogenesis'comes

from experiments using chemicals which reduce circulating thyroid hormone levels
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and result in increases in TSH (see Section V.B.). Thyroid hyperplasfa and

neopiasia in these cases can be blocked by doses of exogenous thyroid hormone
that reestablish thyroid-pituitary homeostasis or by'hypophysectqmy (for examples,
see Yamada and Lewis, 1968; Jemec, 1980).

2. Morphological Stages in Thyroid Neoplasia -

The progressive morphological changes that occur in thyroid tissues in
response to pro1onged elevated levels of TSH have been studied in some detail
and are qualitatively similar irrespective of the nature of the stimulus causing
TSH elevation (low iodine diet, goitrogen exposure, etc.) (Gorbman, 1947; Denef
et al., 1981; Philp et al., 1969; Santler, 1957; Wynford-Thomas et al., 1982a;
Wollman and Breitman, 1970). Following initiation of long-term TSH stimulation,
changes in the thyroid exhibit three different phases--an initial Tag phase of

several days, a period of rapid growth, and a period of declining growth rate

as a plateau is attained.

During the lag or latent period, that may last for several days, thyroid
weight and DNA content remain relatively consﬁant. Rapid changes occur in the
morphology of the gland during this period, however, characterized by resorption
of colloid from the follicular lumen and by increases in epifhe]ialicell volume
(the cells change from a cuboidal to a more columnar form) and vascularity.
Consequently, the Tatent period is characterized by a redistribution of thyroid
tissue and compartment volumes and particularly by hypertrophy of the
follicular epithelial cells.

With continued TSH stimulation, the latent period is followed by a rapid
and prolonged increase in thyroid weight and size. A]though all thyroid tissue
components proliferate to some extent, the major changes observed,ére associated
with follicular cell hyperplasia. Thus, there are dramatic increases in both

mitotic activity and in the number of follicular cells per gland (Wynford-Thomas
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et al., 1982a). There‘are, however, Timits to the extent to which thyroid
hyperplasia, as well as thyroid weight and size can continue to increase. |
Thus, despite a sustained TSH stimulus (e.g., administration of goitrogen) and
sustained increases in the circulating Tevels of TSH, mitoticiaqtivity of the
follicle cells progressively declines, and thyroid size and‘wéight level off to
a plateau (after about 80 days of goitrogen treatment) (Wynfo}d;Thomas et al.,
1982a, b). If the TSH stimulus is withdrawn for 25 days and %hen reintroduced,
the maximum size of the thyroid remains unchanged (Wynford—Thﬁmasﬂet.aI.; 1982b:)...
Although far from definitive, the mechanism of this "desensit%zation” to the
stimulating effects of TSH does not éppear to be due to a sigpificant
“downregulation" (decrease) of the number of TSH receptors pef'ce11 (Witte and
McKenzie, 1981; Davies, 1985). While suBsequent studies (Wynford-Thomas et
al., 1982c; Stringer et al., 1985) have féi]ed to elucidate the desensitization
mechanism, it has been suggested that it is mediated by an infraceliular change
in the follicular cell either at the receptor or postreceptor level. Clearly,
there exists an intracellular or fnterce]lu]ar tontro1 mechan%sm that Iimits
the mitotic response of thyroid-foilic]evce11s to TSH, which Ted Wynford-Thomas
et al. (1982c), to propose that the failure of this control mechanism might be
the first step in neoplasia. Possibly thyroid cells undergoipg;repeated cell
division become irreversibly committed to a differentiated stéte and are no
longer able to respond to TSH. On the ofﬁer hand, ce]]u]af r%sponsiyeness to:
TSH may depend upon interactions with other growth mediators.% In support of
this, TSH-induced increases in cell number in vivo were cTosefy correlated with
changes 1in receptor density for another protein growth factor (somatomedin A)
(Polychronakos et al., 1986).
Certainly, under experimental conditfons of pro]onged:stﬁmu]ation,by TSH:,

diffuse thyroid hyperplasia may progress to a nodular pro]ifératjonvof the
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follicular cells and eventually to neoplasia'(eorbman, 1947; Money and Rawson,
1950; Griesbach et al., 1945; Doniach and Williams, 1962). While many of the
resulting tumors are benign, prolonged and excessive thyroid stimulation may
result fn malignant tumors. The morpho]ogy of thyroid tuhors in laboratory
rodents has been discussed in several reviews (Doniach, 1970b; Boorman 1983;
Frith and Heath, 1983). Studies with humans show a similar morphologic
progression of the thyroid up through nodular hyperplasia and "adenomatous"
lesions following prolonged stimulation by TSH (Ingbar and Woeber, 1981; see

Section VI. of this paper)

3. Reversibility of Morphological Prégressién to Thyroid Cancer

Several important questions arise conce}ning the progression of the different
morphological states towards thyroid cancer,]particu1ar1y with respect’ﬁo the
extent to which the progression is reversible. Thus, it is 1mp§rtant to know
at what point (if any) and by what mechanism; the progression through hypertrophy,
hyperplasia, nodule formation, and neoplasia becomes irreversibly committed to
the formation of a malignant tumor. Undoubtéd]y, the final answer to these and
other questions will have to await a more thorough understanding of the molecular
biology of the complex events resulting in tﬁyroid neoplasia (see Section
IV.C.). |

There is ample experimental evidence, however, showing that, to a significant
though unknown extent, the morphological progression towards thyroid malignancy
can be halted and at least partially reversed by removing the source of, and/or
correcting for, the excessive thyrotropic stfmu]ation. This may be achieved
by administering adequate amounts of thyroid hormones to hypothyroid animals
(Purves, 1943: Bielschowsky, 1955; Furth, 1969; Paynter et al., 1986) or by
effecting surgical hypophysectomy (Astwood et al., 1943; MacKenzie and MacKenzie,

1943; Nadler et al., 1970). Goiters in persons living in iodine-deficient areas
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tend to reverse following introduction of iodine in persons wiﬁh hyperplasias
of short duration (Ingbar and Woeber, 1981; see Section VI. of?this paper). In
each case, these procedures counter the effect of the source of TSH siimuTation.

The extent to which morphologiéa] progression in the thyroid can be reversed,
however, clearly depends on the extent to which the process ha$ progressed i.e.;
the severity and particularly the duration of the insult causinngSH stimulation.
On cessation of long-term goitrogen treatment or replacement of a long-term,
low-iodine diet with a high-iodine diet, the size and weight of the thyroid
typically decrease. If the pathological process has not progréssed too far
(e.g., hyperplastic goiter) regression may be complete (Gorbman, 1947; Greer et
al., 1967; Ingbar and Woeber, 1981). There is even one report;that‘propyTthi—
ouracil-induced cellular proliferation (including metastasis té the Tung)
regressed to normal when goitrogen administration to animals was stopped (Dunn,
1975). In the same study propylthiouracil-stimulated thyroid %issué transplanted
jnto other animals did not continue to proliferate and retain its tumorigenic
status unless the animals were treated with propylthiouracil. Others have
pointed out the need for ongoing TSH stimulation in the perpetuation of "hyper-
plastic-neoplastic" thyroid lesions either din the animals wheré the lesions
arose or in hosts receiviné transplants of the material (Todd,]1986f
see Doniach, 1970b).

In contrast, 1ittle or no indication of morphological revérsibj]ity was
observed when rats that had received up to 500 ppm ethylene thiourea in their
diets for a period of 2 years were returned to a control diet kGraham et al.,
 1973). In another study (Bielschowsky and Goodall, 1963) methylthiouracil—induced
thyroid lesions in the mouse continued to progress after goitrogen administration
was stopped and replaced by thyroid hormone treatment. Most other studies

indicate varying degrees of reversibility following discontinuation of goitrogen
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administration (Arnold et al., 1983; Wollman and Bréftman, 1970; Wynford-Thomas
et al., 1982c) or return of animals from a low-iodine to a high-iodine diet
(Greer et al., 1967).

" In humans it has been common practice tq use high doses of”thyroid hormone -
to try to suppress the growth of thyroid "nbdu]es" and help differentfate non-
neoplastic from neoplastic growths (Rojeski and Gharib, 1985). The idea is
that preneoplastic lesions would regress upon cessation of TSH stimulation

brought about by the added hormone. Although variable success in reducing

-nodule size has been noted in the past, a recent, carefully done study failed

to‘show any treatment-related reductions (see study and review, Gharib et al.,
1987). Thus the role of TSH in maintaining the size of human thyroid nodules
and their potential for reversal upon cessatfon of TSH stimulation requirés
further investigation. )

Typically, the reversal is marked by a reduction of thyroid gland size and
weight beginning a few days after removal of the TSH stimulus, and this is
associated with a loss of DNA indicating a decrease in the number of cells
present; some of this seems to be due to a réduction in the number of follicular
cells (Wollman and Breitman, 1970; Wynford-Thomas et al., 1982c). The mechanism
by which cells are lost from the thyroid may be cell death or migration.
Regression is associated with involution of the thyroid that involves a decrease
in vascular dilation, a marked diminution of follicular cell size and shape
(from columnar to cuboidal) and a return of follicular colloid material (Gorbman,
1947). These qualitative changes in thyroid histology almost always occur
following the removal of the TSH stimulus. However, if the goiter has been
present for several weeks, or months, the thyroid gland continues to remain at
least two to three times its normal size and weight despite a return to its
normal histological appearance (Greer et al., 1967: Woliman and Breitman, 1970;
Wynford-Thomas et al., 1982c).
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B. PITUITARY NEGPLASIA

Following chronic iodine deficiency (Axelrod and Leblond, 1955), treatment
with goitrogens (Griesbach, 1941; Griesbach et al., 1945) or suﬁgicaii@r 1317-
induced thyroidectomy (Doniach and Williams, 1962; Carlton and%@riesa'1983ba
the anterior pituitary frequently ‘exhibits a loss of acidoﬁhiﬂﬁ¢ cells, an
jncrease in basophil cells, and develops swollen “thyroidect@my:te1ﬂs” some ©of
which contain cytoplasmic granules. These cells contain TSH Iﬁﬁamuna:@nﬂ
Takayama, 1983) and, in the eyes of some researchers, may Progress to TSH-
secreting adenomas {(Furth et al., 19733 Bielschowsky, 19553, aﬂxhough other
authors have failed to demonstrate ‘tumors in such treated animals {for instance,
see Ohshima and Ward, 1984, 1986). Pituitary hyperplasia and méop]asﬁa appear
to result from the same treatments causing thyroid neop]asﬁam-cpnditﬁons Jeading
to prolonged thyroid hormone decrease and excessive secretion‘of TSH‘by the
pituitary gland.
C. MOLECULAR CONSIDERATIONS IN THYROID CARCINOGENESIS

Any hypothesis developed to explain the mechanism for carcinogenesis must
be consistent with what is known about the specific type of cancer and the
physiological and biochemical system in which it develops. Animal experiments
have clearly shown that increased levels of TSH are associated with development

of thyroid hyperplasia and, later, with thyroid neoplasia. These end points,

-y

hyperplasia and neoplasia, manifest two processes that are going on in the
thyroid: one is an increased comitment to cell division, which leads to | R ‘gTj:
hyperplasia; the other is the transformation of normal cells inio neopiastﬁcr N
cells. Recent work at the cellular level irndicates that induction of cell

division {which can lead to hyperplasia) and the transformation of normal to

altered {neoplastic) cells is the result of a compiex interaction of different
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cell systems. For thyroid fo]licu]ar carcinogenesis, it appears that TSH is a
major component in these interactions.

It is generally recognized that, under normal conditions, the control of
cell division requires the interaction of a number of endogenous factors which
work through a number of common pathways; exogehous]y added materials may also
have profound effects on this system. It seems there are at least two such
control steps centered in the pre-DNA synthetic part of the cell cycle, and TSH
is one bf the factors operating there in thyroid cells. Certain protein growth
factors which operate through receptors on the cell surface are other stimuli
that influence cell division. In a similar manner, the transformation of
normal cells into an altered state with neoplastic potential also seems to be
dependent upon the interaction of different factors. TSH may also play an
active role here.

This section reviews available molecular information about the control of
cell growth in thyroid cells and their conversion to neoplastic ceils, and
attempts to incorporate this information into alplausib1e mechanistic framework.
Figure 4 illustrates a not fully satisfactory, but hopefully instructive,
hypothetical model for the interaction of TSH and other factors in inducing
cell proliferation and transformation in the thyroid gland leading to neoplasia.
Although there are gaps in the understanding of the processes involved, what is
known about the thyroid is consistent with the existing understanding of tﬁe
components involved with the control of mamma1ién cell division. It is also
consistent with current thinking that carcinogenesis is a multistep process and
that mu]tip]e‘factors may influence its course. And finally, it accords special
weight to TSH as playing a significant role in cell proliferation and in

carcinogenesis of the thyroid gland.
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Other factors
(EGF, phorbol esters)

TSH

Thyroid Cell Neoplasia

Transformation

Other influences
(mutation, oncogene
activation, growth
factors)

Figure 4. Hypothetical model for thyroid carcihogénesis,
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1. Stimulation of Cell Division

a. Influence of TSH--TSH interaction with its receptor on the surface of the

thyroid cell results in activation of adenyl cyclase and resultant production
of cAMP, the activation of the phosphatidylinositol pathway, commencement of
certain thyroid-specific differentiated functions that result in the formation
of the thyroid hormone and stimulation of. cell division. Although all cultured
cells do not respond to TSH alone by increasing cell division (murine and
canine do; porciné, ovine, and human do not [see Saji et al., 1987]), the
following steps have been identified in those that do respond. Almost immediately
(within 15 to 30 minutes) after addition of TSH to quiescent thyroid cells in
culture, there are marked increases in the levels of the mRNAs for the celiular
protooncogene, c-fos. A similar pattern is found for transcripts of the proto-
oncogene, c-myc, but the induction is'delayed somewhat, with the peak occurrin§
at about 1 to 2 hr after TSH addition. These effects of TSH can be mimicked by
direct addition of cAMP analogs or other factors that increase cellular cAMP
(Dere et al., 1985; Tramontano et al., 1986a; C611etta et al., 19865. Interest-
ingly, human thyroid adenomas and carcinomas are characterized by c-myc expression,
which is not found in the surrounding normal thyroid tissue. 1In addition, 1ike
normal cells in culture, adenoma cells respond to TSH in a dose-rel&ted manner
by increasing the levels of c-myc transcripts (Yamashita et al., 1986). This
'finding in human cells is in contrast to that cited above (Saji et al., 1987).
The protein products of the g—fos and c-myc protooncogenes are thought to
play a role in the replication of cells. Both c-myc and c-fos code for proteins

that are largely restricted to the cell nucleus and appear to be functionally

~linked to DNA synthesis. The Tatter is illustrated by experiments showing that

when monoclonal antibody to human c-myc protein is added to isolated nuclei,

there is an inhibition of DNA synthesis and replicative DNA polymerase activity;
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the inhibition can be overcome by the addition of excess c-myc pfotein {Studzinski
et al., 1986). ‘ ' v

There is additional evidence to indicate that oncogene expréssion'may be
an important factor in triggering cell division. For instanée, hertéim human
cancers have been shown to have chromosome rearrangements invo]vﬁng c-myc.

This relationship has been well established for cases of Burk1tt 1ymphoma {B-
cell cancer) (Taub et al., 1982; ar-Rushdi et al., 1983; N1sh1kura et al.

1983) and to a lesser extent for certain T-cell leukemias (Erikson et al.,
1986; Finger et al., 1986) It is thought that chromosomal translocations move
c-myc to the regulatory units of immune response genes in these ﬁel]s énd bring
about constitutive activation of the oncogene which then provides a continued
stimulus for cell proliferation (see review by Croce, 1986).

TSH also seems to affect to some extent the phosphatidylinositol pathway
within cells (Kasai and Field, 1982; Tanabe et al., 1984; Bone et al., 1986)
which is a major transduction system of signals across ce11.membkane§ (see
Nishizuka, 1986 and next section) as is the cAMP system. Just héw this effect

of TSH may influence thyroid cell division has not yet been determ1ned

b. Other Factors--Experiments in a number of cell systems have 1dent1f1ed

control points in the pre-DNA synthetic part of the cell cycle which must be
passed for cells to replicate DNA and go info cell division. Fok 1n$tdnce,
mammalian cells treated with one chemical stimulus (e.g., p]ate1%t-derived
growth factor which is known to stimulate c;myc) did not commence DNA synthesis
until other substances were added to the medium (Stiles et al., i979; Smeland
et al., 1985). Current investigations on the interaction of variousffactors in
the control of cell division have been sunmafized.by Goustin et al. (1986) and
Rozengurt (1986).

Work with thyroid cells also indicates that a number of growth factors and
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cell systems are operating which influence a cell's commitment to,ce11‘division.
For illustrative purposes, emphasis here will be placed an three of. these:
epidermal growth factor, the protein kinase ¢ system (see Table 1}, and the
somatomedins. |

Epidermal growth facfor (EGF) is a naturally occurring polypeptide present
in a number of organs that binds to specific‘receptors on sensitive cells.
This binding results in activation of receptor-associated tyrosine kinase which
phosphorylates the EGF receptor and other sites and heips to bring about its
cellular action. EGF is present in adult tissues; a'related growth factor,
transtforming growth factor type ¢, is present in neoplasms and embryonic tissues
and may be an embryonic form of EGF. It is interesting to note that one of the
viral oncogenes, v-erbB, is a mutation of the EGF receptor gene where the
binding-site portion of the receptor has been deleted, and that this mutation
may result in constitutive activation resulting in continued cell proliferation
{Goustin et al., 1986). |

There is some work that indicates that EGF plays a role in the regulation
of cellular activity and cell division in thyroid cells in culture. Its role

in vivo needs to be ascertained. Unlike TSH, EGF blocks certain differentiated

functions that typify thyroid action, such as formation of thyroglobulin by
thyroid cells in culture (Westermark et al., 1983; Bachrach et al., 1985; Roger
et al., 1986). In in vivo studies, infusion of sheep over a 24-hour periocd with
EGF resulted in a profound drop in serum Ty and T3 which started within 10 hours
after commencing administration. Part of this reduction in circulating thyreid
hormones appears to be»due to their enhanced metabolism (Corcoran et al., 1986).
These authors cite other work which show that thyroid hormone administration
results in increased tissue Teve]s and urinary excretion of EGF. It thus seems

that some feedback exists between levels of EGF and thyroid hormones.
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TABLE 1. EFFECTS OF STIMULI ON THYRQID CELLS

Stimutates Effect on
Stimulus Enzyme Induces cell differentiated Other 1
activity c-fos & c-myc division functions s
I
TSH adeny1 + : + Enhances Enhances EGF i
cyclase binding te
- its receptor
EGF tyrosine 2 + Inhibits
kinase : a
TPAR protein ? + Inhibits Inhibits EGF
kinase ¢ : : ‘ © binding to
’ its receptor
and tyrosine
kinase
activity

aTPA, 12-0-tetradecanoylphorbol 13-acetate, a phorbol ester.

-y
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EGF also bhodhces increases in thyroid cell division in thyroid cells.

By about one day after addition of EGF to thyroid cells in culguge, there is

“stimulation in DNA synthesis (Hestermark et al., 1983; Roger et ai., 1986), as

was seen after administration of TSH. TSH increases the binding of EGF to its
receptor on thyroid cells and, in combination‘with EGF, enhances DNA synthesis
above that seen with EGF a]éne (Westermark et al., 1986).

Another cell-surface ré1ated me;hanism results in the actjvation of protein
kinase c; It is genera]ly‘récqénized that this'system is one of the major‘ |
information-transferring meéhanisms from extraceilu]ar to intracellular siteé in
many cells throughout the body {see review by Nishiiuka, 1986). Receptor
binding of a host of biologically active substances (e.é., hormonés, neurotransQ
mitters) is followed by hydrolysis of inositol phospholipids afbﬁg'two paths:
one 1ead$ to calcium mobilization, the other tolactiVation of protein kinase c.
The kinase tranéfers'phosphate gfoups to various proteins which results in a
modulation of their action. Many studies haye demonstrated that certain tumor
promoters in the two—Stége mouse skin carcinogenesisvmode1, including the
phorbol esters, can bind to cell receptors and actfvate protein kinase ¢ (see
Nishizuka, 1986). | .

Phorbol esters, like EGF, inhibit differentiated thyroid cell functions
and stimulate cell division. As in other ce]1§i(Friedman'et al., 1984), phorbol
esters increase protein kihase c activity ahd b]bck EGF binding of its receptor
in thyroid cells (see Table 1) (Bachrach et al., 1985; Ginsberg and Murray,
1986; Roger et al., 1986). It is not known if EGF and phorbol este;s stimulate

expression of the c-fos and c-myc protooncogenes:in the thyroid, although there

~ is some evidence for this in mouse 3T3 cells (Kruijer et al., 1984; Muller et

al., 1984; Kaibuchi et al., 1986).
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A series of polypeptide substances re]aied to insulin and terméd somatomedins
(insulin-1ike growth factors, IG?S), are known to exist Whichjhe1p‘to control
cell growth in numerous tissues (see Goustin et al., 1986). vConcentrations of
somatomediqs in the blood are regulated by growth hormone. Théy‘are produced |
by the liye; and almost all organs of the body, seemingly the products of -

mesenchymaT cells (Han et al., 1987). A?thbugh they may of‘may not stimulate

© .

DNA synthesis in cells when they are the onIy added factor, they frequent?y
interact significantly with other‘growth factors 1n brTnging about ceT1 d1vi51on
(Stiles et al., 1979). |

In cultured rat thyroid cells very highlconcentrations‘oflin9u¥fn alone
will induce celis to rep]icate DNA (Smith et al., 1986). It was hypothes1zed
then demonstrated, that th1s effect was most T}kely due to cross reactivity of
insulin with the somatomedin C (IGF-I) receptor (Tramontano~etﬁa1$, 19860,
1987: Saji et al., 1987)¢ In rat thyroid”cet1s.T§H and‘somatomédin € for
insulin) synergize in inducing DNA synthesis, but. are'additivejin regaf& ﬁ@
increasing cell growth (Tr&montano:et at. 1986b), such DNA~repT1cat1on synergy ’
was not noted in porcine cells (Saji et«aT 1987) .

Although studies an thyroid cells ind1cate that‘TSH EGFf:phoEbdF estérs, ,;“‘
and somatomedin C (and rnsu11n) can each stamu]ate cell d1v151on in cu1tured

thyroid cells, it does not meanm that these factors are the onlv ones. For

'y

instance, many of the=cu1ture systems used 1n?these'studfes-1nu1uded sewum;‘
which is known to have a number of”growth‘féctors in it. In*o%her céses, o 'g
the culture medium was supplemented with hormones, growth factors, and other |
substances (e.g., somatostatin, cortisol, transfefrjn} which are knewn to

effect cell cycle traﬁerse_CBachrach et at., 1985; CoT¥étt&‘eﬁ%aTrf 19863

Westermark et al., 1983).

32




2

‘c. Possible Controls in Thyroid Cell Division--As discussed éar]ier, it appeafé .

~ that the control of cell division in mammalian cells is in the pre-DNA synthetic

portions of the cell cycie. By using combinations of substances, two control

- points have been identified; both points must be passed for cells to commencev‘

DNA replication. Although there are,significant differences in response among

cell systems, factors that seem to affect the first regd]atory point include
‘sdch things as platelet-derived growth factor énd‘the c-fos and:cemyc oncogenes,
‘whereas those operating at the secpnd control point include somatomedin C, EGF,

~and the c-ras oncogene (Stiles et aT., 1979; Leof et al., 1982; see:Goustin et

al., 1986). Since TSH is also known to activate adenyl cyclase andlc-fos and
chyc expréssion in thyroid cells (Dere et al., 1985; Colletta et al., 1986;
Tramontano et al., 1986a), it seems possible that it may act at the first

control point. This is supported by the observation that combinations of TSH

- with EGF or somatomedin C lead to enhanced DNA synthesis in thyroid cells (EGF

and somatomedin C are putative second control step'agents) (Westermark et al.,’

1986; Tramontano et al., 1986b, 1987). |

The placement of the protein kinase ¢ system ﬁnvthe_control of thyroid
gland cell division is uncertain, since ifs effect on cell prd]iferq;ibn is not
enhanced by either TSH or EGF. As indicated previousiy, phorbol estér adminis-

tration to thyroid cells diminished EGF binding to its receptor (Bachrach et

‘al., 1985). It also appears that TSH itself may increase the phosphatidylinositol

pathway in addition to affecting cAMP (Bone et al., 1986). On‘the othek‘hand,

~ the protein kinase ¢ and adenyl cyclase systems often play complementary roles

in mammalian cells to enhance cell division and other functions (Nishizuka,

“1986; Rozengurt, 1986). More information is needed in this area.

Insulin (and related substances) seem to play a facilitating role in the

thyroid. Alone in high concentrations it can induce thyroid cells in medium
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without senum to syntheeizé DNA, “and it enables TSH to enhance;thie effect
(Wynford-Thomas et al., 1986). Insulin is active at both contnol po1nts in
certain mouse 373 cells as we11 (Rozengurt 1986).

A model can be constructed for control of cell division invthelfhyroid
gland (Figure 5) that includes the two pre-DNA synthetfc‘steps. The model
engenders the known effects of various factorsvon thyroid‘ce11e; and reflects
certain observations in other mammalian cell systems.  Although the model is
not fully satisfactory, due to tne‘inconsistencies across cellnsystems, it
depicts certain interactions that may exist in the thyroid g]and and suggests"‘

possible future research directions.

2. Cellular Transformation

As with the control of cell diVision;:complex‘interactionsvamong diffefént*
factors seem to be operating during the transformation of normal to eltered |
cells with neoplastic potential. A1though=acthation of a single oncogene is
not sufficient to produce transformation, activation of two different oncogenesi~
is a common means of transforming ce11s (see'réViews by Weinberg, 1985; Barbacid,
1986). Frequently the cooperation includes an oncogene whose brodqct is localized
to the nucleus (e.g., c-fos, c-myc) with one whose produot is in the’cytop]asn R
(e.g., c—rae, c-src). As was nentioned previously, nuclear onoogenes can be
activated by chromosomal trans]ocafion of the oncogenevto ce11u1ar regulatory'
sequences; other activation mechan1sms 1nc1ude the 1nsert1on of viral regu1atory
segments next to the nuclear oncogene, gene amp1if1cat1on (1ncrease in the
number of copies of the oncogene per ce11), and stab111zat1on of the oncogene
gene product. On the other hand, cytoplasmic oncogenes tend to be act1vated‘byﬁ
point or chromosomal mutations which affect the structure of their gene products

(Heinberg, 1985).
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"TSH ' _fBbInduct1on of adenyl cyclase
: p1ate1et-der1ved growth factor and c—fos/c-myc
insulin ;

Pre-DNA ' DNA Cell
‘replication replication division

AN

. Activation of
- EGF protein kinase ¢
somatomedin C ‘ B
c-ras
insulin

Figure 5. Possible control points for cell d1v151on in the pre-DNA synthet1c
portion of the cell cycle.
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TSH enhances c-fos and ¢-myc expressiqn that may in turn interact with
other factors in bringing about cell transformation. If the stimulus for TSH
secretion from the pituitary is 1ong—term, as ih the case of continued exhosure
to an antithyroid substance, it seems possible there could be continued oncogene
transcription and a continued emphasis on cell proliferation which could fe;uTt
in hyperplasia. Still other stimuli (e.g., activation of a setond oncogene,
certain poiﬁt or structural mutations, interplay with growth factdrs) may afde
in the trensformation process and bringAabout neoplasia. " |

This hypothesis is consistent with-receni studies which iﬁdicate that
c-myc may be a necessary component in'celfular transformation, but that it is
not sufficient in itself to bring about the‘condition. Studies of transgenic
mice support this conclusion (Adams et al., 1985; Langdon et al., 1986).

Combinations of the DNA of c-myc and the enhancer region of the Eu~1mmunog10bu11n

locus were made and injected into fertilized mouse eggs which wereltranspTanted‘e

into maternal hosts. The DNA became‘incorporateq into the Celﬂs of the bodylofl‘
the developing organism (transgenic recipienfs), Within a few months afteh
birth, almost all animals deve]oped ma]ignant B-ce11'1ymphomas‘and died. It o
seems that during development there is constitutive express1on of c-myc w1th &

great expansion of multipie clones of B-cel] precursors. However only one

clone deve10ps into a tumor, “and this seems: to occur at variable times during:';
development. This has Ted the authors to propose that aTthbugh c-myc expression S

favors proliferation of B-cell precursors, some genetic event, 1ike~q§that10h”Hﬁu o

of a second oncogene, may be required for transformation to malignancy.

Studies on the thyroid gland:ake consistent with the idea that c-Myc
(through TSH stimulation) may interact with other stimh]i in bkinging aboute
cell transfe}mation. For 1nstance an enhancement of’the carcﬁnogenfc response

is noted when a treatment that increases’ TSH (e g., iodide deficiency) Fo110ws
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application of a genotoxic agent (e.g., irradiation;‘nitrosamine) (see Section
IV) which might produce a mutation that acﬁivates a second oncogene or some
other effect. |

One is still faced, however, with the observation that treatmehts that
ensure prolonged TSH stimulation, as have been disﬁussed preVious]y, lead to
neoplasia. Three possibilities exist: (1) TSH simply enhances spontaneously -

occurring events (e.g., mutations in regulatory sequences like oncogenes).

The finding of thyroid neoplasms in about 1 per¢ent of some untreated Taboratory

animals (Haseman et al., 1984) is in keeping with the idea that “spontaneous
mutations" might exist in control animals that might predispose animals for

development of thyroid tumors. (2) Through itS‘efFect on cell division, TSH

may expand the thyroid cell population at risk for a sbbntanebus event and then

promote neoplasia once a spontaneous mutation occurs. (3) TSH alone, via some

yet undisclosed mechanism, might produce'celluiar transformation.
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V. EXOGENOUS FACTORS INFLUENCING THYROID-PITUITARY QARCINOGENESIS

The observations presented in the previous section demonstrated that

prolonged increases in TSH output are associated with thyroid ce11uiar hy pertrophy.

and hyperplasia and, finally, with neoplasia in the absence of exogenously

added agents. This section summarizes known information on thyroid carcinogenésis o

following application of eonenoUs stimu]i. In the main, it, too, shows the
important role of chronic TSH stimulation in thyroid carcinogenesis. Information
on physical and chemical agents affecting thyroid—pituitary physiol ogy and |
carcinogenesis is summarized. Chemical classes associated with thyroid tumors. -
in the NCI/NTP animal studies are listed, and analyses are conducted on the

specific chemicals from those classes as to their antithyroid activity and

genotoxicity.

A. PHYSICAL FACTORS

External ionizing radiation is a known thyroid carcinogen in humans and

experimental animals (NAS, 1980). Internal radiation, following administration "

of 1317 (a{? - and a ]r-radiation emitter) produces thyroid tumors in animals,

e

but the evidence in humans from the follow-up of treated GnaVes"disease‘patientS"(x

is Tess firmly established (NAs; 1980; NCRP, 1985; see Beckef, 1984). A recent

paper purports the hypothesis that radioiodines may account for thyroid nodules =

following the detonation of a hydrogen bomb in the Marshall is]ands in the
Pacific Ocean (Hamilton et aT., 1987). Although irradiation can alter DNA and
induce mutat1on and, thus, influence thyroid carc1nogenes1s via genotoxic '
mechanisms, others have specu1ated that the fo111cu1ar cell damage ‘induced by
irradiation may impair the gland s ability to produce thyro1d hormone and,

thus, places the thyroid under conditions of Tong-term TSH stimulation.
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B. CHEMICAL FACTORS -

| 1. Goitrogens

Early interest in naturally occurring chemica]s,causing thyroid enlargement

3 earose from observations that rabbits‘fed d1ets CompoSedlmainly of cabbage
L leaves frequently deve]oped‘gaitens (Chesney et aT., 1928). Simi]ar’observatiené
v‘were subsequently made with two pur1f1ed synthet1c chem1cals (sulfaguan1d1ne
~.and 1- pheny1-2 thiourea) dur1ng nutrit1ona1/phy51oioglca1 stud1e with rats

‘(Mackenzie et al., 1941; Richter and Clisby, 1942). When it was@realized that

the primary action of these and related compounds was to inhibit synthesis of

" the thyroid hormones, their pptential therapeutic value in hyperthyroidism

" became evident.

a. Naturally-occurring (dietary) substances--These matefia]s have been reviewed

in‘detail by VanEtten (1969).‘,The ear}y‘observations of'gpifersvin rabbitsf
maintained on cabbage-leaf diets‘(thesney et aT;, 1928) were fo]1owed'by the

discovery that the seeds of rape and other brasSica species (cabbage brussels

n sprouts, turnips, and mustard) also conta1ned substance(s) that were. go1trogen1c

when incorporated into rat d1ets (Hercus and Purves, 1936 Kennedy and Purves,
1941). Prolonged dietary exposure to rape seed led to the development of

adenomatous goiters (100 percent in 27 months) in rats (Griesbach et al.

' 1945). L~-5-Vinyl-2- th1ooxazo1idone (go1trin) has. been identified as the act1ve ‘

goitrogen in turnips and the seed and green parts of other cruc1ferous p]ants.

, Go1trin from these sources may be passed to humans in the milk of cows feed1ng

on such plants. In humans, goitrin appears to be about as-act1ve as

. |propy1thiouraci1 (Haynes and Murad, 1985). Peanuts are also reported to be

goitrogenic in rats (Srinivasan et al., 1957), the active component being the

glucoside, arachidoside.
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b. Synthetic compounds--Synthetic chemicals exhibiting goitrogenic activity may

be divided into three major structural groups: thionamides; aromatic amines,
and polyhydric phenols. The synthetic goitrogens are discuﬁsed briefly below,
bqt have been extensively reviewed by Cooper (1984) and Payﬁter et al. (1986).
(i) Thionamides. These include derivatives of thiourea and heterocyc11c |
compounds containing the thioureylene group. The latter includes most of the
compounds (e.g., propylthiouracil, methimazole, and carbimazole) used therapeu-
tically fgr hyperthyroidism in humans. Among the many chemicals in this group,
one nitrogen atom may be replaced by oxygen or sul fur; however, the thionamidei
group is common to all. Other active compounds in this c1a§s are derivatives |
of imidazole, oxazole, thiazole, thiadiazole, uracil, and bérbituric acid. The
naturally occurring gqitrin,-present in cruciferous plants, also belongs to
this group of compounds. '

(ii) Aromatic amines. Examples of compounds of this type are the sul fonamides,

sul fathiazole, and sulfadiazine (Haynes and Murad, 1985). 0ptima1.antithyroid‘
activity of this group of compounds is associated with a para-substituted
aminobenzene structure with or without aliphatic (e.g., methyl) substitution oﬁ‘
the amino‘nitrogen. It is of interest that several methy]ene— and oxyd1an111nes ’
(and a]ky] substituted der1vat1ves) have also been shown to possess goitrogenic
activity (Hayden et al., 1978) and like, the sul fonamides, to 1ncrease thyro1d

neoplasms in rats (weisburger et al., 1984)

)

(iid) Po1yhydr1c phenols. The antithyroid activity (hypothyroidism and goitéf)

of resorcinol was first observed fb]lowing the use of this material for treatment ¥
of l1eg ulcers in humans (Haynes and‘Muréd, 1985). Subsequent studies have
established that antithyroid activity is associated with combounds with meta- .
polar-substituents on the benzene ring. Thus, hexyresorc1n01, ph]orog]ucino1

2,4~dihydroxybenzoic acid, and meta-am1nopheno1 are active, whereas catecho]
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hydroquinone, and pyrbga]]olvare not (Paynter et al., 1986).

c; Modes of Action--Antithyroid agents belonging to structural groups i, ii, or

iti a11:exert their activity by direct interferencevwfth the synthesis of the :

thyroid hormones in the thyroid gland. All1 appear to biock the incorporation

‘of iodine into tyrosyl residues of thyroglobulin and by inhibiting the coupling

of the idotyrosyl residues into idothyronines. It was proposed by Taurog (1976)'

‘that the antithyroid agents inhibit the enzyme peroxidase that is responsible

for the conversion of iodide to the iodinating species and the subsequent

iodination and coupling of the tyrosyl residues. This has been confirmed by

Vsubsequent studiés (Davidson et al., 1978; Engler et al., 1982) showing that
the compounds bind to and inactivate peroxidase when the heme of the enzyme is

~in the oxidized stafe. It is Tikely that thése compounds show some inhibitory

selectivity towards the different peroxidase~-catalyzed reactions (i.e., iodination

vs. coupling) (Haynes and Murad, 1985). There is also evidence that some of

- the compounds (e.g., propylthiouracil) inhibit the peripheral deiodination of

T4 to T3 (Geffner et al., 1975; Saberi et al., 1975).

Because of their ability tq inhibit thyroid hormone synthesis, all of the
above compounds have the poténtiai to reduce circulating 1eve1§ of T4‘and T3
and, consequently, to induce the secretion of TSH by the pituitary. As a’
result, prolonged exposure to such compounds can be éxpected to induce thyroid
gland hypertrophy and hyperplasia and Q]timaté]y may lead to‘neop1asia.

2. Enzyme inducers

A}

In addition to chemicals exerting effects directly at the thyroid, as was -

 summarized in the pkevious section, a nunber of others acting at peripheral

sites can cause equally profound disturbances in thyroid function and morphology.

Of particular interest are those compounds that induce hepatic and/or extrahepatic

enzymes responsible for the metabolism of many endogenous and exogenous compounds.
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These chemicals can increase the metabolism of thyroid hormoné, result in a
reduction in circulating thyroid hormone, and stimulate an increase in TSH.
Following long-term exposure to these agents, the thyroid g]ahd undergoes

hypertrophy and hyperplasia and finally, neoplasia.
a. Foreign compound metabolism and enzyme induction--

i. General. The enzymes responsible for the metabolism of ﬁbreign compounds
constitute a remarkably diverse group of proteins that cata]y?e agvériety of
reactions associated with either the primary (Phase I) metaboiic attack on a
chemical (oxidation, reduction, hydrolysis) or with its subseﬁuent secondary
(Phase I1) metabolism (e.g., conjugation with glucuronide, sulfate, amino
acids, and glutathione) (Testa and Jenner, 1976). The enzymes are associated
with the endoplasmic reticulum or cytosol of thé liver and a nunber of extraheb-_‘
atic tissues. The enzymes serve an important functionallro1e‘in increasing the
polarity, water—so]ubi]ity,‘and excretability of the vast majority of fat-
soluble foreign compounds and often result in a decrease in their:biologica1
activity or toxicity. Because of thé latter, they are frequeﬁt]y‘referred to
as detoxication enzymes (Wilkinson, 1984).
ii. Induction. Enzyme induction refers to the phenomenon whereby éxposure of
an animal to a given foreign compound results in ﬁhe enhanceq activity throughi
de novo synthesis of a spectrum of the enzymes inVolVed in Phase I and Phase Ii‘
metabolism (Conney, 1967). Induction typically results in an increase fnvtheT"
rate at which the inducer and other compbunds_are metabolized and excreted.
Since the enzymes responsible for foreign-compound metabolism are thought

by many to have evolved as a biochemical defense against potentially harmful

environmental chemicals (Wilkinson, 1984), induction may be viewed as a biological :

adaptation that can provide important short-term benefits for survival. On the

other hand, in the light of increasing evidence that the enzymes detoxifying
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" one chemical may activate another (Cummings and Prough, 1983), there has been
concern ﬁhat enzyme induCtion may represent a mechanism through which potentially

~dangerous toxicological interactions can occur following chemical exposure.

Another cause for some concerh is ‘that several of the enzymes‘that participate.

- in foreign-compound metabo]iSm‘are‘a1so known'tO‘play important roles in the
‘; metabolism of physio]ogicé]\y impoktant endogenous -.chemicals such as hormones.
lffcléar1y, any changes in the léve]s of enzymes responsible for‘the synthesis or
. breakdown of such compounds could lead to physio]pgica1 imba1ances with potentially
“serious consequences (Conney, 1967). |

iii. Different inducer types. Inducers of the enzymes involved in foreign-

compound metabolism have been divided into at least two different categories‘on

“the basis of their characteristiq;effects on cytochrome P-450 and monooxygenase

activity (Mannering, 1971; Lu and West, 1978; Ryan et al., 1978;1Lu and West,

1980). One of these, typified by phenobarbital, led to a significant increase

in liver size and weight and caused the substantial proliferation of hepatic

endoplasmic reticulum. Induction was associated with increases in cytochrome

"P-450 and a large number of Monooxy genase reéctions‘that enhanced metaboliic

(oxidative) capability towards many foreign compounds. The spectrum of oxidative

| reactions induced is now known to result mainly from the induction of one major
“isozyme of cytochrome P-450 that, in rats, is referred to as cytochrome P-450b
- (Ryan et al., 1978). A large number of drugs and other foreign compounds

-including the chlorinated hydrocarbon insecticides (DDT and its analogues and

the cyclodienes like chlordane and aldrin) exhibit induction characteristics

similar to phenobarbital and are generally referred to as "PB-type" inducers.
Eafly studies with the polycyclic hydrocarbon, 3-methy1 cholanthrene

(3MC), clearly indicated that the induction characteristics of this compound

were quite distinct from those of PB (Mannering, 1971). 1In contrast to the
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latter, treatment of animals with 3MC did not cause large increases in liver

size or in the proliferation of endoplasmic reticulum; neither did it result in o

large increases in cytochrome P-450. Instead, 3MC resulted in the formation of
a qualitatively different form of cytochrome P-450, known generally as cytochrome
P-448 and now referred to in rats as cytochrome P-450c¢ (Mannering, 1971; Lu‘and‘

West, 1978; Ryan et al., 1978). This cytochrome is associated with a rather

limited number of oxidative reactions, the best known of which is aryl hydrocarbon

hydroxylase (AHH) (Ryan et al., 1978; Eisen et al., 1983; Conney, 198?), AHH
has received a 1ot of attention in recent yéans because of its role in the
metabolic activation of compounds like benzn[gjpyrene to potent carcinogens
(Eisen et al., 1983; Conney, 1982§. Induners of the "3Mc—type"‘inc1ude a
number of polycyclic aromatic hydrocarbons, naphtnofTavone, and;severél halogen-
ated dibenzo-p-dioxins; 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 1s‘thevmost
effective inducer of this type tb bé diécovered (Poland and Glover, 1974). The
mechanism of action of inducers of this type involves hiéh affinity binding to

a cytosolic receptor and subsequént migration of thé‘fnducer-recéptor comn1ex

to the nucleus where the transcriptional effect leading to enhanced prote1n

synthesis is initiated (E1sen et a]., 1983). Induction of this type is genet1ca11y

controlled by the so-called Ah locus in rodents andv wh11e the true 1dent1ty of
the cytosolic receptor remains unknown, it is hypothes1zed to be a receptor for

some hormone or other phys1o1og1ca11y important 1ligand.

While the "PB-type" and "3MC-type" inducers still const1tute the two maJor Q;»'“"

categories of inducers, it is . now recogn1zed that a number of other types .
exists, each characterized by:increased levels of a dfstinct épectrum of i ozymesi
of cytochrome P-450 and otner enzymes.. It is a]so apparent that a number. of ‘
compounds share some of the,character1st1cs of more than one group and cannot

be strictly classified. Techn1ca1 mixtures of po1yha1ogenated b1phenyls (PCBs *f;
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and PBBs), for example, exhibit characteristics of both PB- and 3MC-type inducers
(Alvares et al., 1973), probably dué‘to‘the*presence in the mixtures of a
number of isomers representing each type.

In addition to inducing a charactéristic spectrum of isozymic foris of
cytochrome P-450, many of thé inducers also result in enhanced titers and
activities of other enzymeé ihvo]ved in fokeign-&ompound metabolism. While
these have not been well documented, they include epoxide Hydratases, glutathione
(GSH)—S-transferases:and several of the transferases (UDP-transferases, sulfo-
transferases) associated with secondary conjugation reactions (Jacobsen et al.,
1975; Lucier et al., 1975; Ecobichon and Comeau, 1974). It has been suggested
that, 1ike cytochrome P-450, these enzymes may also exist in multiple isozymic
forms and that different inducers may enhance the activity of specific isozymes
with a characteristic range of substfate specificities.

b. Metabolism pf thyroid hormones--The 1iver not only constitutes a target

tissue for the thyroid hormohes but is also an organ responsible for the metabolic
inactivation of the hormones and their elimination from the bddy. About half

the T4 elimination from the body of the rat occurs via the bile, whereas in

humans only about 10 to 15 percent is lost in this way (Oppenheimer, 1987).

While there appear to be quantitative differences in the relative rates of
elimination of Tg and T3, it is probable that both are excreted by a qualitatively
similar mechanism. The major pathway of elimination involves conjugation of

the phenolic hydroxyl group of T4 with glucuronic acid ahd biliary excretion of
the resulting glucuronide (Figure 1) (Galton, 1968; Bastomsky, 1973); sul fate
conjugates may also be produced and excreted. On entering the intestihe a

portion of the conjugate may undergo hydrolysis by intestinal bacteria to

release free thyroid hormone that may be reabsorbed into the circulation; this

process is referred to as enterohepatic circulation. Unhydrolyzed conjugate
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cannot be reabsorbed and is excreted in the feces {Houk, 1980).

c. Effect of inducers on thyroid function and morphology-~

(i) PB-type inducers. Initial reports on the goitrogenic effects of a number

of PB-type inducers in both birds and rodents began to appear in:the wid~ to late

1960s. Modest to substantial increases in thyroid weight were réported fn.rats

treated with phenobarbital (Japundzic, 1969; Oppenheimer et at., 1968) and x

isomers of DDD (Fregly et al., 1968}, in pigeons treated with p,p'-DDE (Jefferies |

and French, 1969), p,p'-DDE or dieldrin (Jefferies and French, 1972) énd in

bobwhite quail exposed to p,p'-DDT or toxaphene (Hurst et al., 1974}). ChTordané,

another chlorinated hydkocarbon, enhianced thyroid function and caused hepatic

accumulation of 1251-T4 in rats (Oppenheimer et al., 1968). Histblogﬁcal

examination of the thyroids of treated animals typically showed‘afreduction in

follicular colloidal materfal and increaseé cettular basophilia ahd'hyperplasfg

(Fregly et al., 1968; Jefferies and French, 1972), and it was notgd.bygée?era?

workers that these changes were similar to those occurring in FeSponsé to

increased circulating levels of TSH. Support for the effect being & fésponse

to increased TSH, rather than a direct effect on the thyrofd, ts found Tnw

studies demonstrating that the goitrogenit respdnse of the thyroid to phenobarbital

could be prevented by‘hypophysectomy‘or‘the adﬁfnistratioh of T4 (dapundzic, 1969)..
The effects of PB-type inducers on thyroid function are now kﬁown to be

quite complex and to involve a number of factors retating tO‘thevdiéﬁ}fbﬁtiom,

tissue binding, metabolism, and excretion of thyroid hormones. Animals treated E 'v§

with phencbarbital show increased hepatocellular binding of Ty combined Qith

enhanced biliary excretion of the hormone (Oppenheimer et aF.; 1968; 1971). In

intact rats, these changes simply resuft from an increased rate of turnover of

Tgq that is compensated by release of TSH and enharced thyfofdaT secretion of
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new hormone. As a resu]t no change in serum prote1n-bound iodine (PBI) is

.observed fo]10w1ng treatment with phenobarb1ta1 (Oppenhe1mer et al., 1968). In
"thyro1dectom1zed rats, however, phenobarbita]'reduces‘serum PBI and also reduces
~the hormonal. effects of adm1n1stered T4 (0ppenhe1mer et a]., 1968; 1971) The

‘abilwty of phenobarbital to reduce c1rcu1at1ng Tevels of exogenously supplied

Tq in a human hypothyro1d pat1ent has been reported. The major factors leading
to enhanced turnover of T4 in énima]s treated with PB-type inducers seem to be'r
increased hepatocellular binding due mainly to proliferation of the endoplasmic
reticulum (Schwartz et al., 1969) and a modest increase in bile flow that
enhances the overall rate of bi]iary‘clearance‘(Oppenheimer et al., 1968).
Phencbarbital (Oppenheimer et al., 1968) and DDT (Bastomsky, 1974) cause only
minimal increase in biliary Ta eXcretion, and in rats treatéd with DDD isomers,
fecal excretion of 1311-T4 wés not obsérved uﬁti] 24hr. after hormone treatment
(Fregly et al., 1968). While DDT slightly enhaﬁced the proportion of biliary
125, present as T4 glucuronide, neither PB nor DDT (Bastomsky, 1974) are r‘epor‘ted
to have s1gn1f1cant effects on the rate of g]ucuron1dat1on of Tg.

Several studies have been conducted on the effects of PB-type inducers on

thyroid hormone status in healthy human vo]unteers or in patients on different

vdrug‘regimens, Drugs studied include phenobarbita], carbamazepine, rifampicin,

and phenytoin (diphenylhydantoin). Most of the studies report decreased serum
levels of Ty (both protein-bound and free) (Rootwelt et al., 1978; Faber et

al., 1985; Ohnhaus and Studer, 1983), but reports vary on the changes observed

in serum levels of T3 and rT3 depending on the'type and concentration of the

inducer employed. Ohnhaus and Studer (1983) observed a relationship between
increasing levels of microsomal enzyme induction and decreasing serum levels of

T4 and rT3 in healthy volunteers treated with combinations of antipyrine and

| rifampicin. An effect was only observed, howevek, at induction levels that
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decreased the hal f-1ife of antipyrine by more than 60 percenﬁ. Induction of -
hepatic enzymes is apparently only one of several mechanisms through which
diphenylhydantoin can reduce circulating levels of Tq (Smith and Surks, 1984).

Other possible mechanisms by which diphenylhydantoin might adt include serumv‘ .
protein displacement of the thyroid hormones, effects on the binding and bio]dgicaj -
activity of T3, and even effects on hypothalamic and pituitafy regulation of | .
TSH. Despite significantly decreased serum levels of T4, there seem few reporfs |
of humans being placed in a hypothyroid cbndition as a result of treatment with g
drugs that induce liver micrqsoma] enzyme activity. An exceétion_is the observation
that persons being maintained on exogenously supplied thyroid hormone become
hypothyroid when given diphenylhydantoin or phenobarbital unless their thyroid

hormone doses are changed (Oppenheimer, 1987). Furthermore,?TSH levels never

change significantly from those observed in the controls.

(i) 3MC-type inducers. The effects on the thyroid of 3MC-type hepatic enzyme

inducers (polycyclic aromatic hydrocarbons, TCDD, etc.) are perhaps the best
understood of the compounds under discussion. A major'mechanism involved seems
to be the induction of the T4-UDP-glucuronyl transferase that constitutes the -

rate-1imiting step in the biliary excretion of T4 (Bastomsky, 1973). The effect S

is particularly well illustrated with reference to a variety of thyroid hormone o
parameters 9 days after treatment of rats with a single dose of 25 ug/kg TCDD
(Bastomsky, 1977a). Biliary excretion of 1251 (during the first hour after

.\"‘) ‘

injection of 125I-T4 and the biliary clearance rate of plasmé 125i;T4 were
increased about 10-fold. Somewhat unexpecied]y, the biliary excretion of T3 was
unaffected by TCDD. As a direct consequence of these changes in hétabp]ism aﬁd'
excretion, serum Ty concentrations (butrnot those of T3) were reduced to half
those in controls. Other workers have reported deéreqsea serum T4 conéentré-

tions following TCDD treatment (Potter et al., 1983; Pazdernik and Rozman, 1985;
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Rozman et al., 1985). TCDD treatment also elevated serum concentrations of

TSH and, as‘a }esu1t, produced thyroid goiters (measured by elevated thyroid
weight) and enhanced 1311 uptake by the thyroid. There are conflicting reports :
"as to whether TCDD enhances bile flow (Bastomsky, 1977a; Hwang, 1973) but this
‘”‘does not seem to be a major factor in itsngitrpgenic actioh.,

“While TCDD is én unusually potent inducer of UDP-g]ucurony1 transferases,
it appears to be at least somewhat similar to compounds such as 3MC (Bastomsky
~and Papapetrou, 1973; Newman et al., 1971), 3,4-benzo[alpyrene (Goldstein and
Taurog, 1968), and the po]ychﬁokinated and polybrominated biphenyls (PCBs and
‘PBBs) (see below) all of which .have been shown to enhance the biliary excretion
of Tg at 1ea$£ partly by increasing the formation Qf T4-glucuronide. TCDD did
not uniformly increase hepatic UDP-glucuronyl transferase activity towards‘a11
substrates; it enhanced activity towards Eénitropheno] but not towards testosterone
or estrone. Its effect on the Thftransfekaseaddes not seem to have been
investigated.

Recently, some investigators have suggested that the explanation for the
‘interactions of TCDD with thyroid hormone ]evé1s is that T4 and TCDD have
common molecular reactivity properties that might allow them to react with the
same receptors (McKinney et al., 1985a, b). ‘Indeed, McKinney and his co-workers
consider that many of the‘toxic effects of TCDD result directly from its action
as a thyroxine agonist. This theory contrasts with the views of Poland's group
(Poland and Knutsen, 1982) that TCDD toxicity segregates with the Ah locus and
jnvolves TCDD binding to the cytosolic receptor. Moreover, McKinney's views
are not consistent with recent experimental results (Potter ét al., 1986), and
the entire area fequires more research attention.

(iii) Mixed-type. Perhaps as a result of their widespread contamination of

the enviromment and their well documented occurrence in human foods, the
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toxicological properties of PCBs and PBBs have received considerable attention
(Kimbrough, 1974). |

Daily feeding of commercial mixtures of PCB (Aroohlors)‘or PBB (Firemaster)
to rats (5, 50, and 500 ppm) led to striking dose- and time-dependent histo1ogiééto‘
changes in thyroid follicular cells (Collins et al., 1977; Kasza et al., 1978). oi

These changes included increased vacuolization and accumu}atﬁon of colloid

droplets and abnormal 1ysosomes with strong acid phosphatase activity in fo11icTeoorf -

cells. Microvilli on the lumen surface became‘fewer in number, éhortened and
irregularly branched, and Golgi bod1es were smal]er, at h1gher exposures |
mitochondria were swollen with disrupted cristae. It has been suggested that

the combined presence of an abnormally large humber of colloid droplets and
lysosomes in the fo]]1cTe cells m1ght.1nd1cate 1nterference with the norma]
synthesis and/or secretion of therTd hormones (e.g., cleavage of active thyrox1ne f‘
from thyroglobulin). PBB. has been found to accumu]ate preferentia]Ty in the | _;'"
thyroid following 20 days of treatment and was still present 5 months after ”
administration (A]len—RowTandslet al., 1981), Sequestration of PBB in the

thyroid might indicate binding to thyroidal macromo]ecu]es,jond.%t has beeﬁf
suggested that PBB might interfere with‘%he orgaoificatfon of iodide by peroxiTV.
dase. More work in this area is needed. |

Instead of compr1s1ng a single Iayer of cuboidal or 1ow columnar ep1the11um

the fo]11cu1ar cells of PCB-treated an1ma1s became more coTumnar with mu1t1p1e
Tayers and hyperplastic papiliary extens1ons into the colloid. S1m11ar fo111cu1ar
cell hyperplasia has been reported in other chronic (Norris;et al., 1975) and :
subchronic studies (Sle1ght et al., 1978) with PBBs. The hﬁstoTogicaY'changes;'jvt:
which are similar to those observed in an1maTs treated with TSH (Seljeld et al.
1971), were accompanied by substantially decreased (>three~fotd) serum:thyrox1ne;‘u

Jevels in PCB-treated rats (Collins et al., 1977). Residua}.effects were
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observed 12 weeks after term1nat1on of exposure probably ref]ect1ng the persis- :
tent nature of the PCBs However, 1t 1s 1mportant to note that even 1n animals
exposed to the highest doses of PCBs, both the hlsto1ogica1 and funct1ona1
abnormalities were reversible and were m1n1ma1;35 weeks after cessat1on‘of
treatment | | | ‘ | o |

. The search for a mechanistic exp]anat1on of PCB- or PBB 1nduced thyroid
hyperp1asia has focused on the biochemical events occurrTng on exposure to

‘these compounds. Direct effects‘on the thyroid cannot be discounted, and

~ recent evidence suggests that disturbances in thyroid hormone synthesis and

distribution may occur fo]1ow1ng long-term adm1n1strat1on (Byrne et al., 1987).

More work is needed in thlS area. However, most attention has been given ‘to

per1phera1 effects that mod1fy the d1str1but1on metabolism, and excretion of -

thyroid hormones and as a consequence may cause thyro1d hyperplas1a 1nd1rect]y

through activation of the normal feedback mechanism invo]ving TSH. Thyroid
parameters changed fo]]ow1ng short-term ora] or cutaneous adm1n1strat1on of

PCBs to rats have been exten31vely studied by Bastomsky and co-workers (Bastomsky,

1974, 1977b; Bastomsky and Murthy, 1976; Bastomsky et al., 1976) and include:

(a) Increased biliary excretion (about five fold) and‘bi1e:p1asma ratio
{about 12-fold) following injection of 125I-T4.

(b) Increased biliary clearance rate of pTasma 12514T4 more than 20-fold.

(c) Modest increase in bile flow (less than tmo‘fo1d).

(d) Decreased total serum and free T4 concentrations.

(e) Increased 1311 uptake by thyroid.. | o

It is apparent from these data that PCBs have effects that are similar to

both "PB-type" and "3MC-type" inducers. PCBs are reported to be potent inducers

of liver T4-UDP-glucuronyl transferase‘(Bastomsky and Murthy, 1976) and, as

with the "3MC-type" inducers such as TCDD, this undoubtedly accounts, at least
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partially, for the increased biliary excretion of T4. On the othef hand, PCB
also displaced the thyroid hormones from their binding prqteins in the serum
(Bastomsky, 1974; Bastomsky et al., 1976), an effect usually associated-more

with "PB-type" compounds. Because of its PB-like activity, it is also poss1b1e
that PCB enhances hepatic binding of T4. It may be a comb1nat1onAof the inductlon
of T4-UDP-glucuronyl transferase and the displacement from-serum.b1nd1ng-protetns
that lead to such high‘bile-plasma ratios of Ta fo11owing PCB‘tredtment* much. -

smaller T4 bile:plasma ratios are observed with compounds like salicylate that

effect displacement but not enzyme induction (Osorio and Myant, 1963). Converse1y;'

the effects of changes in binding proteins on metabolism of thyroid hormone
under steady-state conditions do not seem to have been studied, and at least
some arguments can be mounted that would suggest that no change ﬁﬁ metabo]isﬁv
would occur under those conditions. | ,

PCBs are reportedly quite specific in their ability to sé]ective1y induce
different isozymes of UDP-glucuronyl transferase. Thus, in additioh‘to.inducihg
the glucuronidation of T4, the PCB-induced isozyme(s) will a1so enhanée activity
towards p-nitrophenol (Ecobichon and Comeau, 1974) and 4-methylumbelliferone o
(Grote et al., 1975); PCB did not enhance the g1ucuronidat10n‘of bilirubin,
however (Bastomsky et al., 1975). j |

The effects of PCB treatment on circulating levels of T3 are c1ear1y
different from those of Tq. It has been suggested that since T3 is more active.
than T4 and because 1t is generated peripherally by 5'-monode1od1nat10n of Ty,

T4 may be serving simply as a prohormone. It is now general]y accepted however,v
that T4 does have intrinsic hofmonal activity. It is of cons1derab1e 1nterest to
note that, in contrast to the case with Ty, treatment of rats with PCB does not
result in any marked change in total serum or free concentrations of T3, While

this may result from a number of different factors'(Bastomsky et al., 1976),
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no completely satisfactory explanation has yet been proposed. There is some

suggestion that the relatively constant circulaiing levels 6f~T3 might be due
to enhanced thyroidal secretion and enhanced peripheral conversion of Tg or T3
in response to the PCB-induced hypothyroidism.

In summary, in addition to possible direct effects on the thyroid, mixed-type

inducers such as the PCBs and PBBs have\seVera] effects that, either alone or

~in combination, reduce circulating levels of the thyroid hormones and cause the

pituitary to release TSH. These are:
(a) Induction of T4—UDP-glucurony1 transferase,
(b) Displacement of T4 from serum proteins, and
(c) Increase in bile flow.

3. Other chemicals and treatment combinations

In addition to those chemicals that act directly upon the thyroid gland to
inhibit the synthesis of fhyroid hormone or act distal to that site to enhance
thyroid hormone metabolism and removal from the body (see Section VI.B. for some
other agents active in humans), there is a small group of compounds that have
produced thyroid tumors in experimental animals that do not share these
characteristics. Also, several investigations have indicated that combined-
treatment regimens are associated with thyroid carcinogenic responses in excess
of that producéd by either single treatment alone.

a. Other chemicals~--A few compounds have been identified that produce thyroid

tumors that are not known to influence thyroid-pituitary status {see Hiasa et
al., 1982), two of which are N-nitroso compounds. Rats given eight fnjections
of N-methyl-N-nitrosourea (NMU) over a 4-week period developed thyroid tumors by
week 36 without any development of goiter (Tsuda et al., 1983). Likewise,

there was no evidence of diffuse follicular hyperplasia in rats given a single

~ dose of NMU and observed at 33 wéeks,‘even though some animals had thyroid
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neoplasms (Ohshima and Ward, 1984). In a simiiar way, y;bis(z—hydroxypropyl)—
nitrosamine (DHPN) administration for 8 weeks led to thyroid tumors\by 20 weeks
without any increase in thyroid weight (Hiasa et al., 1982); this observation
was confirmed in a second laboratory (Kitahori et al., 1984). Bothvnitrosamihes
produce tumors at sites other than the thyroid. |

The nitrosamines are a notorious group of compounds as tb their potential

to produce carcinogenic effects in multiple species following metabolism to

reactive intermediates. Many are genotoxic in multiple test éystems for different .

end effects.

b. Combined-Treatment Studies--Although goitrogenic stimuli that increase TSH
levels (e.g., amitrole, phenobarbital, iodine deficiency) are known to induce
thyroid hyperplasia and neoplasia alone, many experiments have demonstrated an
enhancement of the neoplastic response when these treatments ére combined with
other exposures. Thus, when animals are first exposed to gendtoxic physical |
agents (i.e., 1311 or X-rays) or chemical substances (e.g., cértafn.nitroso
compounds, 2-acetylaminofluorene) fo]]owgd by a goitrogenic stimulus, carcinogenic
responses (e.g., incidence of tumor-bearing animals, mu]tip1i¢ity of tumors per
animal, 1ncjdence of malignancies, and tumor latency) are gre&ter thaﬁ following
single treatments alone (see Appendix A).

Some have likened this response in the thyroid to the initiatﬁon-promotion
(two-step) phenomena originally described for mouse skin. In that case, treatment
with the first agent (initiator) confers a permanent change in celis, such'théﬁi
exposure (usually prolonged) to the second agent (promoter) results in\neop]asmsg
reversal of treatments is ineffective‘as to tumor production. Over time it has
become generally recognizedvthat carcinogenesis is a multistep process tﬁat
usually includes an initiation step as well as a promotional phase (0STP, 1985).

The thyroid combined-treatment studies are consistent with the concepts of
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'.initiation -promotion. The genotox1c agent m1ght permanently alter the thyro1d‘

ce11 so that its accentuated growth under a go1trogen1c stimulus would result

'”‘ in neop1asms;, Also cons1stent w1th this notion is the f1nd1ng that the effect
‘. of the 1n1t1a1 treatment in the thyro1d is long- 11ved Rats can be - treated
\w1th 4—methy1 -2-thiouracil (promoter) after intervals of t1me at least up to
. 18 weeks after exposure to 2—acety1-am1nof]uorene (1n1t1ator),and still go on
.~ to show enrenhanced neoplastic'respense (He11 e1948) On the othek hand,

“protocols emp10y1ng treatment w1th ‘the "promoter" before the "1n1t1ator have

not been conducted for the thyro1d Thus,vthe correspondence of effects in the
thyroid to those in the classical two- stage model are not established, (although

they are testable).

‘¢. Summary--Both physical and chemical agente have been implicated in thyroid

carcinogenesis. Ionizing radiation remains the only confirmed carcinogenic
agent for the human thyroid, an observation corroborated in experimental

animals. Laboratoky_research has demonstrated that many substances can directly

~ interfere with the synthesis of thyroid hormone (e.g., certain inorganic

substances, thionamides, aromatic amines). Under conditions of reduced thyroid
hormone levels, the pituitary increases TSH'stimu]ation of the thyroid, which
Teads to a predictab]e set of responses including cellular hypertrophy and
hyperplasia, nodular hyperplasia, and, finally, neoplasia. Pituitary tumors

are also sometimes increased, seemingly due to the increased pituitary stimulation

“resulting from lowered circulating thyroid hormone levels.

Direct thyroidal effect is not the only way chemicals produce reductions
in circulating thyroid hormone. Enzyme inducers increase the removal of thyroid
hormone from the blood which, in turn, results in stimulation of the pituitary
gland to secrete more TSH. The result, again, of ]ong—term exposure is hypertrophy,

hyperplasia, and eventually neoplasia. Only a limited number of chemica]s have
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produced thyroid follicular tumors in animals in the absence of some
antithyroid effect.
C. STRUCTURE-ACTIVITY RELATIONSHIPS

1. Chemicals producing thyroid neoplasms in énimals

One means of testing hypotheses concerning the mechanism of follicular ce1f
thyroid carc%nogenesis is‘to review those chemicals known to produce such
neoplasms in experimental animals. The NCI/NTP data base is a vé1uab1e soukce
of information because it consists of about 300 chemicals thét have been subjéct‘l_
to a somewhat standard protocol in certain strains of rats and mice. Although
about half the chemicals tested have shown neoplastic effects at one or‘hOre
anatomical sites, only 21 chemicaTs have been associated with the deve1opmeht
of follicular cell neopTasms of the fhyroid (Table 2).

These 21 compounds were not representative of the spectrum of cTasses of
chemicals that»weré tested in the bioéssays. Instead there was an overabundance
of chemicals in structural classes that are known to influence thyroid hormone
status. Over half of them (13 of 21) are either thionamides (3) or aromatic |
amines (10), two chemical classes that have often been linked with antithyroid;‘”f

activity primarily due to peroxidase inhibition. The bulk of the kemaining‘

chemicals (7 of 21) are comb1exAha1ogenated hydrocarbons; members of this class == =

are often inducers of microsomal enzymes, and at least some are known to increase
the clearance of thyroid hormone from the btood. The remaining chemical, an |
organophosphorous compound, is not from a group typically Tinked to effecté‘On
the thyroid. Thus, in 20 of 21 instances, there ié some basis to think fhat_
thyroid neoplasms may be related to a reduction in thyroid hormone with concomitant
increase in pituitary stimu]ation:of the thyroid through TSH. |

Although most compounds producing thyroid neoplasms are members of specific

chemical classes, not all members of those groups have been shown to produce
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CHEMICALS IN THE NCI/NTP. BIOASSAY PROGRAM SHOWING AT LEAST SOME

EVIDENCE OF THYROID FOLLICULAR CELL NEOPLASIA

Thionamides

N,N'-didyc]ohexy]thioufeé‘
N,N'-diethylthiourea
trimethy1thiourea

. Aromatic Amines

a. Single ring

3-amino-4-ethoxyacetanilide
o-anisidine hydrochloride
2,4-diaminoanisole sulfate
HC Blue No. 1 :

- b. Bridged‘doub1e rinqs

4,4' -methy]eneb1sLN N-dimethy1)benzenamine
4 4‘—methy1ened1an111ne d1hydroch1or1de

4 4'-oxyd1an111ne

4,4"-thiodianiline

c. Miscellaneous

C.I. Basic Red 9 monochloride
1,5-naphthalenediamine

Compleera]ogenated Hydrocarbons

aldrin

chlordane

chlorinated paraffins (C1p, 60% chlorine)
decabromodipheny1 oxide
2,3,7,8-tetrachlorodibenzo-p- d1ox1n
tetrach]orod1phenv1ethane (p, p '-DDD)
toxaphene

~ Organophosphous Compounds

azinphosmethy1l
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such tumors. For instance, among the thionamides tested by NCI/NTP,
N,N'-dicyciothiourea, N'-diethylthiourea and trimethy1thiourea yielded
positive thyroid effects whereas several others did not (see Table 3).

It, therefore, seems reasonable to postulate that while a thionamide
structure increases the chance that a chemical will produce thyroid tumors in

long-term animal tests, structure alone is not sufficient in itself to generate

such activity. The same is true for certain aromatic amines (see Section V.C.2.b.).

2. Antithyroid activity and thyroid carcihogenesis

Given that many of the chemicals producing thyroid tumors in the NCI/NTP
series come from chemical classes known to produce ant1thyroid effects by
inhibition of thyroid peroxidase, a review was made of specific thionamides and
aromatic amines to see if antithyroid activity was a prerequﬁsite for thyroid
carcinogenic activity. The hypothesis was borne out for thejthionamides and at
least some of the aromatic amines. _ |

Generally, the criteria for‘se1ecting the specific chemﬁca1sfrequired thaf
they had been (1) tested for animal carcinogenicity (NCI/NTP or IARC review),
and (2) evaluated for antithyroid activity. However, in some caées a chémica1‘_‘
had been studied for carcinogenicity, but not antithyroid activity. In those “
cases, structurally related compounds that had been tested for antithyroid
activity were chosen to act as surroééte indicators of a compound's antithyroid‘
potential. o

Antithyroid activity has been measured for a number of chemicals in rats
and, to some extent, in humans. For rats, chemicals wefe adminiéteréd ora]l}i |
at different doses for 10 days. Todine concentrations in the thyroid were |
measured, and from the dose—response‘CUrVé the dose that reduced the iodine
concentratlon to a standard 1eve1 was estimated (EDc). For éomparison the

dose of thiouracil (a we]l stud1ed antithyroid agent) that reduced iodine
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TABLE 3. THIONAMIDES NEGATIVE FOR THYROID NEOPLASIA IN NCI/NTP STUDIES

 C

1. 2,5-dithiobjurea

NHy

2. lead dimethy1dithiocarbémafe’

o

_N(CH3)2

N

3. 1l-phenyl-2-thiourea

S =

()
C

P +2

4. sodium diethy]dithioéarbamate

r-‘

_N(C2Hg)2
¢ _
Ng

Nat
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6. tetraethylthiuram disulfide
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concentration to the same level was also estimated (EDt). Antithyroid activitiy’
was expressed as the ratio of the estimated dose of thiouracil relative to that -
for the chemical (EDt/EDc),‘where thiouracil (in this review) is given a value

of 100 (Astwood et al., 1945; McGinty and Bywater, 19453, b).

i

For humans, antithyroid activity for a chemical was again measured against . .

the effects of thiouracil (value = 100 for this review) (Stan]ey & Astwood, -
1947). Subjects were given 1311 by mouth, and iodine in“the‘thyroid was monitoréd
externally by Geiger—Mu11er measurement After 1 to 2 hours, th@ chemical was
given orally, and the 1nf1uence of the. agent on the further t1me course uptake

of radioactivity into the gland was evaluated. The degree to which accumulat1dn

was affected was graded depending upon the completeness and duration of inhibition.

Usually chemicals were studied at two or more‘doses
(a) Thionamides--For the heterocyclic: th1onam1des there is strong support for

the premise that there may be a correlation between a chem1ca1 s ab111ty to

induce thyroid tumors and its ability to 1nh1b1t 51gn1f1cant1y 1od1ne 1oca11zatidﬁ |

in the thyroid of rats and humans (Table 4A). For the thiourea- 11ke th1onam1des -
(Table 4B), namely thiourea, trimethylthiourea, and N,N' d1ethy1th1ourea |
relative antithyroid activities of about 10 or more were assoc1ated w1th thyro1d
tumor induction. In keeping with a corre]at1on between these effects, 2 5-di-
thiobiurea and tetraethylthiuram disulfide (with its structural ana]ogue,
tetramethylthiuram disulfide) both 1acked antithyroid activity and did not

produce thyroid neoplasia. | | '

On the other hand, two other chemicals in the series of thiourea-like
compounds need clarification. 1In the case of l-phenyl—z-thiourea, a relative
antithyroid value of 14 was found in rate, but the 1ongftenmnNCI study in rats
and mice was negative fon thyroid tumors er thyroid hyperplasia. " There was an

absence of any toxic man1festat1ons in dosed rats in the 1ongterm study and a
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 TABLE 4A. THIONAMIDEsb RELAIIONSHIP BETNEEN ANTITHYROID ACTIVITY
L ' N AND THYROID CARCINOGENICTY o : :

_ETfﬁ— CLI 0 NDS

€

T Re]at1ve = SRR T  a/
.Anth1thyro1d Act1v1ty . Neoplasms
(thiourac11 00) ‘
— <7 kg
_rat . human thyroid other sites
ABH T rat mouse
.J ,2—thioUrdc11‘ | ‘ lOO ' o100 v'f.+ % . mouse-liver
Pl M
S v=“c\ _CH
NH,_‘C >
6-methylthiouracil 100 . 100 JA‘;, A‘+5‘ 4 ‘mouse-liver and
‘ S B ST , o pituitary
‘ - _CHj3
M -cl
S=C e
N
~0
6-h—propy1thiouraci1 o 1109 ) - 5 75 _"‘, + + mouse-pituitary
C3H7
M- e
S=0C ’//CH
SN - C T
. ~0
4. ethylene thiourea 40 - 50 + d/ mouse-1iver
S=¢C l o
SNH - CHo |
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TABLE 4B. THIONAMIDES RELATIONSHIP BETWEEN ANTITHYROID ACTIVITY
AND THYROID CARCINOGENICTY

THIOUREA DERIVATIVES

Relative | " af
Antithyroid Activity Neoplasms
(thiouracil = 100) .
rat human thyroid - other sites -
b/ e/ ‘ . - ‘
ABH  MB '~ rat  mouse L
1. thiourea 12 9 100 + + rat-Tiver, ?‘heafd],'
: face
mouse-skull
~NH2 ~
S=¢C :
N NHo
2. trimethylthiourea 10 n n * - . -
N-{CH3)
s 372
S$=¢C '
“NNH-CH3
3. N,N'-diethylthiourea 40 47 n ¥ . -
_ C/NH-Csz
SNH-CH g
4, 2,5-dithiobiurea 1 n N - - ) - o
I
NH
s=¢7
P
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TABLE 4B. (continued) -

Relative

, ' o o . al.
Antithyroid Activity B - Neoplasms™
(thiouracil = 100) o .
R L7 7 A
rat’ human g . thyroid other sites
v SN el T T T
. . : - ABH  MB ‘ - rat mouse
‘1 ‘5.'WUWNMNtMumm‘ n on n B } - -
' ‘ disulfide
_ AlCH5)2
s
|
S
s=c"
SN(CH5),
'6. tetramethy1 thiuram ‘ ‘ o o '
disulfide , I 1 n: n ... .mn n n
=C\
S
|
S
s = ¢
N(CH3)2
7. 1l-phenyl-2-thiourea . n 14 n. - 7’ - -
x /NH<0 >
o S =‘c\\‘
. NH 2
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TABLE 4B. (continued)
Retative a/
Antithyroid Act1v1ty Neoplasms
(thioracil = 100} : v'
</ 57 : —
rat human thyroid other sites
b7 e/ 7 AL
ABH  MB rat mouse - e
8. N,N'-dicyclohexyl- -
thiourea n n n + - - RS
e,
s=¢7
)
9. 1,3-diethyl- : -
1,3-diphenyl 1 n n n n n

thiourea

KEY:

a
b
c
d
e
f
n

- from IARC reviews
- Astwood et al., 1945

- Stanley and Astwood, 1947

- Mouse study did not examine thyr01d

- McGinty and Bywater, 1945a

b =Y

- from NCI studies, except thiourea (IARC review)

- not tested
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1“ question whether a max1mum tolerated dose had been used In add1t1on, after 78
Aweeks of chemical adm1n1strat1on dosed an1ma15 were observed for an additional

. 26 weeks in rats and 13 weeks 1n m1ce before sacr1f1ce S1nce thyroid hyperp]as1a -
s oftent1mes revers1b1e, 1t is poss1b1e any- 1es1ons produced by dos1ng may -

'have regressed dur1ng the observat1on per1od Other 1nves;1gators have reported

thyroid hyperplasia after 6 weeks of phenylthiourea administration to rats

(Richter and Clisby, 1942) indicating that the chemical may induce thyroid

neoplastic effects under certain conditions. Further work on this compound may

‘bear this out.

In the second case, N,N' -d1cyc1ohexy1th1ourea showed increased incidences
of thyro1d follicular hyperp]asia in dosed rats and mice in the NCI study, and

there were some increases in follicular cell carcinomas in male rats. Although

. ﬂ_y}-dicy]ohexylthiourea has not been tested for .antithyroid activity, its

' structura] analogue, 1 3- d1ethy1 1 3- d1pheny1 th1ourea failed to show s1gn1f1cant

ant1thyro1d effects in the rat.

(b) Bridged double ring aromatic amines--Like the thionamides, certain aromatic

amines with double rings attached by a sfmp]e'ether-like bridge, show a correlation
between ant1thyro1d act1v1ty and thyroid carc1nogenes1s (Table 5). 4,4'-Methyl-

ened1an111ne 4,4'-methylenebis (N,N' d1methy1)benzenam1ne and 4,4'-thiodianiline

~ (chemicals no. 1 through 3, respect1ve1y) show both attributes, and a]though

4,4'-oxydianiline (no. 4) has not been tested for antithyroid activity, it has

close structural similarity with the other three chemicals and also produces

thyroid neop]esms. In keeping with its potentia]ifor antithyroid effects,
chemical no. 4 produced increases in the number of TSH-secreting cells in the
pituitary in rats following chronic administration (Murthy et al., 1985), and
both chemicals no. 4 and no. 1 produced thyroid en]argementé in the NCI 90-day

prechronic studies. A1l of these observations--antithyroid activity, thyroid

65




TABLE 5. AROMATIC AMINES RELATIONSHIP BETWEEN ANTITHYROID ACTIVITY AND
THYROID CARCINOGENESIS
. a/
Bridged Double Ring Compounds Relative Antithyroid Neoplasms
Activity - .rat thyroid other sites
(thiouracil =100) rat  mouse o
o ’ &
1. 4,4'-methylenedianiline c/ :
dihydrochioride 25 N + o+ _mouse-liver . -
crat-liver - »
()
2. 4,4'-methylenebis :
(N,N-dimethyl) c/ o :
benzenamine o 25 S % - mouse-liver
(m3)zn-@cug@u'(cn3),2
| 4/ o | -
3. 4,4'-thiodianiline : - 15 : : + + | .mouse-liver
o ' o rat-Tiver .
e Ty
4. 4,4'-oxydianiline . n %+ nouse-liver,
' R L S : ‘harderian..
: ‘ 1 gland. . .~
NH2—<:::>PO~<:::>-NH2 o ‘ S o rat-liver
: d/ R S
5. 4,4'-sulfonyldianiline S g o - - - rat-mesenchymal )

0
Il
R0 0%
2 g 2




TABLE 5. (bqntinued)‘

Relative Antithyroid -

Activity - rat

- _a_/
“Neoplasms

thyroid 'other sites

(thiouracil =100)

rat mouse
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. .Mich1er's ketone o n - - mouse-liver
“ . |
Il
v (D (e
| | | e/
4,4'-diaminodiphenylsulfoxide 12 n n n
-0
11
| NHZ-@S-< 0 )Ny
4,4' -methylene b1s
(2 -chloroaniline) / v . n - - mouse-1iver,
: . vascular
rat-liver,
Cl cl lung
4,4'-methylene b1s
(2-methy1an111ne) . n - n rat-liver .
CH3 CH3
KEY: @ ~ NCI/NTP b1oassay except for last two chem1ca1s in tab]e
b - IARC review of carcinogenicity
C - Astwood et al., 1945 v
d _ McGinty and Bywater, 1945b
€ - McGinty and Bywater, 1946a
n - not tested




enlargement in subchronic studies, and increases in the cell types of the pitditarylf;
that: secrete TSH--are consistent with the hypothesis that bridged ring aromatic |
amines induce thyroid neoplasms by reducing C1rcu1ét1ng thyroid hormone levels
and increasing TSH.

Other comppunds in this series show results that are hard to inﬁerpret
4,4'-Sulfonyldianiline (no. 5), which has an -S02-bridge between the r1ngs,,had
a low antithyroid value of 4 in rats and was negative for thyro1d tumors
Compound no. 6 with a -C(0)- br1dge was also negative for thyroid tumors.
Although chemical no. 7, which has an -S(0)- bridge was negative for thyroid
neoplasms, it was associated with an antithyroid value of 12 in the rat.
Antithyroid values in the 10 to 15 range have been Tinked with pbsitive thyroid -
tumorigenic effects for chemical no. 3 and some of the thionamidés, e#g., w
thiourea. Further studies on antithyroid acfivity may help tb cﬂarify'this
inconsistency: | |

It is also interesting to note that compounds structurally identical to
4,4'-methylenedianiline (no. 1) except for substitution on the rings in the
2,2'-positions (chemicals nos. 8 and 9) are negative for thyro1d tumors. It
vould be interesting to measure the1r ant1thyro1d activity.

In summary, for both the thionamides and'bridged doQb]e ring aromatic
amines there appears to be support'for conc1ﬁding‘that there is a good re1atfonsﬁip
between antithyroid activity and thyroid carcinogenesis, although further work
needs to be done to be able to interpretvsome results. It seems possible that
agents that are known to'inhibit thyroid hormone output may be‘pdtentfal thyroid-"'

carcinogens under certain experimental conditions.

(c) Characteristics of Single Ring Aromatic Amines——ManyVSing1e ring aromatic
amines have been evaluated for';arcinogenicity in experimental systems and have

shown positive effects'(01aySOn and Garner, 1976, Neisbukger.et al.,‘1978§,seé
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review by Lavenhar and Maczka, 1985) but only a few of them have produced
neoplasms in the thyrowd Of the s1ng]e r1ng compounds that have been tested

by the NCI/NTP (Appendix B), o- an1s1d1ne (no. 1), 2 4—d1am1noan1so]e (no. 2),

| 3-amino- 4 -ethoxy-acetanilide (no. 3), and HC B]ue No. l (no. 9) were the on]y

ones to produce thyroid neoplasms. Of these agents only 2,4-d1am1noan1so1e

produced thyroid tumors in all four species-sex categories; the others produced

such tumors in only one group.

The single ring aromatic amines have not‘beeh examined systematically as
to their antithyroid activity; therefore, these agents cannot oe analyzed as
to the relationship between peroxidase inhibition and thyroid carcinogenesis.
However, from a preliminary review of structural analogues that have been
tested for carcinogenicity (Appendix B), there is 11tt1e 1nd1cat1on that spec1fic

ring substitutions are influencing thyroid carc1nogenic potentia].

3. Genotoxicity and Thyroidrcercinogenesis

It has been genera]]y accepted by ihe SCientffio community that mutagenesis
plays a role in carcinogenesis. In the case of thyroid follicular cell tumors,
however, it has been suggested that a hormona1 feedback mechanism involving
increased output of thyroid stimulating hormone from the pituitary gland in
response to low thyroid hormone 1eve1s may be operating (Woo et al., 1985;
Paynter et al. 1986). Even though hormone imbalance may p]ayra ro1e in thyroid
carcinogenesis, it is important also to evaluate the mutagen1c potent1a1 of
agents causing these tumors.

This section explores the relationship between the induction of thyroid
neoplasms in rodents and their outcome on several short-term tests of genotoxicity.
If the hypothesis that TSH plays a significant role in thyroid carcinogenesis
is true, one might expect that‘chemica]s producing thyroid tumors in experimental

animals would not show genotoxic potential in ony predictable way. If, instead,
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thyroid carcinogenesis were 1arge1yvdue to chemical reactivity and not to
hormonal derangement, then thyroid carcinogens might be genotoxic agenté.

This review largely draws upon those compounds that were testéd in rats‘énd
mice for carqinogenicity by the NCI/NTP and produced thyroid neoplasms. |

Structurally related compounds that did not produce thyroid tumorsfare included

for comparison. The genotoxicity data on these chemicals are from the NTP, \ } 

much of which has not been published in peer-reviewed journa1$ andlat least
some of which could be considered preliminary in nature.

Chemicals are divided into structura] classes: thionamides, hﬁomatic
amines, and halogenated hydrocarbons. Thé NTP short-term test data on many
compounds are limited and, therefore, are hard to fnterpret. In order to get é
better appreciation of the spectrum of genotoxfc effects that may occur among
members of a chemical class, twb compounds, ethy]ene‘thiourea and 4,4'-oxydiani-
1ine, were considered in detail (using the open literature) as examples of
thionamides and aromatic amines, respectively. An example of the halogenated
hydrocarbon class was not included, since members of this group generally shbw‘
little indication of genotoxic potential. A third compound, amitrole, was also
included for detailed review; it does not beTong to any of the above chemical
classes, but it is recognized as being an inhibitor of thyroid.perbxidase as
are certain thionamides and aromatic amines.

(a) Thionamides--For the three chemicals tested by NCI/NTP that were positive

for thyroid tumors, the existing information gives 1ittle indication of significant~~

genotoxic potential (Table 6). O0f 14 chemical-test comparisons on these agents
for both gene mutation and chromosomal effeéts, there are only two p6sitive

responses. There appears to be s1jght1y more positive genotoxicity data in the'

case of thionamides that tested negative for thyroid follicular cell tumors (10‘, .

of 19 tests) than for those that tested positive. However, no firm conclusions }
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TABLE 6. = GENOTOXICITY DATA FOR THIONAMIDES

GENE - | CHROMOSOMAL

1; Chemicals PositiVe‘for Thyroid Tumors | MUTATIONS EFFECTS
- | sA | m | stRe | ca | scE
y)ﬂf-Dicyclohexy]thipureq vr“'- " - n - +
N,N'-Diethyl thiourea ir. - | + -] - -
‘ vTrimethy]thiourea | |  ; | - - - -

2. Chemita]s,Negative for Thyroid Tumors

1-Phenyl-2-thiourea o 1 - u n + +
2,5-Dithiobiurea - ‘ - l.n. n . +
| Tetraethylthiuram disul fide - + n + -
Sulfailate | : | t 1on n n n
Lead dimethy]dithiocarquate + u. - ‘+v +
Sodium diethyldithiocarbamate | - | + | & - | -

Symbols: SA, Salmonella reverse mutation;: ML, mouse Tymphoma L5178Y
cel1 thymidine kinase locus; SLRL, sex-linked recessive lethal in
Drosophila; CA, chromosomal aberrations in CHO cells; SCE, sister
chromatid exchange in CHO cells; -, negative result; +, positive
result; n, not tested; w, weak positive result; ?, equivocal
result; /, results from two or more laboratories; u, under test
by NTP. v
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can be made from this limited data set.

The genotoxicity of ethylene thiourea, a compound known to produce thyroid 

tumors, was assessed in greater detail (see Appendix C). A]thoughiit was
concluded from the journal articles that there is evidence for genotoxicity
when ethylene thiourea is supp]emenﬁed with sodium nitrite (Salmonella with
metabolic activation, in vivo cytogenetics, dominant lethal, micronucleus),"
presumably via‘the formation of N-nitrosoethylene thiourea, there'is'much less
evidence for the genotoxic potential of ethylene‘thiddrea itself. The cdmpédn&
shows 1ittie indication of‘gene mutation activiﬁy: negativevtb weakly pbsitive‘
effects in bacteria, négatiVe in‘Drosophi]é, and.conf]ictingiinfofmation in

yeast and mamrmalian cells in culture (negative in CHO cells and divergent

results in mouse lymphoma cells);‘ Chromosomal effects arevndt demonstrated in

cells of higher eukaryotes in culture or in vivo. DNA damage‘tests;showed
conflicting results in bacteria, yeast, and human cells in culture.

In contrast to the effects listed above, several thionamides are positiVe

for in vitro transformation. Thiourea, N,N'-dicyclohexylthiourea, and ethylene

thiburea have shown positive effects in Sy}fan hamster cells (SHE and BHK), and”

the first two also transformed rat embryo‘cé11s (Rauscher murine 1eukemia virus-

infected) (Heidelberger et al., 1983; Styles, 1981; Dahiel and Dehne1,11981),v f .“‘

However, these three chemicals and N,N'-diethylthiourea were reported negative

»y

in simian adenovirus-7 infected‘Syrian hamster and rat cells (Heide1bérger et .11:,

al., 1983). ‘
In sum, the lack of genotoxic effects noted with the thionamides that
produced thyroid tumors in the NCI/NTP studies is borne out by thé detailed

review of ethylene thiourea. There is Tittle indication of gene mutation‘or

chromosomal effects. There are conflicting results with the DNA damage testsv_f  

and in vitro transformation.
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~ (b) Aromatic amines--Unlike thionamides, the class of aromatic amines commonly

demonstrates genotoxic effects for both point mutations and chromosomal effects

(Tables 7, 8, and 9). This is the case for chemicals that produced thyroid

“tumors as well as for analogues that did not.:.

The genotoxic potential of 4,4'-0Xydiani1ine Was evaluated in more detail
using fnformation from the publishéd literature (Appendix‘D) to supp1emeht that -
generated by NTP (Table 3). It is conc1uded that it is a frame-shfft and
perhaps base-pair substitution mutagen in Salmonella that requires metabo]ic
activation for an effect to be noted. : In keeping with its mutagenic effects on
bacteria, 4,4'-oxydianiline also produced gene mutations, chromosome aberrations,
and sister chromatid exchanges (SCE) in cultured mammalian cells. However,

SCE are not increased in vivo, and two DNA‘daMage assays in vivo gave discordant

results. In vitro transformation studies were generally positive. 'Thus, the

analysis of 4,4'-oxydianiline confirms the suspicion from Tab]es 7 through 9

that aromatic amines are genotoxic agents.

(c) Complex halogenated hydrocarbons--For the class ofvha1ogenated hydrocarbons

there are a few scattered positive genotoxicity results (3 out of 16 chemical-
test comparisons among the agents producing thyroid tumors) (Table 10), although
many compounds have not beén“we]] characterized as tc gehe mutations and chromo-
somal effects. Other than toxaphene, all compounds are negative in the Salmonella
test. Structural analogues that have not produced thyroid tumors also show a
paucity of genetic responses (7 positives among 17 comparisons). No firm
conclusion can be drawn on these compounds because the data are limited but, in
general, it appears that complex halogenated hydrocarbons fail to demonstrate
much genotoxic potential.

(d) Amitrole--Amitrole has not been investigated by the NTP concerning its

carcinogenicity, but from other long-term animal studies, it is known to produce
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TABLE 7. GENOTOXICITY DATA FOR SINGLE RING AROMATIC AMINES-

GENE CHROMOSOMAL
MUTATIONS EFFECTS
1. Chemicals positive for Thyroid Tumors v , -

SA ML {SLRL CA SCE

3-Amino-4-ethyloxyacetanilide +/+ n - n v‘n B .
o-Anisidine hydrochloride + n n n n
2,4-Diaminoanisole sulfate +/+ | +/+ | n u U
HC Blue No. 1 : : + + - + o+

2. Chemicals Negative for Thyroid Tumors

p-Cresidine : +/+ | n n n n_
5-Nitro-o-anisidine S n {?2/-/2] n | n
p-Anisidine ' ;/; N n W +
2,4-Dinethyoxyaniliner | :

hydrochloride . : : + + n + +
m-Phenylenediamine K + n n + 4
p-Phenylenediamine hydrochloride | + +/+ | u + Lo+
2-Nitro-p-phenylenediamine + +/+ n % | +

SYMBOLS: SA, Salmonella reverse mutation; ML, mouse lymphoma L5178Y cell ‘ ‘,S  i,,

thym'aine kinase locus; SLRL, sex- 11nked recessive lethal in
Drosophila; CA, chromosomal aberrations in CHO cells; SCE, s1ster
chromatid exchange in CHO cells; -, negative result; :

+, positive result; n, not tested; w, weak positive reﬁu1t

?, equivocal result /, results from two or more 1aborator1es,

u, under test by NTP
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TABLE 8. GENOTOXICITY DATA FOR BRIDGED' DOUBLE RING AROMATIC AMINES

1. Chemicals Positive for Thyroid fumors

4,4'-Methylenedianiline
dihydrochloride

4,4'-Methylenebis (N,N-dimethyl)

benzenamine
4,4'-Thiodianiline
4,4'-0xydianiline

2. Chemicals Negative for Thyroid Tumors

Michler's ketone
4,4'-Sul fonyldianiline

Sul fisoxazole

o eENE CHROMOSOMAL |
__ MUTATIONS EFFECTS
sA |m | siRe | ca | scE
‘+7 | o+ n + +
- | +/+ n n n
+ | n n u u
+ + | n + +
+/+ ' +/+‘ n - -
-/ - n + +
-/= | + u - +

SYMBOLS: SA, Salmonella reverse mutation; ML, mouse 1ymphoma L5178Y cell

‘ thymidine kinase locus; SLRL, sex-linked recessive lethal in
Drosophila; CA, chromosomal aberrations in CHO cells; SCE, sister
chromatid exchange in CHO cells; -, negative result; +, positive

result; n, not tested; w, weak positive result; ?, equivocal result

/s results from two or more 1aboratories; u, under test by NTP.
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TABLE 9. GENOTOXICITY DATA FOR MI1SCELLANEOUS AROMATIC AMINES

GENE CHROMOSOMAL
MUTATIONS EFFECTS

B

Chemicals Positive for Thyroid Tumors
SA ML |SLRL | CA SCE

C.I. Basic Red 9 monochloride #7242 n | -] + SR

1,4-Naphthalenediamine .+ n n n | n

SYMBOLS: SA, Salmonella reverse mutation; ML, mouse lymﬁhoma L5178Y cell
thymidine kinase locus; SLRL, sex-linked recessive lethal in.

Drosophila; CA, chromosomal aberrations in CHO cells; SCE, sister
chromatid exchange in CHO cells; -, negative result; +, positive
result; n, not tested; w, weak positive resuit; ?, equivocal result;
/, results from two or more laboratories; u, under test by NTP.

g A
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TABLE 10. GENOTOXICITY DATA FOR COMPLEX.HALOGENATED HYDROCARBONS

TTGENE T CHROMOSOMAL ™
MUTATIONS " EFFECTS

SA | ML | SLRL- | CA | SCE

1. Chemicals Positive for Thyroid Tumors

Aldrin ' st al on nl n

| (FITET T
Chlordane -1+ 1 n L= +
Chiorinated paraffins o - | 1.

(C12 60% chlorine) ) 1. -1 n]l n n|{ n
Decabromodiphenyl oxide e = ’  n | - -

2,3,7,83Tetrach1orodibehzo-E}dioXinf' I - 1 - -

P, '-Tetréch]orodiphenylethane

p,p'-DDD) S S N ul u

Toxaphene ) o |+l n n n

2. Chemicals Negative for Thyroid Tumors

Dieldrin : ' =1 +] n - +

Heptachlor o ol =l ul n + | 4
Chiorinated paraffins‘
(C23, 43% chlorine) ) , -1 n n n{ n
PBB mixture (Firemaster FF-1)
. -1 - n - -
p.p'-Dichlorodiphenyldichloro- <
ethylene (p,p'-DDE) - | +] +/- -l w

SYMBOLS: SA, Salmonella reverse mutation; ML, mouse 1ymphoma L5178Y cell
thymidine kinase locus; SLRL, sex-linked recessive lethal in Drosophila;:
CA, chromosomal aberrations in CHO cells; SCE, sister chromatid ‘
exchange in CHO cells; s,selected for testing by NTP; r,reagent grade;
t, technical grade; -, negative result; +, positive result; n, not
tested; w, weak positive result; ?, equivocal result; /, results from
two or more laboratories; u, under test by NTP. -
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thyroid, pituitary, and Tiver tumors (see Paynter et al., 1986). Like the
thionamides and aromatic amines, amitrole inhibits thyroid peroxidase. A]though
it lacks the thiol group of thionamides, it does show some structuré] similarity

(an T grouping), as illustrated with the comparison with thiourea.

"N"C"N' .;,
NHo . N-NH ‘
S = C/ HZN-C/ ’ »
P - N=CH
thiourea v amitrole

Gene mutation testing of amitrole has spanned prokaryotes, yeast, inse;ts,
and mammalian cells in culture (Appendix E). Many rep]icatiomé of bacterial
testing in Salmonella and E. coli have almost uniformly failed to deanstEate
mutagenic effects, which led a review group to declare amitrole negative (see

Bridges et al., 1981). Point mutation tests in Saccharomyces and Drosophila

were also negative (positive in one case; see Appendix E). Test results in
mammalian cells in culture have been conflicting, with confir@ed'negative
results in mouse lymphoma cells but positive effects ih one 1aborét6ry for‘fwo
different loci in Syrian hamster embryo cells. Thus, submammalian testing |
indicates little concern about poinf mutations, whereas resu]ts in mamma]ian‘
cells are positive in Syrian hamster but not mouse cells.

Testing for chromosomal effects includes evaluation of numerical éberrations,  ;l‘j'
structural aberrations, and sister chromatid exchange. Negatjve }esu1ts havev ‘ |
been obtained in yeast and insect nondisjunction systems and in mémma1ian ce1lsf'
in culture. Two in vivo mouse micronucleus aséays, which can give somé indication-
of numerical chromosome aberrations, were also negative.

Tests for structural chrom056me aberrations have been uniformly negative

and include the following: human lymphocytes in culture, mouse bone marrow
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' cytogenetics, and mouse micronucleus and dominant Tethal tests.

An increase was reported in the frequency of SCE in CHO cells in culture
in two studies; a negative reSponsevwas recorded‘fn a third study in the éame
cells. - | v | | |

DNA damage tests have been. performed on bacter1a fungi, and mamma11an
cells in culture. Of six bacterial tests, five were reported as negative.
Thus, there is little 1nd1cat1on in bacteria of a DNA—1nteract1ve effect. Two

of six DNA damage tests in Saccharomyces were positive. One such test in

Aspergillus gave a weak pbsitive'reaCtion.

Increases in unscheduled DNA systheéiS‘have been reported in human\cel]s.
For Hela cells, a positive dose}responée effect for amitrole was noted in the
presence of rat liver S9; no‘sueh increase wasrnoted in the absence of exogehbus

activation (Martin and McDermid, 1981). Also, amitrole was reported in an

-abstract to be positive in human EUE cells; the conditions of the study were

not given.

Lastly, several positiye studies have been reported for-ig_xigrgjtransforq
mation in Syrian hamster and rat embryo cells, which argue for some type of
genotoxic effect. ’ |

In sum, there is limited evidence for the‘gehdtoxicity of amitrole. This
effect is probably not mediated through ﬁutagenic mechanisms: there is no
indication of the production of chrdmosoma] mutations and, at best, the point
mutagenic evidence is inconclusive. There are'indications, however, that under
some circumstances amitrole produces DNA-damaging effects. These results are
augmented by confirmed positive responses in in vitro transformation. Thus,
there is support for amitrole having a weak DNA-interactive or genotoxic effect

that probably does not involve mutation per se.
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(e) Conclusion--The review of three chemical classes demonstrating thyroid
carcinogenesis illustrates that thyroid carcindgenesis is not uniformly tied to
genotoxicity. Thionamides (and amitrole) and complex ha]ogemated‘hydrocarbons
demonstrated only limited indication of a genotoxic potential, whereas aromatic
amines regularly showed positive short-term test results. Emphasis on this
point is gained from review of structural analogues from these classes that did
not produce thyroid tumors; thefr outcome on the tests was bésica11y similar to
that of the thyroid carcinogens. Thus, thyroid carcinogens do not Show a
consistent response on genotoxicity tests.

If we Took at chemical classes as to their influence on thyroid peroxidasé,
we again fail to see a consistent pattern as to their genotoxicity. Chemicals
from within the thionamides and aromatic amfnes (as well as amitrole) are known
to inhibit thyroid peroxidase. However, the reviewed thionamides (and amitrole).
are generally not genotoxic, whereas the amines‘are active. Thus, genofoxicity
is not correlated with fpnctidna? activity on peroxfdase.v

It is well recognized that aromatic amines are often Cartinogenic in
animals and that many means are available within organisms to activate these
structures to reactive intermediates that héve‘genotoxic potentia1° To the
extent that certain aromatic amines also inhibit thyroid perokidase,'it seems
possible that such agents may have two meéns to influence thyroidlcércinogenesisi
to induce DNA damage and to increase the output of TSH from the pituitary.

Although the remarks made in the previous paragraph are representative
impressions of the data on chemical c1assgsla5'a whole, they certainly do not
necessarily apply to any one chemical within a class. Many tfmes chemica]s
give a smattering of positive and negafive resutts. In other‘cases; such as
with the thionamides and amitrole, the evidence indicates a general lack 6f

activity for some end points (e.g., gene mutations and chromosomal aberrations),'
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but the potent1a1 presence for other effects (e g ; 1n v1tro transformat1on)

‘; Each of these cases makes 1t diff1cu1t to reach an 511 1nc1us1ve pos1t1on on
genotox1c1ty. St111 w1th1n the 11m1ts of the present rev1ew, there does not
seem to be a cons1stent re]at1onsh1p across chem1ca1 classes as to their ab111ty

to produce genotox1c effects. i
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VI. HUMAN DATA ON THYROID HYPERPLASIA AND NEOPLASIA

The goal of this section is to compare human and animal information bearing'
on thyroid physiology, disruption of thyroid function and development of%hyperpﬁasi@“
(goiter) and neoplasia. As has been related, it has been well esxabiished |
by long-term experiments in aninm1s;that~¢ertain chemical substances and other
treatments cause thyroid hyperp1asia that will progress to neoplasia. While
evaluation of laboratory experiments garners dsefu] informatipn on ﬂiké1y
processes in humans, verification of this for human thyroid carcihogenesis
requires evaluating the weight of evidence from several different.qpproaches
and merging data from clinical observatiohs, studies of clinical populations,
and epidemiologic studies. | |

Currently, the only verified cause of thyroid cancer in humans is
x-irradiation {Ron and Modan, 1982; NCRP, 1985), and this finding is well docu- |
mented in experimental animals. There are conf11ct1ng data in humans bear1ng
on an association of jodine def1c1ency.anq thyroid cancer, unlike;the case»ins.
animals where the associétioh is well estéb]ished In contrast td thelsituainn ;
in animal studies, no studies follow a single human popu]at1on d1rect1y through
the sequence from exposure to chemical substances or initiation of some other f\j;f
treatment through hyperplasia and eventually to neoplasia. Consequentﬂy, thefﬁ'
information on humans must be analyzed in separate steps, describing the roigi
of certain treatments on the development of hypérplasia and then describing
risk factors or antecedent conditions for thyroid neoplasia. The combination
of these two analyses allows one to make some inferences abouf the overail

comparability of animal models and humans negarding thyroid carcinogenesis. .
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A. THYROID-PITUITARY FUNCTION

It is widely accepted that the pituitary-thyroid axis and the nature, body

handling, and function of thyroid hormones and TSH are quite similar in experiménta]

animals and humans. For instance, in a review of thyroid function in humans,

Larsen (1982) presented clinical data on the feedback regulation of thyrotropin

secretion by thyroid hormones and the tissue conversion of T4 to T3 that is

basically Tike that in experimental animals. Recent evidence, however, helps
to point out some of the differences that may exist between animals and humans.
For instance, in the rat there is active conversion of T4 to T3 which then

regulates TSH production, whereas in humans circulating T3 may play a more

dominant role (Fish et al., 1987).

B. CAUSES OF THYROID HYPERPLASIA

. Animals and humans respond similarly to é number of treatments that disrupt
thyroid function such as 1) a lack of dietary iodide, 2) blockage of the iodide
transport mechanism (ionic inhibitors), 3) interference with the synthesis of

thyroid hormone (peroxidase inhibition), 4) suppression of thyroid activity by

‘high concentrations of iodide, 5) enhanced peripheral metabolism of thyroid

hormones, and 6) damage to the thyroid g1and by ionizing radiation (see Sections
III and V.C. of this report; Gilman and Murad, 1975; Green, 1978; Paynter et
al., 1986; De Groot and Stanbury, 1975; Meyers et al., 1976). Each of these can
lead to goiters in humans.

1. Chemical Inhibitors

Several examples of chemical substances that influence thyrofd status in
humans are summarized in Table 11 to illustrate the nature of the effects. The
agents include such things as thyroid peroxidase inhihitors (e.g., ethylene
thiourea, sulphonylureas, resorcino]),‘a cation (lithium), an organiodide

(amiodarone), and inducers of mixed function oxidases. (phenobarbital, PBB). In
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. each case exposures result ih reduction in'cifcuTating thyroid hormone levels
and in some cases elevated TSH‘ieveISVOr goiters. These responses are Tike
those seen in animails. 7 | |

Because the data base varies among the chem1cals, a summary of support1ng
references, 1nc1ud1ng those reported in the study, is 1nc1uded in a separate
column entitled "data base.” For examp]e, the goitrogenic effect in humans of
su]fony]ukeas and of amiodaronevhasvbeen féported in several clinical studies.
leferences in quant1tat1ve value of the results among studies are to be expected
because of differences in health status, age, sex, and dietary factors. In some
studies these factors are controlled (patients of similar age) or eva1uated in
the analysis (sex differences).

The value of a case report in support of the hypothesis is strengthened if
cessation of treatment with the putative goitrogen or other agent is followed -
”by a return of thyroid function tests to normal. These temporal associations
are important in asseésing the evidence fof the association because subjects
are exposed to other drugs or possible confounding factors. This information,'
which is important in assessing the strength of the evidence, is summarized in
the table column titled "Temporal." Prospective clinical stud1es provide
valuable information because subjects are euthyroid prior to exposure.

Other observations point out the comparability of response in humans as in
animals. In hypothyroid animals the cells of the pituitary enlarge and become
"thyroidectomy cells" (Baker and Yu, 1921) and, according to some authors, may
undergo hyperplasia and finally neoplasia (see Section IV.B.). Indirect
studies in humans also demonstrate some of these findings. The bony covering
of the human pituitary, the sella turcica,‘normally enlarges with age up to
about 20 years and then remains essentially censtant in size. Enlargement

in the sella turcica beyond normal limits is noted in cases of hypothyroidism,
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and there is an inverse relationship between the b]ooa ]evels 6f thyroid hormonés:'
and sella size and a direct one between TSH levels and size of the sella turcica
(Yamada et al., 1976; Bigos et é]., 1978). Itvis interesting to note that there
are also a few clinical reports linking chemical hypothyroidism and pituitaryv
adenomas, ahd at least some of them appear to be TSH-secreting tumors (e.g., |
Samaan et al., 1977; Katz et al., 1980; see review by Balsam énd Oppenheimer,
1975), although the case is not established with any certainty. | |

2. Dietary Factors

Much of the human investigations of disruption in thyroid function fo11dwing 
environmental modifications have come from the study of popuTations'where‘there"
are dietary changes, namely deficiency of jodide and the consumption of foods‘

containing goitrogenic substances.

a. lodine Deficiency--The most strikingrpaﬁterns of the geog}aphic‘distribution o
of populations with goiter is attributed to deficiency.of iodine in the diet aé,‘ .
a result of lTow environmental iodine‘levels, Ehdemic goi ter has occurred o
throughout the world, particularly in mountainbus areés such as the;Alps,'v
Himalayas, and Andes, and in tﬁe United Sﬁateé in areés around the Great:LakeSQ,
De Groot and Stanbury (1975)'c1te'the report of thyrdid'hyperp1asia in domestid;‘"fuﬂ
goats and in wild rodents in endemic areas of iddine‘deficiency in the Himalayaé,
which again points out the sfmi1arityCof respoﬁse amdng mammals. Goiter incidence  '
has been virtué]]y eliminated in the United States and Europe by the introduét{nn 1~
of iodized salt (Williams, 1977; De Groot énd Stanbury, 1975;;Hedinger,l1981).
Several arguments'suppOrt iodihe.deficiehcy'as a cause ofvgoiter: .1).'
there is an inverse corre]étion'between ibdine:content ofvsoii and‘water,aﬁd C
the appearance of goiter in the;popQTation;YZ) métaBo]ism of dodine and TH'éﬁd_)
TSH status in patients with thisrdisorderffitslthe‘pattern expéctéd and i;_
reversed with iodine prophy]axis; and 3) thekelis a sharp reduction in goftér'

prevalence with iodine prophylaxis (Williams, 1977; Hedinger, 1981).
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Iodine deficiency in humans can kesu]t‘in profound thyroid hyperplasia.
Goiters up to 5 kg‘(a 100-fold increase in weight) g have been.observed in

iodine-deficient areas as a compensatory response to inability to synthesize

~ thyroid hormone. Generally, the impairment in hormone synthesis is overcome in
time, and the individual becomes clinically euthyrofd, éven in the presence of =

~some derangement in T4 and TSH levels. Often in,goitrous populations repeated.

cycles of hyperplasia and involution occur which can lead to multinodular

~ goiter. In contrast to the hyperplastic goiter, mu}tinodu]ar‘goiters do not

regress upon:admihistration of iodine. Likewise, thyroid hormone usually has
no effect on long-standing Qofters (Ingbar and Woeber, 1981). Adenomatous
hyperplasia is a less common cause of nodularity but is significant, bécause it
is difficult to distinguish from neoplasia, thus complicating the assessment of
the association between hypérp]asia and neoplasia. lAs will be developed later
in this section, it does not apbéar that thyroid cancer is a major problem
arising from jodine-deficient goiters, in'contrast to the observations in
experimental anima1$ which indicate that tﬁmors frequently arise under iodine-

deficient conditions.

b. Other Goitrogens--Observations of goiter distribution suggest that factors
other than iodine deficiency could be important. The incidence of goiter yakies

within the population in endemic areas, and the severity is not uniform among all

inhabitants; these suggest the presence of‘risk factors in addition to iodine de-

ficiency. Although it is considered unTikely that natural goitrogens in food are

a primary cause of goiter in humans, variability in response within endemic areas

has led some to conclude (De Groot and Stanbury, 1975) that "natural goitrogens
acting in concert with iodine deficiency may determine the pattern and severity
of goiter." |

As discussed in Section V.B. a thionamide, goitrin, with antithyroid
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activity in animals and in humans, has been isolated from certain cruciferous
foods (e.g., turnips). It exists naturally as progoitrin, an inactive thio-
glycoside, which is hydrolyzed in vivo to goitrin. ‘
Human data exists to illustrate the thyroid inhibiting effect of the
monovalent hydrated anion, thiotyanate (TCN), and of cyanogenic glucosides,
that are hydrolyzed in the body to thiocyanate. TCN blocks the uptake of
iodide into the thyroid. Chemicals that are metabolized to thiocyanates are
found in seeds of the plants of the genus‘BraSSica, in Cruciferae, Compositae
and Umbelliferae. These include cabbage, kaTe, brussel sprouts; cauliflower,
turnips, rutabagas, mustard, and horseradish. The effect was established in man
as a result of clinical use of potassium'thiocyanate (Gilman and Murad, 1975); 
It has been assumed, therefore, that eating foods producing thé thiocyanate
ion or goitrin contributes to endemic goiter. De Groot and Stanbdry (1975) cite
studies in Australia, Finland, and England, that suggest cattle have passed |
these goitrogens to humans through milk. Progoitrin has been detected in
commercial milk in goitrous regions of Finiand, but not in nongoitrous regions.
Seasonal development of goiter in school children has heen reﬂafed to’mijk fkqm,
cows fed kale (De Groot and Stanbury, 1975). o
Several dietary items that are staples in some cultures cOntaiﬁ cyanogehi§ 
glucosides. These include cassava, sorgh@m, maize, and mi]]eﬁ. In its raw | .
form, cassava contains toxic levels of cyénogenic‘glucbside, and although mich
of it is removed by pounding and soaking,“poor]y detoxified cassava s a suspécted'ﬁi
cause of goiter in Central Africa. | |
Recent studies in Africa contribute more‘direct evidence to sﬁpport an
interactive effect of TCN (or cyanogenic glucosides) and a diet low in iodine.
In an iodine-deficieht region of the Sudan where goiter prevalence may reach

55%, the frequency of large goiters is higher in rural than in urbén areas
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(Eltom et al., 1985). Tﬁe‘predominant stap]e'foad in rural DarfUrris millet.
 Rural subjects with goiters had étatistica11yvsighificant1y higher levels of
TSH and T3, lower levels of T4 and free T4 index than urban'éubjects‘with
‘goiters ‘Serum TCN was significantly h1gher in rural subJects, but the
elevated 1evels of urinary TCN d1d not reach stat1st1ca1 s1gn1f1cance The
:ur1nary iodine excretion, a reflection of quantity of iodine ingested, was not
,significantly different between the two Qroups. These results are consistent
wiﬁh the hypothesis that TCN overload in conjunction with iodine-deficiency
causes more severe thyroid dysfunctioh thanviodine—deficiency a}one. Evidence

of a possible effect has also been reported in North Zaire in Central Africa in

L children with iodine-deficiéncy,(Vanderpasfet‘a1., 1984).

c. CAUSES OF THYROID CANCER IN HUMANS

Ep1dem1o]og1sts search for c1ues to causes of disease and to factors that

increase an individual's r1sk of disease (r1sk factors) by examining descr1pt1ve |
" data or designing analytic studjes. Descriptive data consist of morbidity,
~mortality, or incidence rates of diseases‘in'population'groups. Incidence rates
(newly diagnbsed aasés in a population oveklafgiven time period) reveal patterns
of disease by aQe, race, sex, ethnic group; and geographic Tocale. These rates '
" and their changes over time and space identify high risk groups and provide
indirect evidence for causes of disease. Associations between host factors and
’disease are hypothésized.

Analytical epidemiology consists of case-control, often termed retrospective,
and cohort or prospective studies. These studies permit greater control of
confoundfng'factors and oppoftunity to 1ink‘exposure and response information in
individua]s. Thus, evidence for causes of Aisease is more direct.

As a result of descriptive and analytic epidemiologic data, radiatfon is a

well documented cause of thyroid cancer in humans (Schottenfeld and Gershman, 1978;
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Ron and Modan, 1982). Incidénce rates for thyroid cancer rose roughly two-

fold between the 1940s and the 1970s for persons under age 55. The change in

pattern coincides with administration of x-ray for various medical treatments

and is consistent with the hypothesis that ionizing radiatioﬁ is a cause of

thyroid cancer in chi]drén and young adu]ts. Childhood irradiatién was observed -

more often in thyroid cancer cases than controls. Ron and Modan (1982) summarize |

eight epidemiologic studies of populations exposed to X-ray therapy, atomic-bomb I

explosions, and fallout from nuclear weapons testing. E
The epidemiologic approach to investigating whether hyperplaéia (goiter)

leads to thyroid cancer in humans is to: 1) examine descriptive data, 2) compare |

the cancer rates between endemic goiter areas and goiter-free areas, 3) examine‘

time trends for thyroid cancer after prOphy1actic‘measures (iodiné suppleméntatjon)

reduce endemic goiter frequency in a given area, and 4) evaluate whethef goitrous

individuals have a greater risk of thyroid cancer or whether thyroid cancer

cases have a more frequent history of hyperp]aéia and nodu]es;thanKCOntro1s,_

These steps are summarized in the sections below. |

1. Descriptive Epidemiology

Variations in cancer incidence rates'by country and race may be Studieé to
evaluate the role of host and environmental factors on disease. Despite the -
striking geographic patterns for goiter, no similar trends are detéctéd for
incidence of thyroid carcinomas in the areas for which cancef‘incidence data ‘,“‘i; o
are available. It is one of the rarést and genera11y least virulent carqinomas,‘
and although it has increased somewhat in recent decades, purported]& because :
of medical radiation exposure, it is not considered a major public health |
problem (Ron and Modan, 1982). | ’ | "

For several countries, thkaid cancer shows risihg:age—adeStéd‘incidence;;<[ L ‘;

rates with age and consistentTy higher rates for women than men, particu1ar1y ‘
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.‘in‘yOUng adults. Rates for ma]es range from 0 6 to 5 per 100, 000 and for fema1es
- from 1. 2 to 16 per 100, 000 Var1ations by countny are relat1ve1y sma11 compared
. with that for other cancer sites (about 10 fold) and are not cons1stent1y re]ated

. to -geography or race. The h1ghest age adjusted rates in fema1es (1967~ 1971)
were for Hawaiidns in Hawa11v(l6/100 000), Iceland (16.3/100,000), and Israeli
_Je‘ws (8.3/100,000) (Waterhouse et al., 1976) . |

| The incidencevof-thyroid cancer detected clinically shows ihteresting
distinctions from prevalence of .occult thyroid cancer detected at autopsy. At
autopsy, thyroid carcinoma is equa]iy frequent in men:and womeh, and high rates
have been diagnosed in populations that have unrémarkab]e-clinica] rates df
- thyroid cancer (Shottenfeld and Gershman9v1978),"These observations have 1ed
these authors'and.others to hypothesize that the host and environmental factors

that enhance the development of clinically detected thyroid cancer are different .
from those that indite tumorigenesis.

Experimental evidence fn several 1aboratoryrspecies demonstrates that
iodine deficiency, certain chemicals, and other causes of prolonged TSH stimu-
lation result in thyroid enlargements and eventud11y thyroid tumors. In the
absence of such information in humans other studies need to be conducted to get
some handle on human thyroid carc1nogenes1s ‘

Much of the work on the relationship between goiter and thyroid cancer has
focused on populations differing in‘iodine intake, since iodine-deficiency
(endemic goiter) has been and still remains ajmajor health problem in various
pdrts of the world. Numerous reviews of the subject have been written which
conclude that past studies are conflicting about the role of goiter in thyroid
- carcinogenesis (e.g., Alderson, 1980;‘Hedinger, 1981; Riccabona, 1982).

Doniach (1970a) reviews much of the information available to that time and

questions the 1ink between endemic goiter and thyroid cancer development.

93




In geographicalvepidemiologic studiés; thyroid cancer rates afe cbmpared
in geographical areas with different goiter rates. Wegelin (1928) éompared the
frequency of thyroid cancer in an autopsy series in five areas. The 1argest
percentage with thyroid cancer occurred in Berne, Switzerland, an area where
goiter was highly endemié. The lowest percentage of cancer appeaﬁed in Ber]inl . e
where endemic goiter was rare. Other geogfaphic'corre]ation studfes have .
followed, yet reports have been conflicting. For example, no corre]atiohs‘were “
found in reports from Australia and Finland (A]dersoh, 1980; Ron and Modan,
1982), and Pendergrast (1961) found no associated increase in,the cancer rates
in goiter areas in the United States compared wfth non-goiter areas. Hedinger
(1981) cites incidence statistics that show no decline in frequenqy of thyroid'
malignancies despite the virtual elimination 6f goiter by iodine prdphylaxis,
On the other hand, Wahner et a1{ (1966) did show a positive correlation when
they compared the incidence of thyroid cancer in Cali, Co]bmbia, an endemic
goiter area, to similar data in'Nevaork Sfate and‘Puerto Ricﬁ, ,Thyroid cancéf"'
rates for both sexes were about three times higher in Colombia thah in the othef a
two sites. '

Several reasons may accounﬁ for differing study outcomes. Sohe‘of the
correlations are based on reports of high thyroid cancer rates genénated from

pathology studies of surgery cases, and are likely to suffer from a selection

o

bias because thyroid disease‘suspected of carcinogenicity is Tikely to be
referred to surgery (De Groot, 1975). Different causes of cancer may result in ° e
different histopathological typeg of thyroid cancer. 1In the United Statés, in )
particular, radiation-induced cancer associated.with,therapy in chdehdod‘cou]d |
have masked a decrease associated with iodine pr0phy1axisf After thé‘introduétion:‘"7
of iodized table salt in Switzerland and decreasing incidence of goiter, thyroid

cancer rates remained stable but an increasing proportion of thyroid cancers
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were classified as papfllary (Shottenfeld and Gefshhan i977) Therefore the a
"conf11ct1ng data cited above are 1nconc1us1ve and d1ff1cu1t to 1nterpret
~ More recent geographical stud1es cons1der the h1sto]og1ca1 type of thyro1d
' cancer. In Cali, Co]omb1a, an endem1c go1ter area, at least 90% of the fo111cu1ar
~and anap]astic cancer spec1nens showed ev1dence of go1ter whereas about 50% of
the pap111ary tumors were assoc1ated With goiter (Wahner et al., 1966). These
. results suggest some re1ationship between goiter and the h1sto1og1ca1 ‘type of
cancer.

In Zurich, Swifzer]and before the advent of iodine supp]ementation, few
of the tumors were papillary (7.8%), whereas after that time the proportion of
- papillary cancers‘among the total increased (33.4%) while the proportion of
follicular and anaplastic tumors decreased (Hedinger, 1981; Riccabona, 1982)
Since papillary cancers have the best prognos1s and anap1a5t1c the worst, with
follicular intermediate, these resu]ts suggest that thyroid cancer in endemic
goiter regions may be associated with more aggress1ve forms of cancer.

Further evidence of a relationship between iodine intake (from inadequate
to hypernormal) and the form of thyroid cancer comes from a review of thyroid
cancer cases coming to surgeky in Nortﬁeast Scotland, a region with average
iodide intake, and Ioe1aod, an island with very high iodide intake (Williams et
al., 1977). Persons from Iceland have unusual]ylsma11 thyroid glands, high
concentrations of iodide in p]asua and the‘thyroid gTand' and low plasma TSH
Tevels. Papillary cancer incidence was about five fold h1gher and the proportion
- of papillary cancers among the total was greater in Ice1and than in Scotland
(71% vs. 54%). Offsetting the difference in pap111any cancers, the proportion
of follicular tumors was comparable in the two groups, but anaplastic cancers
were more common in Scotland than Iceland (19% vs. 10%).

In contrast to the above studies sugqest1ng ‘some re]at1onsh1p between
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jodide intake and the form of thyroid cancer in humans, others faii to supPOri,
this hypothesis. For instance, Naterhousé et al. (1982) repoft that the relative
frequencies of the major histological types for several countries show the |
highest proportion of follicular carcinoma in Sao Paulo, Brazil, Bombay, Indid,
and Zaragoza, Spain--all areas not noted for endemic goiter. The ﬁighest
proportion of papillary carcinoma was reported from all North Amerfca cancék
registries, and from Hawaii,'Israel, and Singapore. In addition ﬁo noting the
potential for disagreement in diagnoses among experienced pathologists, the
authofs conclude that the significance of these differenceslis unclear. There~
fore, geograghic correlations with and without histology data are inconclusive
and do not show a consistent relationship between endemic goiter areas and
thyroid cancer rates. | |

Probably the most profound disruptions‘in.thyroid functioning occur in
cases of familial goiter wherertheké are inherited blocks in thyrofd,hormone
production (Stanbury et al., 1979). When left untreated, these patients develop .
profound hyperplasia aﬁd nodular (benign tumor) cﬁanges, but only a very few
cases have gone on to devé]op tﬁyroid carcinomal(see review by Vickeny,‘1981)."‘ -
Like with endemic goiter, it appears that the hyperplastic thjroids in these
patients do not often undergo malignant transformation; this contrésis with the
findings in long-term animal studies where blocks in thyroid broduétion
regularly lead to thyroid cancer.

Although not much seems to have been done concerning the follow-up of

patients with Graves' disease (hyperthyroidism) as to thyroid cancer deve1opment;_A'i'

the Tittle that has been done (a follow-up of 30;000 patients) suggests there may
not be a significant thyroid cancer probTeﬁ in these cases (Dobyns.et.a}.,v1974;
see also Doniach, 1970a). [One very small study of Graves' patients suggested -

a higher than expected frequency of thyroid cancer (Shapiro et al., 1970)3.
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The reason Graves' patients nﬁy be at risklfS'the finding that many of the
persons carry immunog]obu]ihs in their b1ood which bfnd to the TSH receptorr

~ on thyroid cells and, at last in vitro, dct 11ke TSH to st1mu1ate DNA synthes1s
‘and cell division (Va]ente et al., 1983,,Tramontano_et al,, 1986b). Since
these patients frequently have enlarged thyroid glands, one can not help but

think that the immunogiobulins may stimulate thyroid cell division in vivo as

well.

The sing]é investigation'of Graves' disease patients treated with anti-
- thyroid agents (i.e., thionamidgs) for at 1easf one year faf]ed to show any
thyroid cancers in over 1,000 ﬁatients (Dobyns et al., 1974). Again; this
. suggests that at least circumscr%bed use of antithyroid drugs is not attended
Qith a marked thyroid cancér'risk. It shou]d‘be‘pointed out, however; that the
goal of antfthyroid treatmént for Graves' d1sease is to bring pat1ents into
euthyro1d and not a hypothyroid status where 1ncreases in TSH may occur. Thus,
the fo]1ow~up of treated cases of Graves' d1sease does not prov1de s1gn1f1cant.
evidence to impugn or acquit antithyroid agents |

2. Analytical Ep1dem1o1ogy

Of all the various types of data on humans from which causal associations
can be inferred, the strongest‘évidence is derived from ana]ytica1 epidemio]ogy‘
-~cohort or case-control stud1es——that eva]uate data on individuals and su1tab1e
controls. Analytical epidemiologic stud1ns have helped to establish ionizing
radiatioh as a cause of thyroid cancer (Ron and Modan, 1982).

Three ca;e-contro1 studies of thyroid carcinoma in the United States havg
recently been completed which evaluated risk factors for cancer including pre-
existing thyroid disease (Table 12). These studfes were designed to test a
potential hypothesized role of endogenous femafe hormones in thyroid cancer.

Hormonal factors are suspected as a cause of thyroid cancer because of the
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TABLE 12. EPIDEMIOLOGIC STUDIES OF THYROID CANCER AND.
ITS RELATIONSHIP TO GOITER AND THYROID NODULES

O0dds Ratio (95% confidence limits)a Comment Reference

Goiter Thyroid Nodules | o ¢

4.5 (1.6-12.2)b 87 (1.6-47.5)b  Women aged 18-80 McTiernan et al., 1984

10.5 (2.5-44.8)C White women aged  Preston-Martin et al.,

15-40 1987
5.6 (1.0-41)d 33 (4.5-691)d Adjusted for age, Ron et al., 1987

sex and prior
radiation exposure

a0dds ratio estimates risk of disease with thé trait (or exposure) compared
to risk without the trait. Confidence 1imits that overlap 1.0 are not
significant. :

bpata for those unexposed to radiation. The risk for all cases was goiter
6.6 (2.8-15.6) and noduTes 12.0 (2.3-63.8). ‘ '

CPresence of goiter or benign nodules. |
dThese data are from univariate analysis. The odds ratio of a multiple logistic

regression adjusted for age and sex were thyroid nodules (28.0) and goiter (3.8)
{(not significant). - o 7
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consistent1y higher rates in females andlfhe peak oecurrence in‘fema1es‘ét'between'

. ages 15 and 29 when hormonal activityfis,enhanced (Hénderson et al., 1982§ Ron o

.. and Modan, 1982).

McTiernan et al. (1984) stud1ed 183 women aged 18 to 80 1ocated from a
population-based cancer, surve111ance system and 394 contro]s. The two groups
had similar family history, wejght, and‘smok1ng.hab1ts. The most common con-
"fouﬁding factor in the analyses wasrége} theféfdre,,relationships were adjusted
to five age groups. | |

" History of goiter for individuals unexposed to rad1at1on showed a stat1st1ca11y
significant and high odds ratio (OR)‘equalwto‘4.5. Further analysis of pre- |
- existing goiter by histopathological type resulted in an OR=16.4 for follicular
~ compared with 3.3 for papillary cancer. Radiation exposureldoubled the risk ‘
for those with pap1]1ary histology, but dld not change the risk for f0111cu1ar
Thyroid nodu]es were a1so a stat1st1ca]1y s1gn1f1cant risk factor in those
unexposed to radiation (OR=8. 7) and was strongly related to papillary or mixed
pap11]ary -follicular thyroid cancer. | '

There are some potential blases in the McTiernan et al.(1984) study such‘
as recall b1as, relatively low ascertainment rate (65%), the Tack of re-evaulation .
- of the histopathology, and the reliance on telephone interviews rather than
medi¢a1‘history. ﬂowever, it %s doubtful that these‘cou1& be the cause of
associations of the magnitude noted.

Preston-Martin et al. (1986) conducted a case-control study in whichvthey
questioned 110 female cases aged 15 to 40 and an equal number of matched
controls. Diagnoses of cases‘were histo]agicai]y confirmed, and thyroid disease
was recorded if a physician was consulted at least 2 years priqr to the cancerr
diagnosis. Statistically signiffcant risk factors were found for‘thyroid

enlargement as an adolescent (OR=10) and any goiter or benign nodules (0R=10.5).
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The odds ratio of any thyroid disease was 14.5. The small number pf cases of
follicular carcinoma prevented analysis by histological type. |

Ron et al. (1987) also found increased risk with parity as well as increaséd |
risk with goiter and nodules. This case-control study included 159 cases (109
female and 59 male) ascertained through a cancer registry and 318 confro1s . *
from the general population. A review of the pathology was included. Thyroid
nodules were evaluated separately from goiter and had a far greater risk (OR=33)
compared with goiter (OR=5.6); both were étatistical]y significant. The authors
offer as caveats the fact that thyroid disease status was not medi¢a11y verified
and the response rate was only 62%.

In conclusion, these three recent case-control studies in the Uhited States
consistently showed thyroid cancér strongly related to pre~exi§ting goiter and - vf'
to thyroid nodules (Table 12). There is insuffiéient‘evidence to fdentify a |
quantitative difference in this relationship between fo]licu1af or;papi11ahy |
tumor types. One concern is that the assbciations bétween thyroid‘disease and 
thyroid cancer may be increased as a result of closer médica] httention; after
all, there must have been some clinical indication that the patients'nmy have
had a thyroid neoplasm prior to the time of surgery (1ike the ﬁresence of a
nodule in the gland). However, the consistenby among studies,fthe gtrength of
the association, and the‘consfstency with established causes (e.g;,}in all }
studies, ORs were increased with radiation) strongly support the hypo%hesié
that thyroid nodules and, to a lesser degree, goiter are risk factors (potentia1 o {v-
causes) of thyroid cancer in humans. It should be pointed out, howéver, that B |
in the two studies that analyzed for an association betWeen hypothy?oidism and

thyroid cancer, neither showed a relationship (McTiernan et at., 1984; Ron et

al., 1987).
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VII. DEVELOPMENT OF SCIENCE POLICY

This section assembles pertinent po1nts from the preceding review 1nt0 a
‘;rat1ona1e for a science po]1cy It then 1ays out a set of pr1nc1p1es that will
help guide EPA in performing r1sk assessments on chemlcals that have been shown
- or may have the potential to produce thyro1d fo]]1cu]ar cell tumors.r

A. RATIONALE FOR SCIENCE POLICY

Carcinogenesis is cons1dered to be a mu]t1stage process in wh1ch a number
of endogenous and/or exogenous factors combine, either 51mu1taneously or in
‘sequence, to disrupt normal cell growth and function. Consequent]y, chemical
‘carcinogenicity should ﬁot.bé viewed aé‘a unique property of a chemical, but

rather as an outcome of the 1nteract1on of a chem1ca] w1th a complex biological
vsystem A corollary to this is that cancer is a multifactorial disease that
may occur through a number of different méchénisms. .

The deve1opmént of cancer has'often‘been‘divided into three major stages:
initiation, promotion, and progression. Initiation refers to the process whereby
a‘chemical or othervagent permanently alters the DNA of the cell. Promotion
describes the subsequent processes involving the'proliferation of the "transformed"
cell through several steps (e.g., hyperb]asia, neog]asia) leading eventually to
a ma]ignant tumor, while progression refers to the development of aggressive
§e11 behavior including local invasion and diétant metaﬁtasis. It is now
recognized that initiation, promotion, and progression may each consist of
several stages involving different mechanisms. It is believed that some of
these stages are reversible and some are not; most appear to Ce susceptible to
- modulation (enhancement or inhibition) by a variety of exogenous (e.g., diet,
stress, chemicals) or endogenous (e.g., age, sex, hormonal ba]ance, heal th

status) factors.
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For most chemical substances one usuaT]y has too 1ittle relevght biological
information on mechanism of action to be able to evaluate if or how that agent may |
be influencing the various stages of carcinogenesis. In some cases the results
of genotoxicity testing may give clues as to the potential to ﬁnitiéte carcinp-
genesis, since initiation is thought to involve alterations in the'DNA. However, oo
chemicals that can initiate carcinogenesis can very often also complete the

remaining stages in the carcinogenic process and lead to tumors.

Traditionally within EPA, chemicals that produce‘carcinogenic effects have
been assessed as if they are "complete" carcinogens with both initiation and
promotion components. Using this position as a basis, the Agency has‘generaliy
assumed that any exposure to the chemical substance is attended witﬁ some smaTil
but finite risk of cancer. In modeling such dose-response re]&tion;hibé, an
extrapolation procedure which has a low-dose linear function has beén employed
to estimate an upper bound on the additional 1ifetime cancer risks.

The 1986 EPA Guidelines for Carcinogen Risk Assessment (U.S. EPA; 1986)
require the selection of a dose-response extrépolation model for each carcinogenic
agent under review. A similar directive, with guidance to aid in thé‘selection, 
is given to all federal agencies in the O0ffice of Science and Techn61ogy‘Po]1qy

Cancer Principles (OSTP, 1985). The EPA Guidelines say that the Agency "will

review each assessment as to the evidence on carcinogenesis [sic] mechanisms

-4

and other biological and statistical evidence that indicates the suitability of
a particular model." In the case of certafn kinds of thyroid carcinogenesis, | s
there is considerable mechanistic information which can be used in making
Jjudgments about model selection. The remainder of this section will be devoted
to laying out a rationale for assessing thyroid follicular cell carcinogenesis.
To fulfill their many critica1 functional roles, thyroid hormohe‘]evels in‘

the circulation are maintained under strict homeostatic control. Homeostasis .
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is maintained hrimarily by a physiologica1 feedback mechanism involving the
controlled synthesis and release of thyroid stimu]atidg hormone (TSH) from the
pituitary in amounts that reflect the body's need for additioha] thyroid hormones.
Consequently, the thyroid and the;pituitany continually respond to both internal .
{physiological) and external (environmental) stimuli that increase or‘deérease
the body's need for thyroid hormones. Failure to maintain homeostasis may
result in sustained increases or decreases in circulating levels of thyroid
hormones Teading to hyperthyroidism and hypothyroidism, respectively.
Experimental studies in Taboratory animals show that thyroid hyperplasia
- and neoplasia are most often associated with pro1onged exposure to excessively
high levels of TSH, irrespective of whether the latter results from endogenous
or exogenous stimuli. Thus, thyroid neoplasia=may arise as a result of chronic ,
iodine deficiency, subtotal thyroidectomy, or the transp]antat1on of hormonally
active pituitary tumors, all of wh1ch are associated with long- term elevated
TSH levels. Further evidence for the centra] role of TSH in the neoplastic
process is the finding that treatments fhat lower circulating levels of TSH
(e.g., hypophysectomy, thyroid hormone administration) prevent the deve]opmenﬁ
of hyperplasia and neoplasia or cause the reversal of hyperb]asia towards a
normal histological state.

Precise details of the mechanism through which prolonged elevated levels
of TSH may lead to thyroid neoplasia remain to be elucidated. Recent research
in molecular biology indicates thai the induction of ce]i division (which can
Tead to hyperplasia) and the change from normal to transformed (neoplastic)
cells are very complex processes. However, fof certain thyroid tumors, some
of the steps seem to include the following. TSH interacts with thyroid cells
via specific plasma membrane receptors which leads to the induction of adeny1

cyclase and cellular protooncogenes (c-fos and c-myc). It appears that TSH-
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stimulated effects, in conjunction with the effects of oﬁher factors (e.g.,
somatomedins, epidermal growth factor, and phosphoinositol-mediated prﬁcesses
involving protein kinase c), commit the thyroid cell to DNA synthesis éndvcell
division. Praobably other interactions between TSH and other factors and'influences
{e.g., mutation, oncogene activation) enhance cellutar transformation. Thyro1d
neoplasia, therefore, probably resu]ts from prolonged TSH stimulation in conecert
with other cellular processes.

Thus, it would seem that experimental procedures (1ike subtotal thyroidectomy)
which stimulate increased levels of TSH may be‘ihf]Uencing thyroid cells in at
least two different but not necessarily independent ways. First, TSH provides
a strong stimulus for cell division and the development of hyperplasia.(oncogené
expression probably plays a role here). However, it seems that TSH has finite
ability to stimulate thyroid cell division boih in vivo and in vitro, Thus,
for thyroid cells to keep dividing as part of the carcinogenic process, it |
would appear that they are responding to factors in addition to TSH, or the
cells themselves become changed. Second, TSH actions (like protooncogéne
induction) in concert with other cellular processes lead (by some yet undis-

covered means) to neoplastic transformation.

Fitting the available information on thyroid follicular cell carcinogensis

into the “traditional" three-stage model of carcinogenesis-—initiation‘ promotion,,‘ -

and progression--is not easy (OSTP 1985; Nowell, 1986). Although the efFect of
TSH (and other factors) on cell division is consistent with the concept of
promotion, a hypothesis for the way TSH might "initiate" the carcinogenic

process or enhance progression of neop]ast1c cells toward more ma11gnant express1on'
(local invasion and distant metastas1s) is less stra1ghtforward S1nce 11tt1e

is known about progression in thyro1d carc1nogenes1s,‘remarks will be 1inﬁted

to initiation. At this time it appears that oncogene expression is dependent
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upon the continued presence of TSH working via cyclic AMP. When TSH is removed;
the stimulus for oncogene expression probably ceases; Given that transformation
appears to require factors in addition to TSH, it is possible fhat the other
“factors complete the transformation process (f.é., initiation) begun by TH.
Another possibiiity would be that “sponianeous" events 1ike mutations may occur
which éomp]ete the transformatibn. Since TH, through its influence on cell
division, causes an expansion of the number of follicular ce11s at risk, it
seems that the total chance of a spontaneous neoplastic event would increase as
-a function of the increase in cell number (assuming a constant probability of a
spontaneous mutation per cell). According to this reasoning, treatments that
increase thyroid cell number and increase mutations would be expected to enhance
the carcinogenic process; there is some support for this position. For instance,
regimens that combine a mutagenic agent (x-ray, genotoxic chemical) with an
increased output of TSH (e.g.,iodide deficiency) result in an increase
carcinogenic response. The same is true for chemicals that are both mutagenic
and goitrogenic; for instance; 4,4'—methy1enediani1ine produces significant
increases in thyroid‘tumors in males and females of both rats and mice.
If the above hypothesis is valid, it would seem that TSH is not a direct

“initiator" of carcinogenesis, but rather it may allow cells to respond to

other stimuli that finally complete the initiation stage. Once transformation

“occurs, TSH and other factors would be expected to promote carcinogenesis

through their influence on cell division.

| Experimental observations with a number of éhemica]s are consistent with
the view that a major component in thyroid tarcihogenesisvresults from prolonged
exposure of the thyroid to elevated levels of TSH. To this end, most of the
chemicals that have been shown to produce thyroid tumors in the NTP/NCI

carcinogenesis bioassay program have been compounds from structural classes
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(e.g., thionamides, aromatic amines) known to inhibit thyroid hormone synthesis;
Another, nonspecific group of cdmpounds that have been shown capable of causing
thyroid neoplasia in laboratory animals are the inducers of hepatic mfxed—function
oxidases. These materials enhance the hepatic metabolism and biliary excretion
of the thyroid hormones. The effects of both of these groups of compounds -- |
inhibition of thyroid hormone synthesis or increased thyroid hormone metabolism
and elimination--result in decreased levels of circulating thyroid ﬁormbne and
a consequent increase in the level of TSH. Genotoxic activity did not correlate
with this type of thyroid carcindgenesis in any predictable way. Of the chemicals
reviewed, only the aromatic amines showed genotoxic activity for a variety of
end points. | |

Mechanisms other than TSH increases may influence thyroid tumor response.
For those substances where gene mutations and structural chromosome aberrations
may be induced, there isrthe possibility that a single or limited number of
chemical-cell interactions may influence cartinogenesis.

In evaluating the nature of the dose-response relationship for;chemica1s '
that appear to have produced thyroid tumors via their influences on:tﬁyroid~

pituitary status and an increase in TSH, several points should be kept in mind.

Together these factors provide support for levels of TSH that are not associated '

with carcinogenic risk (i.e., éubthresho1ds). 7
- 1. The proper maintenance of homeostatic control of‘circulating levels of
the thyroid hormones requires some optimal, non-zero level of TSH. |
2. TSH and the thyroid hormones must be continually rep]acéd, since their
residence in the bodyvis finite (T4: rat plasm t1/2 = 12-24vhours; human plasma
tllz = 5-9 days) (see Thomas and Bell, 1982). | |
3. The feedback mechanism through which thyroid homeostasis is haintained

depends ultimately on TSH-stimulated thyroid hormone synthesis by the thyroid
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gland. The gg_ggxg_synthesis of thyroid hormones is dependent onctwo separate
receptor-mediated, dose-dependent steps; One of - these occurs in the p1tu1tary
gland where receptors monitor circulating levels of the thyroid hormones and
respond by releasing appropriate amounts of TSH; the second occurs in the |
chyroid gland itself where feceptors respohd to TSH. Hormone—receptor COmplexes
are short lived and a supply of hormones must be present on an ongoing bas1s to
interact with the1r receptors (T3—receptor d1ssociat1on t1/2 = 15 min). In both
the pituitary and the thyroid there exists a large number of receptors (several
thousand per cell) for thyrofd hormones and TSH, respectively, and the response
of each gland is likely to be graded in nature and dependent on the number of
receptors occupied at any one time. By ana]ogy with other receptor-mediated
reactions and from the 1nfobmatfon accumulated on the binding of T3 by pituitary
cell receptors, a large number of receptors must be occupied to elicit a response.
” 4. The effects of excessive TSH on thyroid ce11 histology/patho1ogy (e.g.,
hypertrophy, hyperp]as1a) are revers1b1e if the TSH stimulus is removed early
in the process.

5. Thyroid cell pro]iferation and transformation involve several different
steps and require a number of factors ih'addition to TSH. Some of the factors
that may be operative work throegh receptors themse1ves and most likely require
multiple site occupancy for effect.

6. Thyroid carcinogenesis‘seems to require Tong-term disruption in thyroid-
pituitary status leading to elevated lTevels of TSH (and reduced levels of the
thyroid hormones). »

Humans appear to be quite simi1ar to laboratory animals 'in their responses
to goitrogenic stimuli. Thus, iodine deficiency, partial thyroidectomy (surgical
or 1311), and administration of‘antithyroid agents (e.g., thionamides) result in

reduced thyroid hormones levels and increased levels of TSH, and can lead to
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thyroid hypertrophy and hyperplasia. As in experimental animals thyrbid eniavgg—‘a
ment and nodular lesions have been implicated as possible antecedents to thyroid
cancer in humans. | |

In spite of thesé qualitative similarities, however, there‘is some evidence
that humans may not be as sensitive quantitatively to thyroid cancer as exper- |
imental animal species. For instance, experimental animals readily respond to
reduced iodide intake with thyroid cancer development. The case wi;h humans is o
much less certain. Although there is profound hyperplasia with “adén@matoui”
changes, the case for malignant transformation is only suggestive aﬁd has nof
been demonstrated with any certainty. Even with éongenita1 goiters where there
are inherited blocks in thyroid hormone synthesis, only a few thyroid cancers
have been reported in the literature. Humans also may be less sensitive to the
effects of 1311, Although the data are very soft, there does not seem to be any
profound indication of a cancer problem ip persons with Graves"diseasé where a
significant proportion of patients haverau;oantibodies‘that stimulate the
thyroid 1ike TSH. 1In a like manner, theselsame‘patients treated with anti;hynbiﬂv -
compounds do not seem to show increases in thyroid cancer.

In contrast to the observations mentioned above, the finding of thyroid
cancer in human autopsy studies in the United States is not unlike that seen in

animal studies. For instance, about 1 percent of control Fischer 344 rats.

develop thyroid cancer over a lifetime, whilefautopsy'preva]ences of tumors in 7

humans that were not noted during 1ife range from 0.9 to 5.7 percent (about 2
percent average) in different studies. Few of the human tumors are manifest,
since clinically significant thyroid tumors occur in only about 3 of 100,000

persons and constitute only about O.S:pekcent of all cancer deaths.
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B. SCIENCE POLICY

It is general]y accepted that carc1nogenes1s is a long- term comp11cated

and mu1t1step Process with numerous causes. Although it is very d1ff1cu]t to

prove that carcinogenesis proceeds via speL1f1c d1screte steps, 1n certain

cases accumulated ev1dence becomes persuasive enough to presume that certa1n

processes are operative, and th1s information can be used as the bas1s for an

approach to estimate human cancer risk. This is the case for the induction of

certain follicular cell neoplasms of the thyro1d gland.

Studies over the last several decades in mu1t1p1e 1aborator1es and using a

number of different treatment regimens (e. g

the significance of lTong-term thyroid-pitu1tary hormonal imbalance in thyroid

carcinogenesis. A consistent progression of events is noted: reduction in

thyroid hormone concentrations, elevation in TSH Tevels, cellular hypertrophy

and hyperplasia, nodular hyperplasia, and neoplasia. Hyperplasia and sometimes

neoplasia of the pituitary may also be seen. A block in any of the early steps

acts as a block for subsequent steps- including tumor deve]opment and cessation

of treatment at an early stage in the progression results in regression toward

normal thyroid structure and function. Based on these observations and the

rationale set out above in Section VII.A., the Agency concludes that:

1. thyroid follicular cell tumors may arise from Tong-term disturbances

in thyroid—pituitary feedback under conditions of reduced circulating.

thyroid hormone and elevated TSH levels;

the steps Teading to these tumors are expected to show thresholds,

such that the risks of tumor deve]opment are minimal when thyroid-

pituitary homeostasis exists; and

., iodine deficiency) have. demonstrated




3. models that assume thresholds may be used to assess the risks of
thyroid follicular cell tumors where there is evidence of thyroid-
pituitary hormonal imbalance.

There are special considerations that must be addressed before applying
this policy to any chemical substance that has produced thyroid tumors an& is
subject to review by the Agency. It is recognized that some thyroid tumors
seem to arise from mechanisms other than thyroid-pituitary imbalance. It is
also known that chemical substances may impact 1iving cells in a numbér of
different ways and, therefore, may be producing toxic effects by different
mechanisms. Thus, two basic questions must be satisfactorily addressed in the
risk assessment of chemicals under review fn determining whetherrqnd how to
apply the policy. The first is a qualitative issue which addresses whether it
is reasonable to presume that the neoplasms are due to thyroid-pituitary imbalance.
A corollary issue is the extent to which other carcinogenic mechanismé‘can be |
discounted. The second question concerns the procedures fo‘be.emp1qyed in
estimating the risks of these agents. Criteria for addressing these issues are
developed below. |

The answers to the first question allow one to assign chemica1s'producing
thyroid tumors to one of three categories. The assignation is based upon
knowledge as to whether the chemical disrupts thyroid-pituitary feedback,
whether tumors other than thyroid follicular cell (and relevant pitﬁifary)
tumors are found, and whether mechanisms other ﬁhan thyroid—piiuitary imbalance
may apply to the observed tumor response. The guidance on how to progeed with
the quantitation of risk varies with the cétegory, as follows. |

1. Threshold considerations should be applied in dose-reﬁponée assessments"
for those chemical substances where (a) only thyroid tumors (and

relevant pituitary tumors) have been produced; (b) the tumors can be
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attributed to a disruption in thyroid-pftuitary hormonal homeostasis;
and (c) potential mechanisms other than thyrbidfpituitary imbalance
(e.g., genotoxicity)'éan be diéfegarded.

2. Special attention should be giQen to chemicals (a) that have induced
thyroid tumors (and relevant pituitary tumdrs) that may be due to
thyroid-pituitary imbalance, and (b) where there is also evidence of
either a genotoxic poténtja] or the induction of neoplasms at sites
other than the thyroid (or pituitary). Generally, those cases will
be approached using various principles laid out in the EPA Guidelines
for Carcinogen Risk Assessment. A strong rationale must be articulated
fof handling these agents otherwise.

3. For those chemicals producing thyroid tumors that do not seem to be
acting via thyroid-pituitary hormonal ihhibition, dose-response
assessments will be performed in accordance with the EPA Guidelines
for Carcinogen Risk Assessment.

The application of this guidance is continggnt upon the careful assessment
of all information hearing on the caréinogenicity of each chemical subject to
review. It calls for an evaluation of the types of thyroid (and pituitary)
tumors and any other tumor types as well as preneop]asfic and other toxicological
lesions that are produced. It also requires a careful analysis of relevant
mechanistic information bearing on the assessment of carcinogenicity. 1In
certain cases data gaps may necessitate further testing and research before an
assessment based on this policy can be completed. The remainder of this section
will be devoted to a discussion of some of the factors that should be considered
in the assessment of chemicals producing thyroid tumors.

One essential factor is whether the thyfoid tumors can be attributed to

disruption of thyroid-pituitary hormonal balance. In addressing whether this
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is the case, the presence of several indicators should be considered.

1.

5.

6.

Goitrogenic activity in vivo (i.e., thyroid follicular cell hypertrophy
and hyperplasia) |
Clinical chemistry indication of changes in thyroid and'pituitary
functional parameters (e.g., reduced thyroid hormone and incréased TSH
serum concentrations). |

Specific evidence that the agent either reduces thyroid hormone synthesis
(e.g., inhibits iodine uptake) or increases thyroidvhormone‘clearance
(e.g., enhances biliary excretion).

A progression of lesions under Tong-term exposure to an ageﬁt, showing
cellular hypertrophy and hyperplasia, nodular hyperplasia, andvneop1asia
(benign and possibly malignant tumors). '

Other studies bearing on the hypothesis that thyroid-pituitary imbalance
may be operative, 1like reversibility of lesions following cessation of
the treatment.

Structure-activity analysis of the agent under review to see if it
belongs to a class of compounds that shows a correlation with the

induction of thyroid tumors.

For each chemical that shows thyroid follicular cell carcinogenic effects,

the above points are reviewed as a whole, and an overall judgment is‘made as to

the Tikelihood the tumors may be due to a disruption in thyroid-pituitary status.

Since the data base on chemicals will vary éonsiderab]y, precise criteria as to

what constitutes adequate evidence cannot be given, but at a minimum information

from items 1, 2, and 3, with some indication of dose-response, are essential

in making these judgments. In addition, several other of the above lines of

evidence in support of the hypothesis are valuable, and while it is unlikely

that one will ever amass direct proof of the hypothesis, enough supportive
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information should be available so that the position s scientifically
reasonable.

Another important point 15 the extent to which genotoxicity may account
for fhe observed tumor effects. Short-term in vitro and in vivo tests for
- various end points, including gene and chromosomal mutations and DNA-damaging
capability, should be reviewedvto get an idea of the spectrum of effects that
may be produced in somatic cells. }/ It is recognized that a chemical seldom
produces all positive or all negative responses in such tests; therefore, a
case-by-case judgment must be made of the 1ikelihood the chemical's carcinogenic
effects may be due to its genotoxic activity. It should be pointed out that
for the purpo§es of this policy, it is necessary to evaluate potential carcinogenic:
mechanisms and not just the correlation between short-term test results and
carcinogenicity. | |

Certain short-term test end points have more intuitive relevance to carcino-
genicity than others. End points such as gene and chromosomal mutations readily -
fit into what is known about carcinogenic mechanisms, whereas less can be said
about the applicability of other end points like sister chromatid exchange or
mitotic gene conversion. Even with mutations, there are different ways, at
least theoretically, that chemicals might induce them and that may be relevant
to dose-response considerations. It is conceivable that gene mutations arise
from single (or a Timited number of) chemical-cellular interactions, whereas at
least two (and probably more) would be required for stable structural aberrations,
and most Tikely many interactions would be needed to induce numerical chromosome

aberrations.

1/ The Agency's Guidelines for Mutagenicity Risk Assessment should be consulted,
" but with the understanding that making a judgment of mutagenic risk to future
generations (germ cell risk) involves an important aspect not relevant to carcino-
genicity evaluation. Valuable reviews of short-term tests and testing results

can be found in publications of the EPA Gene Tox program (U.S. EPA, 1988).
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Neoplasms that occur in addition to thyroid follicular tumors (and relevant
pituitary tumors) must be carefully evaluated as to mechanistic considér;tions.
There is no a priori evidence that elevation in TSH serum concentration is
associated with tumors at sites other than the thyroid. However, it is recognized
that most organs of the body are responsive to thyroid hormone, and thus reo-
plastic development may in some way be modified under conditions that resu1t in'
reduced circulating thyroid hormone concentration. This eventuality sﬁoq1d be
considered and evaluated. In addition, the role of target-organ tbxicit&,
jmmunologic suppression and any other relevant biological properties of the
chemical under study should be reviewed in assessing the significance of these
tumors. Metabolic and pharmacokinetic considerations are also relevanf.

The last major point in the evaluation of thyroid carcinogens is the way
to quantitate carcinogenic risk when it is judged that the tumors are associated
with thyroid-pituitary imbalance and threshold concepts apply. The traditional
way the Agency has dealt with thresholds is to use a no-observed-adverse effect
level (NOAEL) for the critical effect as a measure of potency and then:to use
uncertainty factors to estimate exposure levels (dose rates) where it islanticd
ipated there will be little chance of risk in humans. An alternate means of
expressing a degree of concern is to calculate a margin of exposure, the ratio
of the NOAEL to anticipated human exposufe. The larger the ratio, the less
1ikely the exposure will be cause for concern, while the smaller the fatio, the
greater the concern. Historically, the Agency hés used threshold concepis to

evaluate the risks related to target-organ and’systemic toxicity and déveTopmentaT
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‘and reproductive toxicity. 2/

-Based on current Agency practices,v£hé-pYOCedures used for evaluating risks
from systemic toxicants and other thresho]d-re]evaht end poinfs may be emp]byed. |
Fbr those thyroid follicular ce11vtum§rs that are conceived as arising from an
imbalance in the thyroid-pituitary axis, oﬁe needs to dse toxico]ogical parameters
that give some'indication that thyroid-pituitary homéostasis has been disrupted.
rEnd points that should be considered as bases of NOAELs include such things as
»increases in thyroid weight, decreases in circu]ating thyrdidAhormone, and
increases in TSH concentration -as a function of chemical dose. It is expected
that these end points will show deviations from norha] at doses lower than or
equal to those showing increases in thyroid tumors. A NOAEL is determined for
each meaningful toxicological end point, and the one from among those reviewed
that demonstrates the lowest NOAEL is called the critical effect, thaf is, the
most sensitive indicator of a pertubation ih thyéoid—pituitary balance. Either
uncertainty factors or anticipated human exposure are used.with this NOAEL to
calculate measures associated with human risks. When chemically exposed groups
of humans are available, clinical chemistry measurements (e.g., ;erum TSH
concentrations) and other measures are useful in evatuating risks by comparing
the distribution of values in this group as compared to a éontro] group.

In evaluating thyroid follicular cell neoplasms under this policy, the risk

assessment depends on full use of the aQai]ab]e information. As indicated‘above

L]

2/ Because the Agency recognizes that the traditional techniques are not

" necessarily the most sophisticated means of extrapolating risks, it is
important to investigate alternative means of extrapolating risks in situations
involving thresholds. Some of these alternatives are being considered for
investigation or are already under development within the Agency. These include
the use of a combination of high-to-low dose modeling and uncertainty factors
and considerations of initiation-promotion phenomena in biologically based
models. The Agency should actively pursue the application of some of these
alternatives to the evaluation of human risks for thyroid "threshold" carcinogens

in place of the traditional way the Agency has dealt with threshold considerations.
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in any given organism, a carcinogen may act through more than one méchanism at
one or multiple anatomical sites. Accordingly, while use of this po1i¢y may be
appropriate for assessing certain thyroid fbl]icu]ar cell tumors, use of other
models may be necessary to evaluate risks at other tumor sites observed in the
same study, which may result in different risk estimates. It is incumbent upon
the risk assessor to consider all relevant risk estimates in making the final
Judgments on the potential human risk related to exposure to the chemical being

evaluated.
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APPENDIX A

COMBINED TREATMENT STUDIES

Test Animal

Treatment A Treatment B Results Reference

Wistar rat AAF (2.5 mg MTU (0.1 g/L Combined treatment Hall, 1948

(female) gavage, 4-6x in drinking showed multiple

for one week) water up to adenomas/gland. MTU

21 wk) alone caused hyper-

plasia or single tumors.
AAF stated as having
no tumor effect
Combined treatment
showed multiple
adenomas when interval
between treatments
extended for 4-18 wk.

Lister rat AAF (100 mg/L MTU (1 g/L in Combined treatment Doniach, 1950
{male & in drinking drinking water showed more adenomas/
female) water for for 13 mo. con- gland than single

13 mo. current with AFF).  treatment groups.

Lister rat 1317 (30 uCi,  MTU (1 g/t in Combined treatment Doniach, 1953
(male & ip) in drinking produced more adenomas/ .
female) water for gland and malignancies

15 mo} not seen in single
treatment groups.

Wistar rat X-rays MTU (1 g/L in Combined treatment Christov, 1975
(male) (300 rad drinking water increased incidence of

to neck) for 15-18 mo) tumor-bearing animals
and malignancies that
were not seen with
single treatments.

Wistar rat DHPN (70 mg/ Amitrole (2000 ppm Amitroie after 4 wk Hiasa et al.,
(male) 100 g bw given 1in diet for 12 wk) of DHPN induyced thyroid 1982a

sc once/wk for
4 or 8 wk)

adenomas at 91% and
carcinomas at 9%.
No tumors with DHPN
or amitrole alone.

Amitrole accelerated
development of adenomas
and increased carcinomas
after 8 wk of DHPN (no
amitrole - 58% adenomas,

. 18% carcinomas; with

amitrole - 100% adenomas,
42% carcinomas). No tumors
with amitrole alone.

(continued on the following page




APPENDIX A.

(continued)

Test Animal

Treatment A

Treatment B

Results Reference

Wistar rat
{male)

Wistar rat
(male)

Wistar rat
(male)

DHPN (70 mg/

100 g bw given
sc once/wk for
for 4 or 6 wk)

DHPN (single
sc dose of
280 mg/100

g bw)

DHPH (single
s¢ dose of
280 mg/100

g bw)

PB (500 ppm in
. diet for 12 wk)

BB (500 ppm in
diet for 12 wk)

PB (500 ppm
in diet for
6, 12 or 19
wks)

PTU (1500 ppm
in diet for 19
wk)

PB after 4 wk of DHPN
induced thyroid adenomas
at 66% and carcinomas at
10%. No tumors with DHPN
or PB alone.

Hiasa et al.,
1982b

PB after 6 wk of DHPN
acclerated development

of -adenomas and induced
carcinomas (no PB-23%)
adenomas, no carcinomas;
with PB-100% adenomas,
25% carcinomas; no tumors
with PB alone).

PB after 4 wk of DPHN

induced thyroid adenomas
(23%) but no carcinomas.
No tumors with BB alone.

BB after 6 wk of DHPN
accelerated development
of adenomas and induced
a small number of
carcinomas (no BB

- 23% adenomas, no
carcinomas; with BB -
45% adenomas, 10%
carcinomas; no tumors
with BB alone).

PB for 12 or 19 wk

after DHPN enhanced
development of thyroid
adenomas. PB for 19 wk
after DHPN induced
thyroid carcinomas at 12%.
Not seen with DHPN alone.
PB alone produced no tumors.

“Hiasa et al.,
1983

Kitahori
et al.,
1984.

PTU after DHPN enhanced
development of thyroid
follicular cell adenomas
and induced carcinomas
{no PTU - 19% adenomas,
0% carcinomas; with PTU
- 100% adenomas, 52%
carcinomas). PTU alone
produced no tumors.

{continued on the following page
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APPENDIX A. (continued)

Test Animal Treatment A Treatment B Re§u1ts Reference
Wistar rat  DHPN (single ~ MDA (1000 ppm MDA after DHPN enhanced Hiasa
{male) ip dose of 280 in diet for 19 development of thyroid et al.,
: mg/100g bw) - wk) tumors and induced 1984

carcinomas (no MDA -
28% tumors, 0% carci-
nomas; with MDA - 90%
tumors, 9.5% carcin-
omas). MDA alone
produced no tumors.

F344/NCr NMU (single iv  Iodine deficient Iodiné deficiency after Ohshima and

rat dose of 41.2 diet after 2 wk NMU enhanced development Ward, 1986
(male) mg/kg bw) until 20 or 33 of thyroid follicular cell

wi ) adenomas and carcinomas

‘ (NMU alone - 10% adenomas
at 20 wk and 70% adenomas
at 33 wk, 10% carcinomas
at 33 wk; NMU with iodine
deficiency - 100% adenomas
at 20 wk and 100% carcinomas
at 33 wk; no tumors following
iodine deficiency alone).

F344/NCr "NMU (single Iodine deficiency Iodine deficiency after Ohshima and
rat iv dose of after 2 wk until NMU enhanced development Ward, 1984
(male) 41.2 mg/kg 52 and 77 wk of the thyroid follicular
bw) v cell carcinomas (NMU alone;

32% carcinomas at 52 wk ;
NMU with iodine deficiency,
90% at 52 wk).

lodine deficiency alone
induced mostly thyroid
adenomas and a few carcin-
omas (40% adenomas at 52 wk,
60% adenomas at 77 wk, and
10% carcinomas at 77 wk).

Wistar NMU (40 mg/kg MTU [1 g/L in Combined treatment resulted Schaffer
rat bw by gavage drinking water in appearance of thyroid and Muller,
(female) for 3 days) from 4 wk after follicular cell adenomas 1980
NMU- until death {within 13 wk) and carcinomas
(60 wk) (after 16 wk) that metasta-

ized to the -lung (after

30 wk). No single treatment
groups were included, and the
fate of untreated controls was
not described.

(continued on the folTowing page}




APPENDIX A. (continued)
Test Animal Treatment A Treatment B Results Reference
F344 NMU (single PTU (3, 10, and PTU after NMU induced MiTmore
rat iv dose of 50 30 mg/L in development of thyroid et al., 1982
(female) mg/kg bw) drinking water) adenomas and carcinomas
(NMU aTone - no tumors;
with 3 mg/L PTU - 17%
adenomas, 23% carcinomas;
with 10 and 30 mg/L PTU
- 100% carcinomas). No
PTU alone group was
included.
1311 (1 and 10 No thyroid tumors.
uCl)
£344 rat NMU (20 mg/kg PB (0.05% in PB after NMU-induced Tsudd et af.,
(male) ip 2x/wk for 4 diet for 32 wk) thyroid papillary 1983

wk)

carcinomas. NMU alone
did not induce tumors.
PB was not tested alone.

¢

KEY: AAF, 2-acetylaminofluorene; MTU, 4-methyl-2-thiouracil;
DHPN, N-bis(2-hydroxypropyl)nitrosamine
P8; phénobarbital; BB, barbital;
NMU, N-methyl-N-nitrosourea.

; amitrole, 3-amino-1,2,4-triazole;
PTU, propylthiouracil; MDA, methylenedianitine;
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APPENDIX B
SINGLE RING AROMATIC AMINES

~Several structurally related, single-ring aromatic amineS‘have been tested

for carc1nogen1c1ty and are 111ustrated in the accompany1ng table. Of the 11
structural analogues, only o-anisidine, (no. 1), 2,4-diaminoanisole (no. 2),
3-amino-4-ethoxyacetanilide (no. 3), and HC Blue No. 1 (no. 9) were positive for
thyroid tumors. | ‘

| Although the first three chemicals share amino and methoxy substituents in
the ortho position on the ring, other tested chem1cals with th1s conformat1on
(no. 4, no. 5) did not produce thyroid tumors. Both chem1ca1s, no. 2 and no.
3 have amino groups in the meta pos1t1on on the ring; however, compound no. 8,
which also has this configuration, lacked thyro1d_tumor.activity. Chemicals

no. 2 and no. 3 also shared amino and methoxy groups in the para positions;

‘compounds no. 6 and 7 with these constituents were negative for thyroid tumors.

Likewise,'for‘HC Blue No. 1 (no. 9), which showed a thyroid tumor fesponse in

- the NTP bioassay, structural analogues no. 10 and 11 failed to show this'response.

Thus, it is not readiTy apparent which, if any, substitutions on the ring may

impact thyroid tumor activity.
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APPENDIX B. (continued)

SINGLE RING AROMATIC AMINES:
STRUCTURE-ACTIVITY RELATIONSHIPS AMONG CHEMICALS TESTED BY THE NCI/NTP

Thyroid Tumors Other Tumors
Rat Mouse Rat ~ __ Mouse
M F M F M F 1 M F
1. o-anisidine + - - - bladder bladder bladder bladder ?
kidney :
NHo *
ol
2. 2,4-ﬂiaminoanisole + + + O+ skin skin - Tiver
liver liver ‘
NHo
O
3. 3-amino-4-ethoxy-
acetanilide S - - - -
0 NHo
I
CH3~C~NH- OCH3
4. p-cresidine - - - = bladder bladder bladder bladder
nasal nasal - -
Tiver - - Tiver
NH2 \ ‘
o 0 ocks o
5. b5-nitro-o-anisidine - - - - skin skin - - .
zywbal  zymbal - - Y
' clitoral liver -
NH2 gland

N02-<z:j§r0CH3 | : |

~(continued on the following page)
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" APPENDIX B. (continued)

Thyroid Tumors
Rat

Mouse

M

F’

M

F

Other Tumors
Rat Mouse

10'

)

11.

p-anisidine

NHp-( 0 -OCH3

3,4-dimethoxyaniline

OCH3
NHo=( 0 )-0CH3

m-diphenyl eneaxine

NHo

20,

HC Blue No. 1

NOo

(HOCH2—CH2)2N-<::j§-NH—CH3

p-phenyl enediamine

NH2-<C::>»NH2

2-nitro-p-phenylene-
diamine

NOo

NH2«<:§jS—NH2

Tiver lung liver liver
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APPENDIX ¢

‘ GENOTOXICITY. ETHYLENE THIOUREA

1. GENE MU1ATIONS

A BACTERIA I
' . Reported :
~Salmonella (Ames) _Effect Reference
646 (w) Seiler, 1974
G46 , N-n1trosoethy]eneth1ourea (+) . Seiler, 1977
mul tiple stra1ns o (-NO,") (w) ~Shirasu et al.,
'(+N02‘) (+) 1977 |
mouse/rat host mediated A (=)
646 | (+N62) e
mUltip]é strains ' (+) TA 1530  Schupbach and’
only: - Hummler, 1977
mouse host med1ated (+) TA 1530 :
‘ G46 TA 1530 only
: mu]tip]e strains : (+) in al1  Anderson and
S S _ ~ Styles, 1978
“TA 1950 B (-NOZ‘)‘ (w) Autio et al.,
| (N0pT) ) 1982 |
mouse host med1ated N (-NOZ‘) ' (w) -
(Ta 19500~ (+N02 )
' mu]t1p1e strains - (w) TAv1535 “Moriya et al.,
‘ ‘ ~ ‘only 1983 c
mouse host mediated ( -NO,") - (=) Braun et a].,
(TA1950) o (#N0pT) (+) 1977
multiple stra1ns/rep11cat1ons - (w) TA 1535 Mortelmans
in dlfferent labs (=) alv et a1., 1986
: ~.others ‘
multiple stra1ns/rep11cat1ons (-). | Bridges et al.,v
in d1fferent labs 2 1981
E. coli
WP2 | (- NOZ') (=) ~ Shirasu et 61;,
(+N05") (+) 1977
Wp2 ‘ (=)
- {continued on folTowing page).
KEY: (+) positive o
(w) weak positive
(?) equivocal
(-) negative
C-1




APPENDIX C. (continued)

B. EUKARYOTIC MICROORGANISMS
Saccharomyces (XV 185-14C)

(+) requires Mehta and

1981

59 vonBorstel,
Schizosaccharomyces (=) Loprieno, 1981
C. HIGHER EUKARYOTES ) |
Mouse Tymphoma cells (TK) (=) Jotz and\Mitche1,‘1981 ' ?,.;'
Mouse lymphoma cells (+) NTP, 1986 ‘
Chinese hamster ovary (-) Carver et al., 1981
(several loci) : S *
Drosophila XLRL {(-) Valencia and
‘ : Houtchens, 1981 :
Drosophila XLRL («) injection Woodruff et al., 1985
(?) feeding )
Drosophila XLRL (+) NTP, 1986
2. CHROMOSOME EFFECTS
A. NUMERICAL ABERRATIONS o
Saccharomyces mitotic aneuploidy (+) Parry and Sharp, 1981
Mouse micronucleus (see B, beiow) |
B. STRUCTURAL ABERRATIONS
Chinese hamster ovary cells (=) Shirasu et al., 1977
Chinese hamster ovary cells () Natarajan and
: vanKesteren-van .
Leeuwen, 1981
Chinese hamster ovary cells (=) NTP, 1986
Mouse micronucieus (B6C3F1) (=) Salamone et al., 1981 5 2
Mouse micronucleus (ICR) (-) ‘Kirkhart, 1981 ‘
Mouse micronucleus (CD-1) (-) Tsuchimoto and ‘
» Matter, 1981
(Continued on folTowing page)
KEY: (+) positive | :

(w) weak positive
(?) equivocal
(=) negative




APPENDIX C. (continued)

Mouse micronucieus  (-NaNOs) (-) " Seiler, 1975
- -~ (+NaNONp) () |
Mouse micronucleus , (-) . Schupbach and Hummler, 1977
Mouse dominant 1ethal ’ (-) Shirasu et al., 1977
Mouse dominant lethal -y Schupbach and Hummler, 1977
Mouse dominant lethal (=) - Schhpbach and Humh]er, 1977
Mouse dominant lethal (+ NaNOp)  (+) Teramoto et al., 1978
' , preimplantation loss
(=)
postimplantation loss
~ Chinese hamster bone (+NaN05) (+) |
marrow Seiler, 1977
Rat bone marrow e (=) | Shirasu et al., 1977
‘Drosophila reciprocal (=) . NTP, 1986

*~ translocation
C. SISTER CHROMATID EXCHANGES

 Chinese hamster ovary cells (-) B Evans and Mitchel, 1981 °
Chinese hamster ovary cells (=) - Natarajan and '
' . ' _ vanKesteren - van
Leeuwen, 1981

Chinese hamster ovary cells : (-) T Perry and Thomson, 1981
Chinese hamster ovary cells (-) ‘ NTP, 1986 :
Mouse in vivo (CBA/J) =~ (-) Paika et al., 1981

3. DNA DAMAGE

B. subtilis (rec) | ~ (w) without  Kada, 1981
59
(-) with s9
E. coli (pol A) : (=) Green, 1981

(continued on folTowing page)
KEY: positive
weak positive
equivocal

negative

NE +

——~ e —
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APPENDIX C. (continued)
E. coli (rec) (+) with S9 Ichinotsubo et al., 1981
E. coli (rec, pol A) (-) Tweats, 1981
E. coli (pol A) (w) without Rosenkranz et al., 1981

S9
(-) with S9

E. coli (lambda induction) (+) Thomson, 1981
Saccharomyces mitotic cross-over (-) Kassinova et al., 1981
Saccharomyces mitotic gene (-) Jagannath et al., 1981
conversion ‘ :
Saccharomyces mitotic gene (-) Zimmemann and'
conversion Scheel, 1981
Saccharomyces (JDI) mitotic gene (+) without Sharp and Perry, 19814
conversion S9 .

Saccharomyes (RAD) differential growth

Unscheduled DNA synthesis
WI-38 cells :

Human fibroblasts
Mouse sperm morphology

Mouse sperm morphology

(-)
(-)
(-)
(-)

Sharp and Perry, 1981b

Robinson and

Mitchell, 1981
Agrelo and Amos, 1981

Wyrobek et al., 1981
Tophan, 1980

4. IN VITRO TRANSFORMATION
Baby hamster kidney (BHK 21) (+) Daniel and Dehne, 1981
Baby hamster kidney (BHK 21) (+) Styles, 1981
Syrian hamster embryo, adenovirus (-) Hatch et al., 1986
infected (SHE-SA7) v
Key: (+) postive

(w) weak positive
(?) equivocal
(-) negative




APPENDIX D
GENOTOXICITY: 4,4'-OXYDIANILINE

1. GENE MUTATION

A, BACTERIA

Salmonella (Ames) ( Reoorted Effect ' Reference
Th 98 | (+) requires S9 Lavoie et al.,
TA 100 ‘ (+) assayed only in , 1979
, presence of S9
TA 98 (w) requires S9 | Parodi et al.,
TA 100 o (+) requires $S9 1981
TA 98 (+) requires S9 Tanaka et al.,
TA 100 (+) requires S9 11985
TA 97 (+) requires S9 | NTP, 1987
TA 98 {+) requires S9 v (personal
TA 100 (+) with or without S9 communication
TA 1535 (+) requires hamster S9 Dr. Errol
TA 1537 - (+) assayed only with S9; Zeiger)

requires hamster S9

B. EUKARYOTES

Mammalian cells in cul ture ‘
Mouse 1ymphoma (+) NTP, 1986

2. CHROMOSOME EFFECTS

Chinese hamster ovary cells
structural chromosome (+) NTP, 1986
aberrations ‘

sister chromatid (+)
exchanges S

Rat bone marrow :
sister chromatid (-) Parodi et al., .
exchanges ' S 1983

(continued on following page)
KEY: (+) positive ' .
(w) weak positive
(?) equivocal
(=) negative
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APPENDIX D. (continued)

3. DNA DAMAGE

Unscheduled DNA synthesis
(rat hepatocytes)

in vivo (-)  Mirsalis

in vitro (=) et al,, 1983

4. 1IN VITRO TRANSFORMATION

Syrian hamster embryo cells (?)[ Tu et al., 1986
Enhancement of virus Hatch et al.,,
infected transformation of 1986

Syrian hamster embryo cells (+)

Key: (+) -~ positive
(w) - weak positive
(?) - equivocal
(-) -~ negative
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APPENDIX E
GENOTOXICITY: AMITROLE

1. GENE MUTATIONS

A. BACTERIA ‘ Reported Effect Reference

Salmonella (Ames) ‘ (-) . See multiple bacterial

tests summarized in
Bridges et al., 1981

(-) . McCann and Ames, 1976
TA 1950, mouse host o
mediated (»NOZ') (=) : . Braun et al., 1977
(‘+N02- ) (W) ‘ ‘ ‘
| (=) Dunkel, 1979 :
-y Rosenkranz and Poirier, 1979
(-) | - .Mofiya et al., 1983
(=)  NTP, 1986
E. coli ' ‘ : ‘ _
(WP2uvrA (P)) (+)" | , Venitt and Crofton-
’ e Sleigh, 1981
(WPZuvrA) ( (-) | ‘ Matsushima et al., 1981
(WP2uvrA/pkM101) <y | .. Matsushima et al., 1981
Streptomyces (w) A Carere et al., 1978
B. EUKARYOTIC MICROORGANISMS
Saccharomyces (RV) (-y - Mehta and vonBorstel, 1981

- (continued on following page)
KEY: (+) positive ‘ ' o
. (w) weak positive
(?) equivocal
(-) negative
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APPENDIX E. ({(continued)

C. HIGHER EUKARYOTES

Drosophila XLRL

(-) Laamanen et al., 1976
(-) Vogel et al., 1980
(-) Vogel et al., 1981 o
(?) NTP, 1986 .
(feeding, ?; injection, -) " Woodruff et al., 1985
Mouse 1ymphoma L5178Y cells (TK) (=/=/=) NTP, 1986
Syrian hamster embryo cells
(ouabain) (+) ’ ~ Tsutsui et al., 1984
(6-thioguanine) - {+) Tsutsui, et al., 1984
2. CHROMOSOME EFFECTS
A. NUMERICAL ABERRATIONS
Saccharomyces (D6) : («) - Parry and Sharp, 1981
Aspergillus mitotic ‘ (w) Bignami et al., 1977
nondisjunction ‘ '
g;gsgghilgtgsz chromosome (-) | Laamanen gt al., 1976
B. STRUCTURAL ABERRATIONS
Human 1ymphocytes in vitro (-) Meretoja et al., 1976
Mouse micronucleus (B6C3F1) (-) Salomone, et al., 1981
(Cp-1) (-) Tsuchimoto and | b
| Matter, 1981
Mouse dominant 1ethal ( (-) - Food and Drug Res., 1978 - )
(Ha, 1 CR) :

(continued on the following page)
KEY: (+) positive |
(w) weak positive
(?) equivocal
(=) negative
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. APPENDIX E. (continued) '

~ C. OTHER EFFECTS

sister chromatid exchange

Perry and Thomson, 1981

- (CHO) (+)
(CHO) (+)_ NTP, 1986
3. DNA DAMAGE
Bacillus subtilis
Rec (+) Kada, 1981
E. coli
Rec (=) Green, 1981
Rec (-) Ichinotswbo et al., 1981
Rec (~) Mamber et al., 1983
Rec (=) Tweats, 1981
Pol1A (-) Rosenkranz et al., 1981
Lambda prophage (-) Thomson, 1981
induction :
Saccharomyces cerivisiae ,
(D3) mitotic (-) Simmon, 1979
cross over
(race X11) (-) Kasinova et al., 1981
mitotic cross over
(D4) mitotic gene (-) Jagannath et al.,
conversion : 1981
(D7) mitotic gene (-) Zimmerman and
conversion Scheel 1981
(JD1) mitotic (+) Sharp and Perry, 1981
gene conversion , 1981a
Tcontinued on the TolTowing pagey
KEY: (+) positive v
(w) weak positive
(?) equivocal
(-) negative
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APPENDIX E. (continued)

(RAD) cell growth
Aspergillus mitotic cross
Unscheduled DNA synthesis (HelLa)
MLV integration enhanéement
(C3H2K)

Mouse sperm head abnormality

4. IN VITRO TRANSFORMATION

Syrian hamster embryo cells

Baby hamster kidney cells (BHK)

Rat Embryo cells

(Rauscher murine leukemia
virus infected)

(+)
(w)
(+)
()

(=)

(+)

(+)

(+)
(+)
(-)

()

(+)

‘Sharp and Pérr&, 1981b
Bignami et al,, 1977

Martin and McDermid, 1981
Yoshikur and Matsushima, 1981

Tophan, 1980

Dunkel et ai,, 1981
Tsutsui, et al., 1980
Styles, 1980 |

Styles, 1981 |
'Daniel and Dehnel, 1981

Dunkel et al., 1981
NTP, 1983

KEY: (+) - positive
(w) - weak positive
(?) - equivocal
(=) - negative
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