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The extreme potency of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) as a liver carcinogen in
female rats has been used to estimate human cancer risks from exposure to this chemical.”
However, the incidence of thyroid tumors in male rats and female mice'’ may be an even
more sensitive end point. Quantitative relationships for biochemical responses to TCDD
exposure that correlate with that end point would permit extrapolation of the incidence of
thyroid tumors at doses used in laboratory experiments to the incidence predicted to result
from environmental exposure.

Administration of TCDD to rats leads to decreased serum thyroxine (T,) concentrations®
and increased serum concentrations of 3,5,3"-triiodothyronine (Ta)24and thyrotropin (thyroid
stimulating hormone, TSH).2 Continuous elevation of serum TSH levels results in hyperpla-
sia and increased thyroid weight.5 Prolonged stimulation by TSH may ultimately lead to thy-
roid neoplasia.®

Thyroxine is metabolized by UDP-glucuronosyltransferase (UGT) isoform 1 to a glucuronide
which is secreted in the bile.? TCDD increases the hepatic activity of this enzyme24by an
argl hydrocarbon (Ah) receptor-dependent mechanism.” As serum T, inhibits secretion of
TSH from the pituitary, induction of UGT might be responsible for the decrease in serum T,
and the increase in serum TSH postulated to lead to thyroid hyperplasia and cancer risk
consequent to TCDD treatment. In order to determine i?,this mechanism is compatible with
current knowledge about the regulation of these hormones, a physiologically based model of
the above processes was constructed and its predictions compared with experimental data.

1. Methods

Female Sprague—Dawley rats were given biweekly oral doses of 0.35-125 ng TCDD/k
body weight/day in corn oil for 31 weeks.® After this time, the rats were killed and the blood
levels of T,, T3, and TSH were measured. UGT7 mRNA was quantitated by reverse tran-
scriptase—PCR. Thyroid morphology was quantified by image analysis of photomicrographs.

The physiological dosimetric model of Kohn et al.® for the distribution of TCDD in the rat and
its effects on hepatic enzymes and receptor proteins included compartments for blood, fat,
liver, other rapidly perfused tissues, and slowly perfused tissues. This model was extended
by inclusion of compartments for the Gl tract, kidney, pituitary, and thyroid. Brown and white
fat were treated as separate compartments. Blood was distributed among an arterial plus
venous companment and compartments for capillary blood in the various tissues. Hepatic
metabolism of TCDD was modeled with Hill kinetics, and the parameter values were esti-
mated by formal optimization to reProduce the time courses of TCDD in the liver and fat fol-
lowing a subcutaneous injection. ™
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TSH-stimulated release of T, from the thyroid was modeled with hyperbolic kinetics. TSH
release from the pituitary was modeled as stimulated by the hypothalamic peptide thyrotro-
pin releasin? hormone (TRH) and inhibited by the hypothalamic peptide somatostatin (SS).")
Secretion of TRH was assumed to be inhibited by blood T,, and secretion of SS was
assumed to be stimulated by blood T,. Kinetics for receptor binding and deiodination of thy-
roid hormones were obtained from the literature.

The original model included binding of TCDD to the Ah receptor, and this liganded receptor
was treated as stimulating transcription of the UGT1 gene with Michaelis—Menten kinetics.
Parameters were estimated by formal optimization to fit the induction data of Vanden Heuvel
et al."®Hyperbolic kinetics were also used for synthesis of UGT protein on the mRNA tem-
plate. Where possible, constants in the model were obtained from data in the literature. Nine
constants were adjusted to reproduce the distribution and enzyme induction data of
Tritscher et al.8} eight constants were adjusted to reproduce the dose-responses of thyroid
hormones and TSH reported here.

2. Results and Discussion

The model’'s computed dose—responses of T, T, and TSH are given in Table 1 and repro-
duce the observed concentrations very well. The computed decrease in blood T, was
dependent on induction of UGT. When the amount of this enzyme was not allowed to

Table 1: Blood hormone concentrations after 31 weeks of biweekly oral dosing with

TCDD?
Dose, ng/kg/day T, M T; nM TSH, pM
0.0 28.6 0.753 77.3
(26-32) (0.61-0.85) (36.1-162)
0.35 28.3 0.752 78.2
(23.2-93.2)
1.0 279 0.750 79.0
(22.5-77.5)
3.5 26.6 0.744 80.3
(23-35) (32.1-117)
10.7 24.4 0.737 829
(18-32)
' 35.7 204 0.751 88.2
(12-21)
125.0 15.3 0.908 97.9
(12.5-20) (0.55-1.10) (31.8-189)

a.Range of observed values in parentheses.

increase, the calculated blood T, concentration remained high over all dose groups. The
computed increase in T; at higher doses of TCDD was dependent on the specification of the
deiodinase kinetics in the model. For example, when competition by T, for that enzyme’s
binding site was neglected, the model predicted a decrease in blood T, at the highest dose
of TCDD compared to controls.

The model was used to simulate several other experiments, and the predicted induction of
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UGT was compared with that observed (Table 2). The model reproduces the observed
induction at TCDD doses in the range that was used to construct this model (< 2 uE/k ), but
there is a tendency to underpredict the induction at higher doses. Owing to the lac o?data,
many processes in this model (e.g., production of binding proteins) were represented by
greatly simplified empirical equations whose constants were adjusted to yield a good fit to
the hormone dose—responses. These parameter values may not be applicable outside the
range of doses used to estimate these quantities, and this may be the origin of the poorer
fits to UGT induction data for high doses.

Table 2: Computed induction of UGT following oral doses of TCDD

Dose, ug/kg Latency?® UGT, nmole/g Ca:ﬁg':éteig rf'old Obiliznget%;old
1.0 1 0.411 1.87 1.53%)
0.2 3 0.698 1.81 1.38-2.57"4
1.0 3 0.981 2.54 1.67-5.06"
5.0 3 1.110 2.88 3.85-4.8719
0.05 6 0.541 1.24 1.02%9
0.25 6 0.855 1.97 1.96'%)
1.0 6 1.226 2.82 3.10"
5.0 6 1.422 3.27 5.8819)
10.0 10 1.496 3.39 3.71)

a.Days between dosing and sacrifice

The ability of the model to reproduce the data is consistent with the hypothesis that TCDD
increases serum TSH by reducing T, inhibition of TSH secretion consequent to induction of
UGT. Furthermore, in this study it was found that TCDD induced morphological alterations of
the thyroid characterized by increased hyperplasia, increased follicular cell size, and
decreased colloidal follicle size. These changes are consistent with prolonged stimulation of
the thyroid by TSH and may represent an early stage in the induction of thyroid tumors iden-
tified in previous two-year bioassays. Thus, increases in UGT activity could be used as a
biomarker for TCDD exposure that may predict thyroid tumor incidence at low exposures.

3. References

1) National Toxicology Program (1982): Carcinogenesis bioassay of 2,3,7,8-
tetrachlorodibenzo-p-dioxin in Osborne-Mendel rats and B6C3F1 mice. National
Toxicology Program Technical Report Number 209, Research Triangle Park, NC.

2) Bastomsky, C.H. (1977): Enhanced thyroxine metabolism and high uptake goiters in
rats after a single dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin. Endocrinol. 101, 292—
296.

3) Gorski, J., Muzi, G., Weber, LW.D., Pereira, D.W., Arceo, R.J., latropoulos, M.J., and
Rozman, K. (1988): Some endocrine and morphological aspects of the acute toxicity of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Toxicol. Pathol. 16, 313-320.

ORGANOHALOGEN COMPOUNDS
Vol.21 (1994) 225



TOX

4)

5)

6)

10)

11)

12)

Henry, E.C., and Gasiewicz, T.A. (1987): Changes in thyroid hormones and thyroxine
glucuronidation in hamsters compared with rats following treatment with 2,3,7,8-
tetrachloro-dibenzo-p-dioxin. Toxicol. Appl. Pharmacol. 89, 165-174.

Andrae, U., and Greim, H. (1992): Initiation and promotion in thyroid carcinogenesis. In
Tissue Specific Toxicity: Biochemical Mechanisms. Academic, New York, pp. 71-93.

Hill, B.N., Erdreich, L.S., Paynter, O.E., Raberts, P.A., Rosenthal, S.L., and Wilkinson,
C.F. (1989): Thyroid follicular cell carcinogenesis. Fund. Appl. Toxicol. 12, 629-697.

Bock, K.W. (1991): Roles of UDP-glucuronosyltransferases in chemical carcinogenesis.
Crit. Rev. Biochem. Mol. Biol. 26, 129-150.

Tritscher, A.M., Goldstein, J.A., Portier, C.J., McCoy, Z., Clark, G.C., and Lucier, G.W.
(1992): Dose-response relationships for chronic exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin in a rat tumor promotion model: quantification and
immunolocalization of CYP1A1 and CYP1A2 in the liver. Cancer Research 52, 3436-
3442,

Kohn, M.C., Lucier, G.W., Clark, G.C., Sewall, C., Tritscher, A.M., and Portier, C.J.
(1993): A mechanistic model of effects of dioxin on gene expression in the rat liver.
Toxicol. Appl. Pharmacol. 120, 138-154,

Abraham, K., Krowke, R., and Neubert, D. (1988): Pharmacokinetics and biological
activity of 2,3,7,8-tetrachlorodibenzo-p-dioxin. Arch. Toxicol. 62, 359-368.

Spira, O., and Gordon, A. (1986): Thyroid hormone feedback effects on thyroid-
stimulating hormone. In Thyroid Hormone Metabolism (G. Hennemann, ed.). Marcel
Dekker, New York, pp. 535-578.

Vanden Heuvel, J.P., Clark, G.C., Kohn, M.C., Tritscher, A.M., Greenlee, W.F., Lucier,
G.W.,, and Bell, D.A. (1994): Dioxin-responsive genes: examination of dose-response
relationships using quantitative reverse transcriptase—polymerase chain reaction,
Cancer Res. 54, 62-68.

13) Eltom, S.E., Babish, J.G., and Ferguson, D.C. (1992): The interaction of L-triiodo-

thyronine and 2,3,7,8-tetrachlorodibenzo-p-dioxin on Ah-receptor-mediated hepatic
phase | and phase 1l enzymes and iodothyronine 5’-deiodinase in thyroidectomized
rats. Toxicol. Lett. 61, 125-139.

14) Lucier, G.W., McDaniel, O.S., Hook, G.E.R., Fowler, B.A., Sonawane, B.R., and Faeder,

E. (1973): TCDD-induced changes in rat liver microsomal enzymes. Environ. Health
Perspect. 5, 199-209.

15) Lucier, G.W., Rumbaugh, R.C., McCoy, Z., Hass, R., Harvan, D., and Albro, P. (1986):

Ingestion of soil contaminated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) alters
hepatic enzyme activities in rats. Fund. Appl. Toxicol. 6, 364-371.

16) Bank, P., Salyers, K.L., and Zile, M.H. (1989): Effect of tetrachlorodibenzo-p-dioxin

{TCDD} on the glucuronidation of retinoic acid in the rat. Biochim. Biophys. Acta 993, 1-
6.

ORGANOHALOGEN COMPOUNDS
226 Vol.21 {1994)




