Stellingen

behorende bij het proefschrift “Interactions of polyhalogenated aromatic
hydrocarbons with thyroid hormone metabolism” van Gerlienke Schuur
te verdedigen op dinsdag 17 november 1998

De schildklierthormoonverlaging die gevonden wordt in plasma van proefdieren na
blootstelling aan sommige organohalogenen is niet betrokken bij een toename in de
omzetting van deze organchalogenen.

(dit proefschrift) :

De expressie en activiteit van cytochroom P4501A worden niet gereguleerd door
schildklierhormaon.

(dit proefschriff)

Ondanks het feit dat blootstelling aan organchalogenen effecten heeft op verschillende
routes van schildklierhormoon-metabolisme, wordt de concentratic van aktief
schildklierhormoon in de hersenen niet aangetast.

(dit proefschrifi, proefschrift D.C. Morse)

Pentachloorfenol is behalve een goede sulfateringsremmer ook in staat de hoeveelheid
sulfotransferase enzym in de lever van ratten te verhogen.
(dit proefschrift)

In het onderzock naar pseudo-oestrogenen worden de mogelijke effecten op het
metabolisme van oestrogenen onderschat.

De omvang van onderzoek naar hormoonverstorende effecten van industriéle
chemicalién is in tegenspraak met de veel grotere blootstelling aan natuurlijke
hormoonverstorende stoffen via het dieet.

De remmende werking van stoffen uit rode wijn op fenolsulfotransferase activiteit kan
hoofdpijn veroorzaken.

(J.T. Littlewood et al.,, Lancer 1 (8583), p. 558, 1988 and A.L. Jones et al., Eur. J. Clin.
Pharmacol. 49, p. 109, 1995)

Een milde jodide deficiéntie, onder andere veroorzaakt door het eten van te weinig
brood, kan mogelijk effecten hebben op de foetale ontwikkeling bij de algemene
populatie.

(J.G. Hollowell & W.H. Hannon, Teratology 55, p. 389, 1997)

TCDD is niet alleen vanuit toxicologische oogpunt een interessante stof maar is
daamaast een handvat voor het onderzoeken van vele werkingsmechanismen.
(M. Holloway, Scientific American, november, p. 16, 1990)
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Een RARE (“retinoic acid response element”) is niet zo zeldzaam of vreemd als het
klinkt.

De bezuiniging, die via de studietijdverkorting is bereikt, resulteert later in een hogere
uitgave van de overheid aan ziekteverzuim en werkloosheidsuitkeringen.
(naar aanleiding van een Loesje poster “Twijfelen doe je maar na je studie”™)

Het goed bedoelde advies van de overheid aan vrouwen om kinderen voor je dertigste te
krijgen is in conflict met de eerder gebrachte slogan “een slimme meid is op haar
toekomst voorbereid”.

Het toenemend gebruik van Email is de oorzaak van meer spelfouten en een
verslechtering van de stijl door de gebruikers.

Naamswijzigingen binnen een organisatie zijn vaak een aanwijzing voor bezuinigingen.
Nu vaatwassers zuinig zijn met water en energie, is de mogelijkheid van het houden van

een goed gesprek tijdens de afwas een laatste argument om ze niet aan te schaffen.
(nav Volkskrant 1 maart 1997)
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Science should be made as simple as possible

but not simpler.

Albert Einstein
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CHAPTER 1

GENERAL INTRODUCTION

The research described in this thesis concerns the possible interactive effects between thyroid
hormones and polyhalogenated aromatic hydrocarbons (PHAHs), with emphasis on
metabolism. In particular, the possible regulatory role of thyroid hormone on PHAH-induced
biotransformation enzymes. Secondly, the possible inhibition of thyroid hormone sulfation by
hydroxylated PHAHs was investigated. This research was performed at the department of
Toxicology, Agricultural University Wageningen in close collaboration with the department

of Internal Medicine IIT of the Erasmus University Rotterdam.

In this Chapter, some information on the toxic effects of PHAHSs is given, followed
by an introduction into thyroid hormone metabolism. In addition, the effects of PHAHSs on
thyroid hormone metabolism are discussed. Finally, the outline of the thesis is given.

PCB
9 1
4 O 2
7 0 3
: pcoD
a 2
7 3 o - 3
PCDF

Figure 1.1 The chemical siructures of
PCBs, PCDDs and PCDFs.

Polyhalogenated aromatic hydrocarbons
(PHAHSs)

Polyhalogenated aromatic hydrocarbons such as
polychlorinated biphenyls (PCBs), dibenzo-p-
dioxins (PCDDs) and dibenzofurans (PCDFs) are
persistent environmental pollutants (for general
structures see Figure 1.1). PCBs were used as
plasticizers, flame retardants and as dielectric
fluids in transformers and capacitors, but are
banned since the early eighties (De Voogt and
Brinkman, 1989). PCDDs and PCDFs are formed
as unwanted byproducts during organochlorine
synthesis or during waste incineration, but recent
measures taken have reduced their emissions. All
PCB, PCDD and PCDF structures consist of two
halogenated phenyl rings, with respectively 209,
75 and 135 possible congeners dependent on the
degree and position of chlorine substituents.
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Chapter 1

PCDDs and PCDFs are rigid planar structures, while the phenyl rings of the PCBs can rotate
along the central C-C bond.

PHAHSs are highly lipophilic and extremely resistant to breakdown by acids, alkali,
heat, and hydrolysis. Therefore, they are very persistent and widely present in the environment,
including fish, wildlife and humans. The accumulation of PHAHs depends on their metabolism,
which is dependent on the degree of ¢hlorination (Safe, 1989). Hydroxylation by cytochrome
P45 enzymes is the main route of metabolism of PHAHs and occurs preferentially at the para
position. The presence of two vicinal unsubstituted carbon aloms facilitates oxidative
metabolism. Hydroxylated metabolites can be further metabolized to glucurenic acid or sulfate
conjugates. The formation of mercapturic acid metabolites of PCBs is thought to start with the
reaction of glutathione with an PCB-arene oxide, followed by metabolization to the cysteine-
adduct, and thiol-adduct. This thiol-adduct is converted to the methylthio-derivative, followed
by oxidation to first a methylsulfinyl- and vltimately to a methylsulfonyl-metabolite. (Sipes
and Schnellmann, 1987; Safe, 1989)

PHAHSs induce a number of toxic effects, including body weight loss, thymic atrophy,
impairment of immune responses (Tryphonas, 1994), hepatoxicity, chloracne and related dermal
lesions, tissue-specific hypo- and hyperplastic responses, carcinogenesis, developmental
toxicity (Peterson et al., 1993), neurcbehavioral responses and neurotoxicity (Seegal, 1996;
Schantz, 1996), teratogenicity, and reproductive toxicity (Peterson et al, 1993). These toxic
effects are congener-, species-, sex- or age-dependent (Safe, 1990; 1994; DeVito and Bimbaum,
1994). In Table 1.1, biochemica! effects caused by PHAHs are summarized.

Table 1.1 PHAH induced biochemical effects.

induction of CYP1A1, CYP1A2, and CYP4A1
suppression of CYP2C11

induction of GSTs

induction of UDP-glucuronyl transferases

increased cytochrome P4350 levels

induction of epoxide hydrolase

inhibition of uroporphyrinogen decarboxylase activity
induction of ALA synthetase activity

decreased ALA dehydratase

decreased thyroxine levels

decreased hepatic/ plasma vitamin A levels

induction of c-Ha-ras, c-raf, C-yes, c-erbA and c-erbB protooncogen
increased serum lipids and HMG CoA reductase
decreased serum chlolesterol

increased aldehyde dehydrogenase

increased serum SGPT, SGOT

10



General introduction

The common mechanism of action for PHAH toxicity is generally accepted to be the Ah
receptor pathway (Poland and Knutson, 1982; Okey et al., 1994). PCDDs, PCDF's and all planar
PCBs have been shown to be ligands of this cytosolic receptor. After binding of a ligand, the
Ah receptor complex loses its heat shock proteins and it is transported together with the Ah
receptor nuclear translocator (ARNT) protein into the nucleus where it binds to specific DNA
enhancer sequences, the dioxin response elements (DRE). This binding results in the increased
expression of certain proteins, including CYP1A1/2, UGT1A6 (Owens, 1977; Miinzel et af.,
1996) and GST1 (Pimental ef al., 1993) (Safe, 1995). Planar structures such as 2,3,7 8-chlorine
substitution of PCDDs and PCDFs, non-ortho substituted PCBs as well as mono-ortho PCBs
are shown to be Ah-receptor agonists (Safe, 1992).

Non-planar, di- to tetra-ortho PCBs which do not exhibit Ah-receptor agonistic
activity, and have been shown to induce CYP2B and the UGT1A2 isozyme (Safe, 1995). These
phenobarbital-like PCBs induce toxic effects such as alterations in plasma thyroid hormone
{McClain et al., 1989; Barter and Klaassen, 1992a; 1994), neurotoxicity (Secgal ef al., 1990;
Shain ef af., 1991), and tumor promotion (Silberhorn ef al., 1990). The monc-ortho substituted
PCB:s are able to induce both PB-like and Ah-receptor-like biotransformation enzymes.

In addition, effects caused by hydroxylated PHAH metabolites may add to the
spectrum of toxic effects. These effects include 1) competitive inhibition of thyroxine (T4)
binding to transthyretin (TTR), a thyroid hormone transport protein, as demonstrated in vitro
(McKinney et al., 1985; Rickenbacher ef ai., 1986; Lans ef al., 1993; 1994) and ir vive
(Brouwer and van den Berg, 1986, Lans, 1995), 2) reduction of vitamin A and retinol-binding
protein (RBP) levels in rat plasma as a result of the binding of PHAH-OHs to TTR, which
causes a weakening of the plasma protein TTR-RBP complex carrying both retinol and T4,
(Brouwer et al., 1988), 3) uncoupling of mitochrondrial phosphorylation (Lans et al., 1990,
Narasimhan et al., 1991}, 4) estrogenic or anti-estrogenic activity (Korach et al,, 1988; Connor
et al., 1997, Fielden et al., 1997), 5) inhibition of gap junctional intercellular communication
(GJIC) (De Haan et al, 1994), and 6) inhibition of c¢ytochrome P450 activities. For
methylsulfonyl PHAH metabolites also some distinct effects have been shown, such as 1)
induction of cytochrome P450 activities (Kato et al, 1995) and 2) the binding to a specific
protein in lung (Stripp ef al., 1996).

Thyroid hormone metabolism

Thyroid hormone is essential for the normal fetal development of several organs, and for the
regulation of growth and basal metabolism throughout life. The active hormone is 3,3',5-
triiodothyronine (T3), which acts through binding to a nuclear thyroid hormone receptor,
followed by binding to a thyroid hormone responsive element (TRE). Its precursor, thyroxine
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Chapter 1

(T4) is produced mostly by the thyroid gland and is transported via plasma to the various
tissues. Because of the importance of thyroid hormene in numerous processes, the intracellular
thyrold hormone levels are tightly regulated in various ways, e.g. plasma transport, cellular
metabolism and synthesis and feed-back regulation via the hypothalamus-pituitary-thyroid
gland axis. The metabolism of iodothyronines is mediated by several different metabolic
enzyme systems: 1) deiodinases, 2) UDP-glucuronyltransferases, and 3) sulfotransferases
{Visser, 1990), as is presented in Figure 1.2.

The first metabolic pathway is deiodination, which has been reviewed several times
(Kohrle et al., 1987; Visser, 1990; Braverman, 1994; Kéhrle, 1996; Larsen, 1997; St. Germain
and Galton, 1997). Three types of membrane-bound deiodinases are known. Type I deiodinase
{D1) is present especially in liver, but also in kidney and thyroid. D1 is able to deiodinate both
the outer and inner ring of iodothyronines, with rT3 as the preferred substrate. It is a
selenocysteine-containing enzyme, and can be inhibited by 6-propylthiouracil (PTU). it is most
important for the production of plasma T3 levels and for the removal of plasma rT3. In
hypothyroidism, D activity is decreased, following a reduced T3 concentration in plasma and
tissue.

Type 11 deiodinase (D2) is present in the CNS, pituitary, brown fat, placenta, and in
humans in thyroid, skeletal muscle and heart (only proven by mRNA detection). It deiodinates
only the outer ring of thyroid hormones, with T4 as the preferred substrate. D2 is also an
selenocysteine-containing enzyme, but is insensitive to PTU. Its function is to provide
intercellutar T3 in brain and pituitary. During hypothyroidism, D2 activity is increased, which
can be returned to normal only with T4 infusion (Escobar-Morreale et ai., 1997).

Type 1II deiodinase {(D3) is present in CNS, placenta, skin and in fetal tissues. It
performs only inner ring deiodination, with T3 and T4 as the preferred substrates. The function
of D3 is predominantly the degradation of T3 and T4, thereby regulating local T3 levels.

Iodothyronines are also conjugated by glucuronidation or sulfation. Glucuronic acid
delivered by the cofactor uridine diphosphate (UDP)-glucuronic acid (UDPGA) is transferred
to the hydroxyl group of iodothyronines. Glucuronidation is catalysed by membrane bound
UDP-glucuronyltransferases (UGTs). So far, three different UGT isozymes are known to be
involved in glucuronidation of iodothyronines. Phenol UGT preferentially glucuronidates tT3,
but is also able to glucuronidate T4. Bilirubin UGT also conjugates T4 and rT3. Finally,
androsterone UGT prefers T3 as a substrate. When iodothyronines are glucuronidated, they
are excreted into the bile. After hydrolysis in the intestine by §-glucuronidases, at least part
of the iodothyronines is reabsorbed. (Visser, 1990; 1994a)

A second conjugation reaction is sulfation. Sulfotransferases represent a family of
homologous enzymes which catalyse the sulfation of various compounds with overlapping
substrate specificity, using 3'-phosphoadenosine-5'-phosphosulfate (PAPS) as the sulfate donor.
Sulfotransferases are soluble isozymes, some of which exist as monomer and others as
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glucuromdatlon sulfation
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Figure 1.2 Thyroid hormone metabolism pathways. Glucuronidation and sulfation is
only presented for T4, but T3, rT3 and T2 are also conjugated.

homodimer or even multimeric complexes, which are localized in the cytoplasm of different
tissues (Matsui and Homma, 1994). Iodothyronines are sulfated by phenol sulfotransferases,
in the order 3,3-T2 >> T3 > rT3 > T4 by rat liver. fr vitro, it was demonstrated that the
sulfotransferase isozymes rat SULTIC1 and human SULT1A1 and SULT1A3 were able to
sulfate iodothyronines (Visser ef al., 1996a; 1998a/b).

Small amounts of thyroid hormone sulfates appear normally in bile or serum, because
they are rapidly deiodinated in the liver. The inner ring deiodination by I} is strongly enhanced
for iodothyronine sulfates compared to non-sulfated iodothyronines themselves. However, high
concentrations of iodothyronines sulfates have been found in plasma, bile and amniotic fluid
of fetal sheep and humans (Chopra et al., 1992; Wu et al., 1992a/b; 1993; 1995, Santini e al ,
1993; 19%94; Polk et al., 1994). When D1 activity is low, e.g. during fetal development, non-
thyroidal illness or fasting in rats, iodothyronine sulfate levels are increased. Non-sulfated
hormones may then be recovered by sulfatase activity in tissues. This is suggested to play an
important role in regulating thyroid hormone levels during fetal development (Santini er al.,
1992a). (Visser, 1990; 1994b)

Different enzymes important in carbohydrate metabolism are regulated by thyroid
status. Examples of such thyroid hormone-dependent enzymes are malic enzyme activity and
e-glycerolphosphate dehydrogenase activity, both have been demonstrated to possess a TRE

13
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in their promoter sequence (Oppenheimer et al., 1977, Pellizas ef af., 1996). These activities
can be used as a measure for thyroid hormone status in the tissue.

Effects of PHAHs on thyroid hormone metabolism

One aspect of the toxicity of PHAHS is their effect on thyroid hormone levels and metabolism.
PHAHs are known to affect the thyroid hormone system on at least three different levels: 1)
thyroidal hormone synthesis, 2) plasma transport, and 3) hepatic metabolism (for review, see
Brouwer et al., 1998).

Exposure to PHAHs results in a decrease in plasma total and free T4 levels in rats,
mice and marmoset monkeys. This has been observed with TCDD (Bastomsky, 1977, Potter
et al., 1983, 1986; Pazdernik and Rozman, 1985; Henry and Gasiewicz, 1986, 1987; Jones ef
al., 1987; Roth et al., 1988; Pohjanvirta et al., 1989; Lans et al., 1990), Aroclor 1254
(Bastomsky, 1974; Bytne ef al, 1987; Brouwer, 1989; Beetstra ef al., 1991; Gray ef al., 1993)
and PBBs (Gupta ef al., 1983). However, the T3 levels were sometimes reported to be increased
(Bastornsky, 1977, Potter ef al., 1986) or decreased (Pazdernik and Rozman, 1985), but most
reports show that serum T3 is unchanged after PHAH treatment (Henry and Gasiewicz, 1987,
Gorski and Rozman, 1987; Jones et al., 1987 Roth er al., 1988; Muzi et al , 1989; Lans, 1995;
Morse, 1996).

Firstly, PCBs and PCDDs could act directly on the thyroid gland. Gupta er al. (1973)
and Rozman ef /. (1986) described degenerative and necrotic changes in thyroid follicles in
rats after TCDD treatment. Aroclor 1254 also showed effects on thyroid function and
morphology in Gunn rats, and adult cynomolgus monkeys (Collins ef al., 1977, Collins and
Capen, 1980a/b/c; Sepkovic and Byme, 1984; Tryphonas ef al., 1984). The effects of PHAHSs
on thyroid gland function may be direct or secondary to decreases in plasma thyroid hormone
levels, resulting in an increased TSH stimulation (suggested by Ness et al, 1993). However,
the ultrastructural and functional alteration of rat thyroid glands after Aroclor 1254 exposure
were dissimilar to thyroid gland alteration found after iodide excess or deficiency, or after a
TSH or T4 administration (Collins and Capen, 1980c), suggesting an additional or specific
effect of Aroclor 1254 exposure.

Secondly, PHAHs are able to interfere with plasma thyroid hormone transport.
McKinney et af. (1985) and Rickenbacher ez al. (1986) described interactions of PHAHs and
hydroxylated metabolites with TTR using in vitro binding studies and modelling studies.
Brouwer and Van den Berg (1986) demonstrated a mechanism based on disturbed plasma
transport for the decrease in plasma T4 levels in rats exposed to PCB77, a coplanar PCB
congener. Lans ef al. (1993; 1994) demonstrated that in vitro PHAH-OHs are able to inhibit
T4 binding to TTR, but not to thyroxine-binding globulin (TBG). Lans (1995) confirmed the
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binding of a PCB-OH to TTR, both by X-ray diffraction analysis of a crystal of the TTR-PCB-
OH complex and computer-assisted modelling studies.

Finally, PHAHs are known for their modulating effects on thyroid hormone
metabolism. Glucuronidation can be induced by PHAHS; planar and mono-ortho PCBs have
been shown in rats to induce the phenol type (UGT1A6), while PB and PB-like inducers have
been shown to induce the bilirubin type (UGT1A2) (Rozman et af., 1985a/b, 1988; Henry and
Gasiewicz, 1987; Beetstra ef al., 1991; Saito et al., 1991; De Sandro et al., 1992; Eltom ef al.,
1992; Barter and Klaassen, 1992a/b; 1994, Visser ef al., 1993a; Van Birgelen ef ¢l., 1995). In
Gunn rats, which are deficient in UGT activity towards bilirubin, phenolic compounds and T4
(Visser et al., 1993a), the T4 UGT activity could be induced by Aroclor 1254 to some extent
in the heterozygous rats but not in the homozygous rats. However, the decrease in plasma T4
levels were similar in both strains, suggesting additional effects of the compound (Collins and
Capen, 1980a),

D1 activity in liver has been shown to be decreased in vivo following treatment of rats
with several Ah-receptor agonists, such as 3-methylcholanthrene, 3,3',4,4'-TCB, TCDD and
Aroclor 1254 (Adams et al., 1990; Eliom er af, 1992; Visser et @l., 1993a; Lans, 1995;
Raasmaja ef al., 1996), but also after PB treatment {De Sandro ef al., 1991}. Hydroxylated
PHAH metabolites also inhibit D1 activity in vifro using rat hepatic microsomes (Rickenbacher
et al., 1989; Adams ef al., 1990, Lans, 1995). In addition, brain D2 activity is increased in fetal
and neonatal rats exposed to 3,3',4,4",5,5'-HCB or Aroclor 1254 (Morse et al., 1993; 1996).
This increase is probably mediated by the severely reduced plasma and brain T4 levels,

QOutline of this thesis

The major aim of this study is focussed on the possible interactions between thyroid hormones
and PHAHs, with particular emphasis on metabolism. Two separate research questions were
put forward and studied.

Questionl. s it possible that the PHAH-induced decrease in plasma T4 is a mechanism to
regulate the induction of biotransformation enzymes that metabolize the PHAHs?

PHAH exposure results in the induction of biotransformation enzymes such as
cytochrome P450 (CYP), glutathione S-transferases (GSTs) and UDP-glucuronyltransferases
(UGTs). The mechanism for the induction is general accepted to be the Ah-receptor pathway.
However, not all toxic effects caused by PHAH can be explained by this mechanism, such as
hypovitaminosis A and neurotoxicity.

Exposure to PHAHS also results in lower plasma T4 levels, while many of the signs
of TCDD-induced toxicity resemble those observed for thyroid dysfunction, including body
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weight loss, dermal toxicity and changes in cholesterol and triglyceride levels. It was
demonstrated that thyroidectomy (Rozman er 2l., 1984; 1985a/b) offers some protection against
mortality. Furthermore, it was reported that thyroid hormone is able to regulate cytochrome
P450 isozymes (Kato and Takahashi ef al., 1968; Rumbaugh et al., 1978; Leakey er al., 1982;
Miiller et al., 1983a/b; Skett, 1987; Yamazoe er al., 1989; Arlotto and Parkinson, 1989), UGTs
{Chowdhury et af., 1983; Moscioni and Gartner, 1983; Pennington et al., 1988; Goudonnet ef
al., 1990), and GSTs (Williams et al., 1986; Pimental ef al., 1993). Therefore, we proposed
that the induction of biotransformation enzymes by PHAHs via the Ah-receptor route is
modulated by the PHAH-induced decreases in thyroid hormone levels.

Approach: Thyroidectomized (Tx) rats, Tx rats replaced with T3 or T4 and control
rats were exposed to TCDD. Thyroid hormone serum levels together with thyroid hormone
parameters such as hepatic D1 activity, hepatic malic enzyme activity and brain D2 activity
were measured (Chapter 2). In this same animal experiment, biotransformation enzyme
activities such as CYP1A1 activity, UGT activity, GST activity, and sulfotransferase activities
were analysed for their possible regulation by thyroid state (Chapter 3).

To obtain more information about thyroid hormone regulation of different types of
cytochrome P450, we designed an animal experiment with hypothyroid (Tx), euthyroid (Eu)
and hyperthyroid (T3-treated) Sprague-Dawley rats and exposed them to a CYP1A inducer,
PCB 126, and a CYP2B inducer, PCB 153. Thyreid hormone serum levels, thyroid hormone
status parameters as well as CYP1A and CYP2B activities, protein and mRNA levels were
investigated (Chapter 4).

Question 1i. Are hydroxylated PHAHs able to inhibit thyroid hormone sulfation iz vitro as well
as in vivo?

Hydroxylated metabolites of PHAHS are known for their competitive inhibition of
thyroid hormone binding to proteins such as TTR and D1 (Rickenbacher ef al., 1989; Adams
et al., 1990; Lans er al, 1993; 1994; Lans, 1995). Due to the structural resemblance of
hydrexylated PHAHs with thyroid hormones, it was proposed that phenol sulfotransferase,
which is another protein that binds iodothyronines, may be inhibited by PHAH-OHs.

Approach: To start, thyroid hormone sulfation was assayed in vitro, using rat liver
cytosol as enzyme source and T2 as substrate in the presence of different hydroxylated PHLAHs.
Some structure-activity relationships of PHAH-OHs for T2 sulfation inhibition were
investigated (Chapter 5). More information was obtained about the role of different isozymes
in inhibition of thyroid hormone sulfation by PHAH-OHs, using different enzyme sources, e.g.
cytosolic preparations with specific SULT isozymes. The nature of the T2 sulfotransferase
activity inhibition by PHAH-OHs was also investigated (Chapter 6). Secondly, a rat and human
hepatoma cell line were used to investigate the in vitro inhibition of T2 sulfation by PHAH-
OHs in cells (Chapter 7). Finally, the possible inhibition of thyroid hormone sulfation was
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tested in vivo in rats, using an experimental setup with prenatal exposure to PCBs or
pentachlorophenol, which is a potent sulfotransferase inhibitor (Chapter 8).
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CHAPTER 2

EXTRATHYROIDAL EFFECTS OF 2,3,7,8-
TETRACHLORODIBENZO-P-DIOXIN ON THYROID HORMONE
TURNOVER IN MALE SPRAGUE-DAWLEY RATS

Abstract

Treatment of rats with different polyhalogenated aromatic hydrocarbons strongly decreases
plasma T4, with little or no decrease in plasma T3. The extrathyroidal effects of TCDD on
thyroid hormone turnover were studied by ip administration of a single dose of 10 pg TCDD/kg
bw or vehicle (corn oil) to euthyroid (Eu) rats, thyroidectomized (Tx) rat, and Tx rats infused
with 1 pg T4 (Tx+T4) or 0.4 pg T3 (Tx+T3) per 100 g bw per day by osmotic minipumps. Tx
rats showed decreased plasma T4 and T3 and increased plasma TSH levels, decreased hepatic
D1 and malic enzyme activities, and increased brain D2 activities. All parameters were largely
restored to Eu levels in Tx+T4 rats and, except for plasma T4 and brain D2 activity, in Tx+13
rats, validating the thyroid hormone-replaced Tx rats as models to study the peripheral effects
of TCDD. Three days afier TCDD administration, plasma T4 and FT4 levels were significantly
reduced in Eu rats and in Tx+7T4 rats, and plasma T3 was significantly reduced in Tx+T3, but
not in Eu or Tx+T4 rats. Plasma TSH was not affected by TCDD in any group. Hepatic T4
UGT activity was induced approximately 5-fold by TCDD while T3 UGT activity was only
increased by about 20% (p=N8} in the different groups. TCDD produced an insignificant
decrease in liver D1 activity in Tx rats and an insignificant increase in brain D2 activity in Tx
rats and hormone-replaced Tx rats. Hepatic malic enzyme activity was significantly increased
by TCDD in all groups, except Tx rats. These results strongly suggest that the thyroid hormone-
decreasing effects of TCDD are predominantly extrathyroidal and mediated by the marked
induction of hepatic T4 UGT activity.

based or A. Gerlienke Schuur, Franklin M. Boekhorst, Abraham Brouwer, and Theo J. Visser
(1997). Extrathyroidal effects of 2,3,7,.8-tetrachlorodibenzo-p-dioxin on thyroid hormone
turnover in male Sprague-Dawley rais. Endocrinology 128, 3727-3734.
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Introduction

It is well known that PHAHS, such as polychlorinated biphenyls {PCBs), polychlorinated
dibenzo-p-dioxing (PCDDs), and polychlorinated dibenzofurans (PCDFs), alter thyroid
hormone levels and metabolism in rodents. Administration of TCDD to rats or mice results
in reduced plasma T4 levels (Potter er al., 1983; 1986; Roth et al., 1988). The mechanisms
involved in the thyroid hormone-decreasing effects of PHAHSs are still not fully understood.
TCDD markedly increased the biliary clearance of T4 {Bastomsky, 1977), which is associated
with an increase in hepatic T4 glucuronidation due to the profound induction of UGTs by
PHAHs (Beetstra ef al., 1991; Saito ef al., 1991; De Sandro et al., 1992; Barter and Klaassen,
1992a; Visser ef al., 1993a). On the other hand, several investigations have presented
histological evidence for a direct damaging effect of PHAHS on the thyroid gland (Gupta et
al., 1973; Rozman et al., 1986). Finally, hydroxylated metabolites of PHAHs were found to
compete with T4 for binding te plasma transthyretin, resulting in an increased plasma free T4
fraction and, hence, a decreased plasma total T4. The latter effect is, however, highly dependent
on the extent of metabolic conversion of PHAHS, and negligible for compounds such as TCDD
(Brouwer er al., 1990; Lans ef al., 1993). Perhaps, the most remarkable effect of PHAHs is their
potent induction of hepatic detoxification enzymes, both phase I enzymes such as CYP
isoenzymes, and phase I enzymes such as UGTs and GSTs (Safe, 1990; Sutter and Greenlee,
1992).

Thyroid hormones influence a variety of metabolic processes in most mammalian
tissues, and may also have a significant effect on rates of drug metabolism. Studies of
Rumbaugh et al. (1978) established a dose-dependent stimulating effect of thyroid hormones
on hepatic mixed-function oxidases. CYP activities were lower in thyroidectomized (Tx) male
and female Sprague-Dawley rats compared with those in euthyroid (Eu) controls. Substitution
of Tx rats with T4 restored these activities to Eu levels. Miiller ef af. (1983a/b) showed that
T3 treatment increases CYPLA activities in rat liver. This suggests that the effects of PHAHSs
on biotransformation enzymes may be modulated by the altered thyroid status associated with
PHAH treatment.

To further elucidate the peripheral mechanisms mediating the effects of PHAHs on
thyroid hormone turnover, we investigated the effects of TCDD in Tx rats substituted with T4
or T3. In addition, this model was used to study the role of changes in thyroid hormone status
on the induction of hepatic cytochrome P450 isozymes and other biotransformation enzymes
by PHAHS. For this purpose we used Tx male Sprague-Dawley rats infused with substitution
doses of T3 (Tx+T3) or T4 (Tx+T4) by osmotic minipumps. Here, we describe the validation
of this model as well as the effects of TCDD on plasma and tissue thyroid state-dependent
parameters in Eu, Tx, Tx+T3, and Tx+T4 rats. The modulating effects of thyroid hormone on
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the induction of hepatic phase I (CYP) and phase II (UGT and GST) detoxification enzymes
are presented in Chapter 3 (Schuur ef al., 1998a).

Materials and methods

Chemicals

TCDD (>99% pure} was purchased from Promochem (Wesel, Germany). Iodothyronines,
dithiothreito]l (DTT), uridinediphosphoglucuronic acid (UDPGA), propyl-2-thiouracil (PTUY),
and BSA were obtained from Sigma Chemicals Co. (St. Louis, MO). Malic acid was obtained
from Janssen Chimica (Tilburg, the Netherlands). BioRad protein reagent was obtained from
Bio-Rad Laboratories (BioRad, Richmond, CA). [*T]T4, [*I]T3, and [ '*I]rT3 were oblained
from Amersham (Buckinghamshire, UK); they were purified on Sephadex L.H-20 (Pharmacia,
Woerden, the Netherlands) before each assay (Rutgers er al., 1989). All other chemicals were
of analytical grade.

Animals and treatment

Male Sprague-Dawley rats, surgically thyroidectomized (Tx) or sham-operated by the supplier
at 4 weeks of age, were purchased from Harlan/CPB (Zeist, the Netheriands). The complete
resection of the thyroid in the Tx rats was confirmed at the end of the experiment by autopsy.
The rats were obtained at 6 weeks of age and allowed to acclimatize for 2 weeks before the
experiment. They were maintained at 50% humidity and 21°C on bedding in plastic cages with
a 12-h light/12-h dark cycle. Rat chow (Hope Farms, Woerden, the Netherlands) and tap water
with 0.5% CaCl, were supplied ad libitum. Model 2002 Alzet minipumps (Charles River Wiga,
Sulzfeld, Germany), delivering 0.4 pg T3/100 g bw/day (Tx+T3 rats, n=15) or 1.0 pg T4/100
¢ bw/day (Tx+T4 rats, 1=15) in 0.1 M NaOH in 0.9% NaCl, were implanted ip at day 0 under
ether anaesthesia. Five sham operated rats, 15 non-operated Eu rats, and 15 Tx rats received
pumps with solvent only. Water and food consumption was recorded daily, and body weight
was recorded twice a week, On day 7 after osmotic minipump implantation, 5 rats from each
group (Eu, Tx, Tx+T3, and Tx+T4) were given an ip injection of 10 pg TCDD/kg bw in corn
oil {5 mlfkg). Of each group, 5 control and 5 pair-fed control rats were given an ip injection
with com oil only. On the day before pump implantation (day -1}, day 3, day 7, and day 10,
blood (=1 mi) was collected by orbital puncture in heparinized tubes and stored on ice until
separation of plasma. On day 10, all rats were killed under ether anaesthesia. Livers were
perfused with saline, dissected, weighed and frozen in 3 portions. Kidneys, thymuses, and
brains were removed, weighed and frozen on dry ice. All tissues were stored at -80°C and
plasma at -20°C until analysis. All procedures were approved by the Animal Welfare
Committee of the Agricultural University Wageningen.
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Tissue preparation

Whole brains were homogenized in 8 volumes ice-cold 0.1 M Tris-HCI buffer, pH 7.5,
containing 1 mM DTT, using a Potter tube, and stored at -80°C until analysis. Livers were
homogenized on ice in 3 volumes ice-cold 0.1 M Tris-HCI buffer, pH 7.5, containing 0.25 M
sucrose, using a Potter tube, and the homogenate was centrifuged for 30 min at 9,000xg and
0-4°C. The resulting supernatant was centrifuged for 90 min at 105,000xg and 0-4°C, and the
microsomal pellet was resuspended in ice-cold 0.1 M phosphate buffer, pH 7.5. Microsomes
and cytosol were stored in aliquots at -80°C unti] further analysis. Protein levels of tissue
fractions were determined using BioRad Protein reagent (Bradford, 1976) and BSA as a
standard.

Thyroid hormone analysis

Plasma T4, FT4, and T3 were analyzed in duplicate using the Amerlite chemiluminescence
kits (Amersham) according to the protocol of the supplier with the following modifications:
the T4 and T3 assay buffer was diluted five times with demineralized water, and the standard
curve for T4 ranged from 0 to 120 nmol T4/1. It was ascertained that TCDD does not interfere
in the Amerlite assays. Plasma TSH was determined by RIA with the materials and protocols
of the NIDDK, NIH, using TSH RP-2 as a standard.

Enzyme assays

Type 1 iodothyronine deiodinase (D1). Hepatic D1 activity was determined as previously
described (Mol and Visser, 1985). In short, microsomes (20 pg protein/ml) were incubated for
30 min at 37°C with 1 pM rT3 and =100,000 cpm [*IJrT3 in 0.1 M phosphate buffer, pH 7.2,
2 mM EDTA, and 5 mM DTT. The reaction was stopped on ice by the addition of 750 pl 0.1
M HCI. The tubes were centrifuged, and radioiodide was determined in the supernatant by
Sephadex LH-20 chromatography as described previously (Rutgers er al., 1989).

Type Il iodothyronine deiodinase (D2). Brain D2 activity was analyzed essentially as described
by Visser et al. (1982) with slight modifications as described by Morse et @l (1993). The final
incubation conditions were 0.8 mg brain homogenate protein/ml, 2 nM T4 with =50,000 cpm
['®I]T4, 1 mM PTU, 0.5 yM T3, 25 mM DTT, and | mM EDTA in 200 ul 0.1 M phosphate
buffer, pH 7.2. After incubation for 60 min at 37°C, the reaction was stopped on ice by the
addition of 100 pl 7% (wt/vol) BSA, followed by 500 pl 1096 (wt/vol) trichloroacetic acid. The
tubes were centrifuged and the radioiodide released was further isolated from the supernatant
by Sephadex LH-20 chromatography as described previously (Mol and Visser, 1985).
UDP-glucuronyltransferases (UGTs). Hepatic T4 and T3 UGT activities were determined
essentially according to the method of Beetstra e? al. (1991). Microsomes (1 mg protein/ml)
were incubated for 30 min at 37°C with 1 uM T4 or T3 {plus =50,000 cpm '*’I-labeled
compound}, 3.75 mM MgCl,, and 0.125% BSA in the presence or absence (blank) of 5 mM
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UDPGA in 200 pl 75 mM Tris-HCL, pH 7.8 (Visser ef al., 1993b). Reactions were stopped by
the addition of 0.2 ml ice-cold methanol. After centrifugation, (.2 ml supernatant was mixed
with 0.8 ml 0.1 M HCI and analyzed for glucuronide formation on Sephadex LH-20
minicolumns (Beetstra et al., 1991).

Malic enzyme. Hepatic malic enzyme activity was determined according to the method of Hsu
and Lardy (1967) by incubating 0.33 mg cytosolic protein/ml for 10 min at 25°C with 2 mM
malic acid, 1.13 mM NADP, and 16 mM MnCl, in 0.13 M triethanolamine buffer, pH 7.4, the
formation of NADPH was determined at 340 nm using a 96-well plate spectrophotometer
{Molecular Devices Corp., Menlo Park, CA).

Statistics

Treatment-related effects were first evaluated with a one-way analysis of variance followed
by a least significant difference test (p<0.05) using the statistical software package SPSS/PC+™
(8PSS Inc, Chicago, IL).

Results
No significant differences were found for any of the parameters determined between sham-
operated and non-operated Eu rats. Therefore, only data from the latter will be presented. Body

weights of the different groups are shown in Table 2.1.

Table 2.1 Body weights and weight gains of the rats on the day before minipump implantation
and on day 10 of the experimental period.

body weight (g)  body weight gain (g) body weight (g) on day 10
on day 0 com oil TCDD corn oil TCDD
Eu 232.1+£44 26.8+26 269+1.5 259355 258187
Tx 16494 1.8 23.2+26 23624 1885136 1878x57
Tx+T3 165.9=21 345+£3.5"  37.8+26" 201.5+4.6 201.7+48
Tx+T4 165.5+3.1 34.1+£40% 357+15 201149 198.6+4.1°

Note. Data are presented as means + SEM. N=15 for Tx and Eu groups, and N=14 for Tx+T3
and Tx+T4 groups. N=>5 for all TCDD treated groups. *) Significantly different (p<0.05) from
Eu group. #) Significantly different (p<0.05) fromTx group.
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Figure 2.1 Plasma T4 (A), FT4 (B), T3 (C), and TSH (D) levels in Fu (@ ), Tx (A),
Tx+7T3 (®), and Tx+T4 (®) rats. The levels were measured before and 3 and 7 days after
osmotic minipurnp implantation {day -1). Results represent the means + SEM of 5 rats
per group. *) Significantly different from Eu rats (p<0.05). #) Significantly different
from Tx rats {p<0.05).

Thyroidectomy performed 4 weeks earlier, i e. at 4 weeks of age, caused an approximately 29%
decrease (p<().05} in body weight at the start of the infusion period. The increase in body weight
of Tx rats infused with replacement doses of T3 (Tx+T3} or T4 (Ix+T4) during the 7-day
period was greater than that of Tx or Eu rats (p<0.05). Body weights of Tx+T3 and Tx-+T4 rats
after 10 days of infusion were in between those of Tx and Eu rats. During the entire period,
the daily food intake of Tx rats was about 70% of that of Eu, Tx+T3, and Tx+T4.andNo
differences were found in water intake between the different groups.

Plasma concentrations of T4, FT4, T3, and TSH in Eu, Tx, Tx+T3, and Tx+T4 in the
7-day period preceding TCDD treatment are shown in Figure 2.1, Eu rats maintained constant
levels of plasma T4 (=50 nM), T3 (=1.3 nM), FT4 (=20 pM) and TSH (2.3 ng/ml) over the
7-day period following osmotic minipumyp implantation. In the Tx rats, strongly reduced plasma
T4 (to =30% of that in Eu rats) and FT4 (to =20% of that in Eu rats) levels were observed.
Plasma T3 levels were less affected in Tx rats and maintained at about 50% of Eu values
throughouf the 7 day period preceding TCDD treatment. Plasma TSH levels were increased
approximately 9-fold in Tx vs. Eu rats throughout this period, indicating a strongly decreased
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negative feedback on hypophyseal TSH secretion.

Infusion of Tx rats with 1 pg T4/100 g bw/day (Tx+T4 rats) resulted in a restoration
of T4 and FT4 levels to almost Eu levels at both 3 and 7 days. There was also a significant
increase in plasma T3 levels to almost Eu levels after 3 days of T4 replacement, but a
subsequent decrease was observed after 7 days. Infusion of Tx rats with T3 had no effect on
plasma T4 and FT4 levels. However, T3 replacement caused a quick restoration of plasma T3
levels to slightly above normal Eu levels on day 3 and to Eu levels on day 7. Plasma TSH levels
in Tx rats were progressively decreased to almost Eu levels after 3 and 7 days of substitution
therapy with T3 or T4.

No differences were found between pair-fed and ad libitum fed, corn oil-treated
controls in all groups. Therefore, only data derived from pair-fed controls are presented.
Treatment with TCDD had no significant effect on food intake, body weight or body weight
gain compared with control rats in any of the groups. Thymus weight was decreased
significantly by 6-20% and liver weight was increased significantly by 30-50% after TCDD
treatment in the different groups (not shown). Results are presented as enzyme activities per
mg protein. The significance of the effects of thyroid state and TCDD treatment were similar
if results were expressed per g liver or per whole liver. No significant differences were found
for brain and kidney weights between TCDD-treated rats and controls.

The effects of TCDD on plasma thyroid hormone levels are presented in Figure 2.2.
In the Eu and the Tx+T4 groups, TCDD significantly reduced plasma T4 levels by 38% and
52%, respectively, compared with their respective control values. No significant effect of
TCDD treatment was found on the low plasma T4 levels in the Tx and Tx+13 groups (Figure
2.2A). TCDD treatment caused a significant 28% decrease and an insignificant 38% decrease
in plasma FT4 levels in Eu and Tx+T4 animals, respectively, cornpared with the corresponding
controls (Figure 2.2B), whereas no effect was observed in the Tx and Tx+T3 groups. TCDD
exposure resulted in a decrease in plasma T3 concentrations in the Tx, Tx+T3, and Tx+T4 rats,
which was significant only for the Tx+T3 group (51% of control Tx+T3 rats; Figure 2.2C).
TCDD tended to increase plasma T3 in Eu rats, but this was not significant. No TCDD-related
changes were observed in plasma TSH in any of the groups (Figure 2.2D).
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Hepatic D1 activity was insignificantly decreased in control Tx rats compared with that in
control Eu rats (Figure 2.3). In control Tx+T3 and Tx+T4 rats, hepatic D1 activity was the same
as in Eu rats. TCDD treatment resulted in a further insignificant decrease in D! activity in Tx
rats, No effects of TCDD on D1 activity were observed in Eu, Tx+173, and Tx+T4 rats.

o
e

Figure 2.3 Effecis of
TCDD treatment on hepatic
D1 activity in Eu, Tx,
Tx+T3, and Tx+T4 rats.
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10, 3 days  after
administration of TCDD in
corn oil, or corn oil alone
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Brain D2 activity was increased significantly in control Tx and Tx+T3 rats to about 250% of
activity in control Eu rats (Figure 2.4). T4 replacement resulted in a return of D2 activity to
control Eu levels. TCDD treatment tended to increase brain D2 activity in the Tx, Tx+T3, and
Tx+T4 rats, although the differences with the respective controls were not significant.

Figure 2.4 Effects l:’Jf ‘:1'2 L brain D2 .
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Hepatic UGT activities were determined using T4 or T3 as substrates (Figure 2.5). With cither
substrate, UGT activities were similar in control Euand Tx rats. T4 UGT activity was increased
=5 fold in all groups treated with TCDD. In contrast, T3 UGT activity was slightly but not
significantly increased by TCDD treatment independent of thyroid state.
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The activity of the T3-responsive malic enzyme was measured in liver cytosol (Figure 2.6).
Malic enzyme activity was decreased by 67% in control Tx rats versus control Eu rats. Malic
enzyme activity was partially restored in control Tx+T3 and Tx+T4 rats, with values in between
those in control Tx and Eu rats. TCDD treatment increased the malic enzyme activity
significantly in Eu, Tx+T3, and Tx+T4 rats to 148%, 244%, and 162%, respectively, of the
corresponding controls. However, no effect of TCDD treatment on malic enzyme activity was
found in the Tx group.
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Discussion

This study focussed on the extrathyroidal effects of PHAHS on thyroid hormone turnover using
thyroid hormone-substituted Tx rats (Tx+T3, Tx+T4) male Sprague-Dawley rats as a model.
In this model, Tx rats were continuously infused with replacement doses of T3 or T4 using
osmotic minipumps. Plasma T4, T3, and TSH were restored to levels approximately equal to
those observed in Eu rats after 3 and 7 days of hormone replacement, suggesting that a near-
euthyroid state was achieved. However, on day 10, i.e. 3 days after corn oil administration,
plasma T4 and T3 levels showed a significant decrease and plasma TSI a significant increase
in the control Tx+T3 and Tx+T4 rats. This may be due to 1) increased body weight gain in the
hormone-replaced Tx rats and, thus, decreased T3 and T4 infusion rates per 100 g bw, 2)
increased peripheral thyroid hormone metabolism in the hormone-replaced Tx rats (Christenson
et al., 1995), and/or 3) the administration of a rather large volume of com oil, acting as a depot
for the T3 and T4 released from the minipumps.

Tissue thyroid state was assessed by measuring hepatic malic enzyme and DI
activities, which are under positive control of thyroid hormone (Oppenheimer er al, 1977;
Kaplan, 1986), as well as brain D2 activity, which is down-regulated by thyroid hormone, in
particular T4 (Leonard ef al., 1984). Hepatic malic enzyme activity was very low in Tx rats,
indicating functional hypothyroidism. In Tx+T3 and Tx+T4 rats, malic enzyme activity was
partially restored back to Eu levels. Smaller, insignificant changes were observed for hepatic
D1 activity, suggesting that malic enzyme activity is a more sensitive parameter for hepatic
thyroid state. Brain D2 activity was highly elevated in the Tx group, whereas T4, but not T3,
replacement resulted in a decrease in D2 activity back to Fu values,
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As thyroidal secretion of T4 and T3 in the hormone-replaced rats is negligible, these
rats are a suitable model for the study of the extrathyroidal effects of xenobiotics on thyroid
hormone status and metabolism. T4 and FT4 levels were reduced to a greater extent by TCDD
in Tx+T4 rats than in Eu rats, indicating that the TCDD-induced plasma T4 reduction is mainly
due to an extrathyroidal mechanism. This is in agreement with findings reported by Barter and
Klaassen (1992a) in Tx+T3/T4 rats after treatment with Aroclor, a PCB mixture. No effect of
TCDD was found on plasma T3 levels in Eu rats, which is in agreement with other studies
{Potter et al., 1983; Gorski and Rozman, 1987, Henry and Gasiewicz, 1987; Jones ef al., 1987,
Beetstra er al., 1991), although plasma T3 has also been reported to decrease (Pzadernik and
Rozman, 1985; Rozman ef @l., 1985a) or increase (Potter ef al., 1986; Bastomsky, 1977) after
TCDD treatment. In contrast to Eu rats, Tx+T3 rats showed a marked decrease in plasma T3
after treatment with TCDD in this study, which may be explained by a TCDD-induced increase
in the clearance of plasma T3. The vartable effects of TCDD on plasma T3 in Eu rats reported
in the different studies may be explained by the varying extents of the inhibition of hepatic D1
activity, the decrease in plasma T4 substrate levels, and the increase in plasma TSH and, hence,
the stimulation of thyroidal T3 secretion. No significant effects of TCDD were observed on
plasma TSH levels regardless of thyroid state, which has also beent shown previously (Henry
and Gasiewicz, 1987). It is not known why the TCDD-induced decrease in plasma T4 and FT4
levels does not provoke an increase in TSH secretion. One explanation is a possible damaging
effect of TCDD and PCBs on the hypothalamus and/or pituitary (Collins and Capen, 1980a;
Gorski et al., 1988; Byme ef al., 1987; Liu ef al., 1995). However, chronic administration of
TCDD has been shown to increase plasma TSH, which may even be associated with
development of thyroid tumors in rats {Sewall et al., 1995},

T4 is glucuronidated in rat liver by at least 2 different UGT isozymes: bilirubin UGT
and pheno! UGT. Phenol UGT activity is inhibited in vitro in the presence of Brij 56, whereas
bilirubin UGT activity is stimulated in viiro by this detergent ( Visser ef af., 1993a/b). T4 UGT
activity was measured in this study in the absence of Bri) 56 and, thus, largely reflect
glucuronidation of T4 by phenol UGT. The results showed that TCDD treatment induced an
approximately 5-fold increase in T4 UGT activity in Eu, Tx, and Tx+T3 or Tx+T4 rats. These
results are in agreement with previous studies, showing that hepatic phenol UGT activity is
potently induced by 3-methylcholanthrene-iike inducers, such as TCDD and PCBs (Beetstra
et al., 1991; De Sandro et @!., 1992; Barter and Klaassen, 1992a/b; Visser ef al., 1993a), which
probably represents an increase in UGT gene expression (Miinzel ef af, 1994). This marked
increase in hepatic T4 UGT activity is most likely responsible for the reduction of plasma T4
and FT4 levels, as suggested previously (Beetstra et af., 1991; Barter and Klaassen, 1992a).
This is further supported by the significant negative correlation between T4 UGT and plasma
T4 levels found in this study (not shown) and in a previous study (Liu et al., 1995) employing
different hepatic enzyme inducers. However, TCDD treatment does not decrease residual serum
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T4 levels in Tx and Tx+T3 rats. In this respect it should be realized that glucuronidation is not
an irreversible pathway of T4 disposal, as T4 glucuronide is hydrolyzed in the intestine and
at least part of the liberated T4 is resorbed (enterohepatic cycle) (Visser, 1994a). A possible
explanation for the lack of a TCDD-induced decrease in serum T4 in the Tx and Tx+T3 rats
is 2 more efficient recovery of biliary-excreted T4 glucuronide in these animals.

Perhaps the most remarkable result of our study is the decrease in plasma T3 levels
after TCDD treatment of Tx+T3 rats. As mentioned above, this may be explained by a TCDD-
induced increase in plasma T3 clearance. In contrast to the strong increase in T4 UGT activity,
TCDD produced only a small and insignificant increase in hepatic T3 UGT activity. Even if
the approximately 30% increase in liver weight is taken into account, TCDD induces only about
a 50% increase in hepatic T3 UGT capacity in contrast to a more than 3-fold increase in T4
UGT capacity. The TCDD-induced increase in plasma T3 clearance may, therefore, be due to
an increase in alternative pathways of T3 metabolism.

TCDD did not affect hepatic D1 activity in this study, although in Tx rats an
insignificant decrease was observed. In other studies TCDD treatment resulted in a significant
decrease in liver D1 activity in rats (Visser et al., 1993a; Lans, 1993). Such a decrease in D1
activity has also been found after TCDD treatment of Tx and Tx+7T3 rats (Eltom ef al., 1992).
A possible explanation for this discrepancy is the difference in dose and duration of TCDD
exposure between the different studies. If it occurs, the decrease in hepatic D1 activity may be
an indirect effect mediated by a TCDD-induced decrease in thyroid hormone bioactivity
(Kaplan, 1986). In our study the lowest D1 activily was observed in TCDD-treated Tx rats
which also had the lowest serum T3 levels. However, direct inhibition of D1 activity by TCDD-
like compounds in vitro has also been reported (Rickenbacher ef al., 1989),

In this study no statistically significant effects of TCDD were found on brain D2
activity in Eu rats, although in Tx, Tx+T3, and Tx+T4 rats TCDD increased D2 activity to 122-
286% of controls. Increased brain D2 activity after treatment of rats with TCDD or PCB
mixture has been demonstrated by Lans (1995) and Morse et af. (1996). This increase in brain
D2 activity suggests a physiological response to decreased plasma T4 levels to maintain
constant T3 levels in the brain (Silva and Matthews, 1984). A possible explanation for the
relatively small TCDD-induced increases in brain D2 activity in the present study is the
relatively small decrease in plasma T4 in comparison with the findings of Lans (1995), who
used a higher dose of TCDD and a longer exposure time.

Another important finding of the present study is the increased hepatic malic enzyme
activity observed after TCDD treatment in all groups, except Tx rats. Kelling ef al. (1987) and
Roth et al. (1988) also reported on an increase in malic enzyme activity after treatment with
TCDD, but also only in the presence of thyroid hormone, Thyroid hormone is, therefore, a
permissive factor for the induction of malic enzyme by TCDD. Since malic enzyme is also
controlled by the peroxisome proliferator-activated receptor (PPAR) (Castelein er al., 1994),
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it appears therefore that malic enzyme expression is regulated by multiple nuclear receptors,
including the T3 receptor, PPAR, and the Ahreceptor. Both the Ah receptor and PPAR mediate
the induction of different hepatic CYP isoenzymes by their ligands. The induction of malic
enzyme by both receptor-ligand systems may serve the purpose of providing the necessary
NADPH required for the induced CYP activities (Kelling ez al., 1987).

In conclusion, T4 or T3 was infused by osmotic minipumps into TX rats restoring
plasma T3 and T4 to near-euthyroid levels; this provided a model in which the peripheral
effects of TCDD on thyroid hormone turnover can be investigated without confounding effects
on thyroid function. TCDD induced greater decreases in plasma T4 levels in Tx+T4 rats than
in Eu rats, indicating that these changes are caused by an extrathyroidal mechanism in which
increased hepatic T4 glucuronidation by induction of phenol UGT activity plays an important
role.
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CHAPTER 3

MODULATING EFFECTS OF THYROID STATE ON THE
INDUCTION OF BIOTRANSFORMATION ENZYMES BY 2,3,7,8-
TETRACHLORODIBENZQO-p-DIOXIN

Abstract

In this study we investigated to what extent the induction of detoxification enzymes by TCDD
. is modulated by concomitant TCDD-induced changes in thyroid state. Euthyroid (Eu) male
Sprague-Dawley rats, surgically thyroidectomized (Tx) rats and Tx rats receiving substitution
doses of 3,3',5-triiodothyronine (Tx+T3) or thyroxine (Tx+T4) by osmotic minipumps were
treated with a single ip injection of 10 pg TCDD/kg body weight or with vehicle (corn oil).
Three days after TCDD administration, rats were sacrificed, and blood and livers were collected
for analysis. Total hepatic cytochrome P450 content was increased by =50% by TCDD in all
groups but was not affected by thyroid state. In Eu rats, TCDD increased CYP1A1/1A2 activity
90-fold, CYP1A1 protein content 52-fold, and CYP1Al mRNA levels =5.8-fold. Similar
findings were obtained in Tx, Tx+T3 and Tx+T4 rats except that TCDD-induced CYP1AL1
activity was significantly decreased in Tx rats. NADPH cytochrome P450 reductase activity
was not affected by TCDD but was decreased in Tx rats, which may explain the diminished
TCDD-induced CYP1AI activity in Tx rats. Hepatic p-nitrophencl UGT activity was induced
=4-fold by TCDD in Eu rats. Similar basal and TCDD-induced activitics were observed in
Tx+T3 and Tx+T4 rats, but TCDD-induced activities were significantly lower in Tx rats,
TCDD did not have a significant effect on overall GST activity or hepatic GST 2-2, 3-3 or4-4
protein levels but produced a marked increase in GST 1-1 protein levels. Thyroid state did not
affect basal or TCDD-induced GST activity or subunit pattern. Todothyrenine sulfotransferase
activity was not affected by TCDD treatment and was slightly but not significantly lower in
Tx rats than in Eu, Tx+T3, and Tx+T4 rats. These results suggest that the changes in thyroid
hormone levels associated with TCDD treatment have little modulating effects on the induction
of hepatic detoxification enzymes in Sprague-Dawley rats exposed to this compound.

based on A.Gerlienke Schuur, Pawl J Tacken, Theo J. Visser, and Abraham Brouwer (1998).
Modulating effects of thyroid state on the induction of biotransformation enzymes by 2,3,7,8-
tetrachlorodibenzo-p-dioxin, ETAP §, 7-16.
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Introduction

TCDD is the most toxic PHAH known and prototypical for the effects induced by this class
of compounds. TCDD induces a variety of toxic responses in animals and humans, including
chloracne, immunotoxicity, terategenicity, liver lesions, and carcinogenicity (Poland and
Knutson, 1982). A well-known biochemical effect of TCDD and related compounds is the
induction of both phase I biotransformation enzymes, especially CYP1A isozymes (Safe, 1986),
and phase II conjugation enzymes, such as UGTs (Owens, 1977) and GSTs (Kirsch ef al.,
1975).

It is also well known that PHAHs may alter thyroid hormone metabolism in rodents
(for review, see Brouwer ef al., 1998). A single dose of TCDD was found to strongly increasc
biliary excretion of T4 glucuronide in rats (Bastomsky, 1977). Other reports have also shown
marked decreases in plasma T4 and free T4 levels and induction of hepatic T4 UGT activity
after TCDD administration to rats (Visser ef al., 1993a; Van Birgelen et al., 1995).

Thyroid state may affect a variety of metabolic processes in most mammalian tissues,
including the hepatic metabolism of drugs. Rumbaugh ef af (1978) reported on a dose-
dependent stimulation of hepatic mixed-function oxidases by thyroid hormones in rats. Skett
and Weir (1982) demonstrated sex- and substrate-dependent effects of thyroidectomy and
thyroid hormone replacement on drug metabolism. More recent studies suggest that thyroid
hormone may act as a natural suppressor of the transcription of the CYP2B1, CYP2RB2,
CYP1A2 and CYP2AI1 genes (Yamazoe ef ol., 1989; Murayama et al., 1991; Arlotto and
Parkinson, 1989). In contrast, Eltom ef al. (1992) found lower CYP1A activities in
thyroidectomized (Tx) rats than in Tx rats treated with substitution doses of thyroid hormone.
Moreover, thyroidectomy was found to partially protect rats against the lethal effects of 100
pg TCDD/kg body wt per day in a 45-day exposure study (Rozman et al., 1984; 1985a).

We have tested the hypothesis that the decrease in plasma T4 levels by PHAHs
represents an adaptation mechanism, modulating the activities of biotransformation enzymes
and, perhaps, protecting against the toxic effects induced by these compounds. This was done
by studying the effects of TCDD in euthyroid (Eu) rats, Tx rats, Tx rats substituted with T4
(Tx+T4) and Tx rats substituted with T3 (Tx+T3). Thyroid state parameters and thyroid
hormone metabolism determined in this experimental model are reported elsewhere (Schuur
et al., 1997, Chapter 7). Here, we describe the possible effects of thyroid state on basal and
TCDD-induced expression of biotransformation enzymes in the liver, ie. CYP1A1/1A2
activity, p-nitrophenol (PNP) UGT activities, GST activity, and iodothyronine SULT activity.
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Materials and methods

Chemicals.

TCDD, >99% pure, was obtained from Promochem (Wesel, Germany); T4, T3, uridine-
diphosphoglucuronic acid (UDPGA), 3'-phosphoadenosine-5'-phosphosulfate (PAPS), Brij 56,
PNP, cytochrome ¢ and bovine serum albumin (BSA) from Sigma Chemicals Co. (St. Louis,
MO, USA); resorufin (RR} from Janssen Chimica (Tilburg, the Netherlands); BioRad protein
reagent from BioRad Laboratories (Richmond, CA, USA); NADPH and glutathione (GSH)
from Boehringer Mannheim GmbH (Mannheim, Germany); Trizol and sodium dodecyl sulfate
(SDS) from Gibco BRL (Breda, the Netherlands); 3,3'-diiodothyronine (T2) and 3-
iodothyronine (T1) from Henning Berlin GmbH (Berlin, Germany);, and 1-chloro-2,4-
dinitrobenzene (CDNB) from Aldrich Chemie (Bornem, Belgium). ['*I]T2 was produced by
radiciodination of T1 as described before (Visser ef al., 1978). All other chemicals were of
analytical grade.

Animals and treatment.

Male Sprague-Dawley rats, surgically thyroidectomized (Tx} or sham-operated by the supplier
at 4 weeks of age, were purchased from Harlan/CPB (Zeist, the Netherlands). The rats were
obtained at 6 weeks of age and allowed to acclimatize for 2 weeks before the experiment. They
were maintained at 50% humidity and 21°C on bedding in plastic cages with a 12-h light/12-h
dark cycle. Rat chow (Hope Farms, Woerden, the Netherlands) and tap water with 0.5% CaCl,
were supplied ad fibitum. Model 2002 Alzet minipurnps (Charles River Wiga, Sulzfeld,
Germany), delivering 1 ng T4/100 g body wt per day (Tx+T4 rats, n=15) or 0.4 pg T3/100 g
body wt per day (Tx+173 rats, n=15) in 0.1 M NaOH in 0.9% saline, were implanted ip at day
0 under ether anaesthesia. Five sham-operated rats, 15 non-operated Eu rats, and 15 TX rats
received pumps with solvent only. Water and food consumption were recorded daily, and body
weight was recorded twice a week. On day 7, following osmotic minipump implantation, 5 rats
of each group (Eu, Tx, Tx+T3 and Tx+T4) were given an ip injection of 10 pg TCDD/ kg body
wt in corn oil (5 ml/ kg). Of each group, S control and 5 pair-fed control rats were given an ip
injection with corn oil only. On the day before pump implantation (day -1), day 3, day 7 and
day 10, blood (=1 ml) was collected by orbital puncture in heparinized tubes and stored on ice
until separation of plasma. On day 10 all rats were sacrificed under ether anaesthesia. Livers
were perfused with saline, dissected, weighed and frozen in three portions. Tissue was stored
at -80 °C until analysis. All procedures were approved by the Animal Welfare Committee of
the Agricultural University Wageningen.

Tissue preparation

Livers were homogenized on ice in three volumes ice-cold 0.1 M Tris-HCI buffer, pH 7.5,
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