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PREFACE

The research intc thyroid function has a long history. The recognition of
goiter as pathology of the thyroid gland dates badk to the ancient world of Rowe
and Greece and possibly even to the early history of chinese medicine. In an
excellent review of the historical aspects of the discovery of thyreid hormones
and their biological action {1) Pitt-Rivers describes the growing awareness of
the significance of iodine for thyroid function early in the 19th century.

The actual presence of organic iodine in the thyroid gland was demonstrated
for the first time in 1896 by Baumamn who called his concentrate of a thyroid
extract "Todothyrin'". In 1914 Kendall isolated a crystalline material from thy-
roid hydrolysates and named it "Thyroxin" after thyroxindole, since he believed
this substance to be an indole derivative. The compound proved to have biologi-
cal activity in hypothyroid man and animels. The actual structure formula of
the thyroxine molecule was disclosed by Harington in 1926. Only in 1952 the ex-—
istence of 3,3',5-triiodothyronine was similtanecusly demonstrated in beef thy-
roid and hunan serum by Gross and Pitt-Rivers and in rat thyroid by Roche et al.
At the same time it appeared that this triiodothyronine was about three times as
potent as thyroxine in the goiter prevention assay in rats. The original postu-
late by Gross and Pitt-Rivers (1953) that triiodothyronine originates by degra-
dation of thyroxine in peripheral tissues and constitutes the principal active
thyroid hormone was established by Sterling and Braverman in as late as 1970.

Since this time thyrold research has explosively expanded in many fields,
such as thyroidal syr;thesis and secretion of iodothyronines, feadback regula-
tions of the hypothalamic-pituitary-thyroid axis, goiter eticlogy and autoimmune
mechanisms with associated hyper- and hypothyroidism, thyroid cancer, vascular
transport proteins, nuclear thyroid hormone receptors with post-receptor biolog-
ical effects and the broad field of peripheral thyroid hormone metabolism. This
last subject in its turn can be subdivided into smaller areas, such as kinetic
studies with isctope labeled thyroid hormones ,the processes involved in mem-

brane transport, as well as the subcellular distribution of either locally pro—
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ducad or plasma-borne iodothyronines. But also, and this represents an impor—
tant gection in thie thesis, the intracellular metabolism of the mualtiple thy-
roxine-derived metabolites. Tt is cbvious that the above list is far from com-
plste, but it gives an impression of the wide scope of current thyroid research.

This thesis is a compilation of various investigations in the field of peri-
pheral thyroid hormone metabolism. The maln dbjective of the presented work has
been to obtain more knowledge about the physiology of the variocus metabolic
pathways of iodothyronines. This cbjective was chosen in the hope to contribute
to a better understanding of the complex metabolic adaptations in iodothyronine
metabolism, Xnown to be induced by several drugs, dietary changes or diseases.
At first sight the rather diverse subjects of investigation in Sectiocn II of
this thesis bear no apparent relation. However, in the next chapters a tenta-

tive linkage of the various results will be discussed.

Essentially three different lines of research have been followed. The first
line consists of the investigation of dietary influences on peripheral thyroid
hormone metabolism. Since the cbservation of Spaulding et al (2) that 800 XCal
of dietary carbohydrates nullified the changes of Thuman  sernum
3,3',5~triicdothyronine (T3) and 3,3',5'-trilodothyronine (reverse T5) normally
seen with hypocaloric nutrition, multiple reports mentioned similar effects with
a variety of different dietary campositions, all paying special attention to the
effect of carbchydrates. The lack of detailed information about the influences
of the other two major components of food i.e. proteins and fat, prompted us to
design the study described in Section II:1. It was found that dietary fat pla-
yed an active role, cpposite to carbohydrates and proteins, in altering the
serum levels of both Ty and reverse Ty-

The second line of research represents the in vitro experiments with moncla-
vers of isolated rat hepatocytes. Kinetic studies with labeled iodothyronines
in human beings and animals give information about the respective production and
metabolic clearance rates. Moreover, with these tedmiques in the body, apart
from plasma, two different pools for icdothyronines can be distinguished which
vary in equilibration and disposal characteristics. However, the individual
contribution of the various tissues to overall metabolism remains obscure, and
rapid successive intracellular reactions camnot be detected. On the other hand
in vitreo studies with tissue hamogenates or subcellular fractions lack the in-
tegrated function of the intact cell. We, therefore, felt that monolayers of
isplated rat hepatocytes would be a suitable model for studying iodothyronine
metabolism at the tissue level. The more so, since the liver is regarded to be

very active and play a central role in thyroid hormone metabolism. Indeed, this
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in vitro model, which is ever more widely used for all kinds of different stu-
dies, proved to be a useful tool in thyroid hormone research as well. The rele-
vance and covplementary function of studies with intact cells is well illustrat-—
ed by the striking difference of 3,3'-diicdothyronine (3,3‘—T2) metabolism  with
either rat liver microscmes or isolated rat hepatocytes. It was found that with
the former, 3,3'—T2 is only very slowly deiodinated in the outer ring, whereas
in intact cells the reaction had a mach higher velocity (Secticn ITI:3). In
fact, the recognition of this discrepancy led to the discovery that hepatic de-
icdination of iodothyronines is preceded, and in effect accelerated, by conjuga-
tion with sulfate. Detailed information about the discovery and the charac-
teristics of this hitherto unknown metabolic patiway for 3,3'~T, and Ty is pre—
sented Section II:3-6.

A general problem in studying peripheral thyroid hormone metabclism is  the
maltiplicity of degradative routes. The common metabolic patlways for iodothy-—
ronines are deiodination, conjugation with either glucuronic acid or sulfuric
acid, oxidative deamination of the alanine side chain and finally the possibili-
ty of cleavage of the ether linkage. Theoretically all icdothyronines can be
subjected to all of these reactions, but preferential pathways have been found
in the different tissues. Anocther complicating factor is the rapid intracellu-
lar succession of scme of these reactions, prohibiting the estimation of their
exact rate. Moreover, the observations described in this thesis make it clear
that close interactions between the different degradative pathways exist. Taken
together, we are confronted with a vast amount of possible pathways and metabol-
ites with quite different characteristics.

The early experiments described in Secticon II:2, where thyroxine and reverse
Ty were incubated with rat hepatocytes, already brought these comlexities o our
attention. For this reason we decided first to study the metabolic fate of the
less iodinated iodothyronine 3,3'-T,, since it could be expected that from this
substrate fewer metabolites would originate. The results of <these experiments
are presented in Section II:4.

The outcome of this in vitro work, erhanced by the recent data about diiodo—
thyronine metabolism in humans (3), has brought about the realization that tho-
rough knowledge of the pathways of these "lower" iodothyronines considerably fa-
cilitates the interpretation of thyroxine, T3 and reverse T, metabolism.
Exemplary to this notion is the elucidation of the actual metabolism of Ty in
rat. hepatocytes. In Section II:6 it is shown that deicdination of Ty is accom—
plished by three sequential intracellular reactions i.e. sulfation, delodina-
tion of the imner ring and finally outer ring deiodinaticn of the 3,3'-T, sul-

fate generated. Similarly the significance of sulfation as initial and rate
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limiting reaction for the metabolic clearance of T4 and 3,3'-T, is indicated.

Finally, the third line of research investigated the hydrolytic potential of
rat gut bacteria towards lodothyronine sulfates. Thyroid hormones preferential-
ly appear in bile as conjugates with either glucuronic acid or sulfuric acid.
Since the unconjugated form is more rapidly reabsorbed from the digestive tract,
bacterial hydrolysis of the conjugates may well erhance an enterchepatic circu-
lation. Whereas the j-glucuronidase activity of the intestinal microflora is
well established, much less is known about its sulfatase potential. In Section
I1:7 we provide evidence for the existence of hydrolytic activity towards iodo-
thyronine sulfates in 2 anaerobic strains of rat cecal bacteria.

Section I of this thesis attempts to integrate the current knowledge of per-~
ipheral thyroid hormone metabolism with the most relevant observations from our
own work. In this respect special attention is given to the recent and impor-
tant recognition of two tissue-specific pathways for iodothyronine deiodination.
By this distinction the hody tissues can be devided in having deicdinase activi-
ty which is either inhibited or unaffected by propylthiouracil (PTU). Whereas
e.g. liver and kidney are considered to be PTU-sensitive, pitultary and cere-
bral cortex belong to the latter category. This tissue-specific deicdination in
cambination with our cwn cbservations, has inspired us to propose a tentative
model, postulating a close metabolic interaction of the two tissue types in the
modulation of icdothyronine serum levels. It is conceived that the serum levels
of a number of jodothyronines are determined by producticon in the one type of
tissue and, after "crossing" the plasma conpartment, degradation in the other
type of tissue. The basis for this model will be 3,3'-~T;2 metabolism, since the
rapid turnover of this metabolite enables the measurement of arterial and venous
plasma gradients. Support for the above hypothesis was found in our preliminary
observation that human brains seem to be an important site of 3,3'—-T2 rroduc—
tion, whereas the liver very efficiently extracts this compound from the biood.
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SECTION I

ASPECTS OF PERIPHERAL
THYROID HORMONE METABOLISM

What makes science so fascinating is the
task of pushing ever closer to the
unatrainable goal of complete knowledge.

Owen Gingerich






CHAPTER 1

MECHANISMS OF PERIPHERAL THYRQID HORMONE METABOLISM

After the secretion from the thyroid of mainly thyroxine ('1‘4) with small
quantities of 3,3',5~triiodothyronine (T3) these principal representatives of
the iodothyronine family enter the body circulation. In contrast to the larger
protein and peptide hormones as thyroid stimilating hormone (TSH) or adrenccor-
ticotrophin (ACTH) which are soluble in agueous solutions, thyroid hormones are
rather small zind hydrophobic molecules. They share this property with the mal-
tiple steroids in the body. To transport these compounds in sufficient amounts
through the blood vessels, non-covalent binding to the plasma proteins is manda-
tory (1,2). The transport proteins for iodothyronines are thyroxine-binding
globulin (TBG), prealbumin and albumin. Very recently a fourth T,~binding pro-
tein has been identified in our laboratory: thyroxine-binding albumin (TBA)
(22). Whereas the bulk of the iodothyronines are bound to these proteins it has
been well established that it is the small fraction of wnbound molecules that is
available for uptake and subsequent metabolism or biological activity in the
various tissues (2}. Since 99.96% of thyroxine and 99.6% of Ty is bound to the
plasma proteins it may be envisaged that dJduring a single transit of blood
through the tissue capillaries only a small fraction of the total plasma T, and
T3 content can ‘"cross" to the tissue compartment. However, since the tissue
cells possess binding sites for these hormones not only within the plasma mem—
brane but also on their surface, binding to the tissue compartment is not egui-
valent with cellular uptake. The transfer of iodothyronines fraon the moving
plasma to the static tissue compartments should be regarded as the dynamic re-
sultant of many and rapid equilibrium reactions between iodothyronines and the
different binding proteins (3). In fact, it has recently been calculated both
in rat and man that of both total Ty and T3 plasma-to-tissue-flux in slowly ex-
changing tissues 128 and in fast exchanging tissues conly about 3% is further
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processed.  The remaining 88 and 97% return unaltered to the plasma compartment
{4-06). The fractlion of this plasma—tissue shuttle that actually does cross the
cellular membrane can not be discriminated by the tracer injection technique.
Recently the interest in cellular uptake of thyroid hormones has been great-—
ly revived by the demonstration of an ATP-dependent carrier system for iodothy-
ronines in rat hepatocytes (7). Since diffusion is characterized as a passive
transport process directed to the lowest free hormone concentration, the energy
dependence of the hepatocyte uptake system suggests the reverse i.e.
transportation in the direction of a higher intracellular free hormone concens
tration. At present the exact intracellular free hormone concentration is unk=-
nown and may fluctuate in different (sub-)cellular compartments. Furthermore,
the intriguing question arises why the cell would require a high concentration
of unbound hormone where the principal cellular target, the nucleus, has the hi-
ghest affinity for Ty of all subcellular elements (8). A possible advantage of
functioning at a higher intracellular f£ree hormone concentration is that by
means of an active and controlled transport system the cell would be able to
auto-requlate the desired intracellular hormone concentration. It may also be
speculated that only those subcellular compartments that require a thigher con-
centration are commected to the energy dependent uptake system. The possible

) 5 6 M,
1
vl Srod] Meen,-chicoon

Fig.l. Thyroxine (T,) and the cascade of other iodothyronines originated by either imner ring ()

or cuter ring (-} deicdination. The cuter or phenolic ring is characterized by the hydroxyl group
in the 4' position. R represents the alanine side chain; in between is the imner- or tyrosyl ring.
After removal of all iodine molecules the thyronine (TO) skeleton remains. From ref. 15.
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existence of different intracellular transport pathways and compartments is dis—
cussed in Chapter 4C.

Metaholism of iodothyronines in the peripheral tissues 1is cdharacterized
by 1) deiodination, 2) esterification of the phenolic hydroxyl group with ei-
ther glucurcnic acid (glucuronidation) or sulfuric acid {sulfation),
3) deamination and decarboxylation of the alanine side chain (oxidative deamina-
tion) and 4} ether link cleavage.

Although in theory all eight iodothyronines can be subjected to all these five
processes, to the tranquility of the researcher in this field, this does not
happen. It has become increasingly clear that different tissues have preferred
metabolic pathways for the distinct iodothyronines. This notion has brought a
new dimension to the understanding of thyroid hormone homeostasis. Former Xki-
netic investigations were limited to plasma production rates and metabolic
clearance rates of the various iodothyronines. There is now a growing interest

in the contribution of the individual organ tissues to these processes.

A. Deiodination: a Tissue-Specific Pathway

Before thyroxine (3,3',5,5'—tetraiodothyronine, T4) can exert its biological
activity this maein secretory product of the thyroid folliclies has to be convert-—
ed to 3,3',5triicdothyronine (T3) (3-10). The substitution of an iodine atom
in the b5'-position with a hydrogen ion is essentially a reductive, enzymatic
process called deiodination. Not only the iodine atom in the 5'-position of the
cuter ring is susceptible to deiodination put all four iodine atamns of thyroxine
can subsaquently be removed in a non-random fashion, giving rise to a total of 7
icdinated thyroxine metabolites (Fig.l). Several pubklications have reviewed the
miltiple aspects of these processes both in vivo and in vitro {11-19).

The in vivo conversicon of Ty to Ty, already suggested in 1953 by Gross and
Pitt-Rivers (20), could definitely be established by Sterling (21) and Braverwan
(22) in 1970. Soon after the discovery of T3 in human serum (23), in vitro gen-
eration of this hormone fram Ty was found to ocour in rat kidney slices by Al-
bright et al. (24). Later, this conversion was also demonstrated in other tis-
sues of the rat as heart, liver, muscle, pituitary, brain and the thyroid itself
(25-30). Similar activity was found in tissues of human origin as kidney,
liver, heart, mscle, fibroblasts, polymorphonuclear leucocytes, lymphocytes,
placenta and thyroid (31-37) as well as in tissues of other vertebrates (17).
It was readily understood that these tissues showed considerable differences in

deicdinative activity. In the rat, the liver and the kidney were found to Thave
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the highest in vitro activity whereas e.g. mscle, spleen, lung and intestine
have little deiodinating potential (27,38),

Since the first demonstration of predominant deiodinase activity in the mi-
crosomal fraction of rat liver homogenates (39,40) substantial effort was initi-
ated to elucidate the mechanism and characteristics of these enzymatic reactions
throughout the body. Due to their hidh activity, the liver and kidney deiodi-
nases were the first to be scrutinized. Important advances have been the dis-
closure of the essential role of thiol groups as cofactor for outer ring deiodi-
nation {40) and the elucidation of the "ping-pong" %kinetics of this reaction
with rat kidney and liver microsomes in the presence of dJdithiotreitol
(41,41A,42). They provided insight in the mechanisms of deicdination and the
wall-known inhibition by PTU (41A,43,44). The strong thiol dependency of deiod-
ination suggested the existence of a SH-group containing endogenous cofactor
{16,40,45-47). The advocated potential role of glutathione as principal endoge—
nous cofactor, however, has been disputed (47-52A). Interestingly, a recent re—
port suggests that not the total amount of glutathlone in rat hepatocytes influ-
ences delodination of iodothyronines (51) but that the ratio of oxidized (GSSG)
versus reduced glutathione (GSH) is of importance (51A}.

Similarly, considerable controversy has existed as to whether imner ring and
outer ring delodination were catalysed by one single or two distinct enzymes.
It is now generally accepted that in liver both the phenolic and tyrosyl ring
are deiodinated by the same enzyme (53,534). This deicdinase is a basie, integ-
ral membrane protein of the endoplasmic reticulum with a molecular weight of ap-
proximately 60.000 D (55,56). Further characterisation is retarded by the dif-
ficult solubilization of this tightly menbrane bound enzyme (17,57,58}, although
very recently a 400-fold purification has been reported (59).

The discovery of thiol-dependent but PTU-insensitive T, to Ty conversion in
rat pituitary (60-63) in 1978 heralded the existence of an entirely different
deindinating enzyme system. Mearnwhile, the characteristics (64-71) and the tis-
sue occurrence (72-76) of these deiodinases, now commonly referred to as type IT
deicdination, have been extensively documented. Most data are derived from ex—
periments with rat cerebral cortex or pituitary tissue but extracranial type II
deicdinase activity has also been found in brown adipose tissue of the rat (76),
both human and rat placenta (77,78) and possibly in cultured mornkey hepatocarci-
noma cells (79,80).

Several prominent differences between type I (D I) conventionally found in
liver and kidney, and type II deiodinase {D II) can be indicated.

First, it is important to realize that, in contrast to the type I deiodinase

in liver and kidney that catalyses both cuter and imner ring deiodinaticn, there
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are two separate enzymes in the type II category required for these reactions,
Both subtypes are present in brain cortical tissue (66,67,69,70,73,74) but outer
ring type II deiodinase (ORD TI} prevails in the pituitary (60,62,64,68,71).
The latter plays an important role in maintaining thyreld hormone homeostasis
through intra-pituitary Ty to Ty conversion (81).

Second, type I and I deiodinases follow different reaction mechanisms. In
type I deicdination an essential thicl group of the enzyme is involved, that al-
ternates (ping-pong) between the reduced state (-SH) and the oxidized state
(-8I) (Fig.2) (69). PTU, as uncompetitive irhibitor, irreversibly inactivates
the enzyme by forming a mixed dJdisulfide with this reactive sulfur (43-44).
Contrary to D I, type D II is not inhibited by preincubation with low concentra-
tions iodoacetate (41A,69). Iocdvacetate inhibits liver deiodination in a
non-competitive manner (82) probably through inactivation of an essential
SH-group in the enzyme (13,16,17,40). Therefore, enzymic thiol groups apparent—
ly are not obligatory to type IT deiodination. This also explains the lack of
PTU inhibition on this reaction as no enzyme inactivaticon via formation of mixed
disulfides can cccur. At present the exact reaction mechanism of type IT deiod-
ination has not yet been elucidated. The reactlon kinetics derived from incuba-
tions with different substrate and DIT concentraticns, are suggestive for a se-
guential —type reaction (69,83). This implies sequential formation of a reactive
ternary complex of substrate (iodothyronines), cosubstrate (DIT) and the enzyme
(Fig.2).

The third distinction between the two classes of delodinases is their dJif-
ferent susceptibility to irhibitors. Apart from PTU, type D I inhibitors as so—
diun salicylate, dicoumarcl and amiodarone appear to leave D IT unaffected (70),
although iopancic acid inhibits both enzymes (65,69,70,84).

T3 3.3-T2 T4 or DTT, .4
N @DT%
E . } s
vSH g s E, 7
DTT,, DTTreq DTT,, or T3
+HI +HI

Tig.2. Pathways of outer ring deicdination. On the left the PTU-sensitive (type T, ORD I} deiodi-
nation of rTy which depends on the presence of an essential, reduced thicl group in the enzyme
(E|-SH). On the right the proposed PTU-insensitive {type I1I, ORD IT} outer ring deiodination of T,.
The latter vreaction does not require enzymic SH-groups and may be accomplished through a temary
camplex of substrate (T,), enzyme (E,) and reduced cofactor, dithiotreitol (DTT). From ref. ©9.
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[44

Table 1. DEIODINATION CHARACTERISTICS OF 10DOTHYRONINES IN RAT LIVER AND CEREBRAL CORTEX

Reaction T2 K_ Voo v K DTT® pTU? Ref.
(min-T.mg mivl
prot-1}
CEREBRAL CORTEX
1 Tq -+ rT3 + 37 nM 144 fmol 3.8 50 -= 70
2 T4 - T3 + 1 nM 1.5 fmol 0.1 100 -- 74
hypo 1.1 nM 1t fmol 10 20 - 66,69
3 T3 -+ 3,3'¥T2 4 5.5 nM 134 fmol 24 50 -= 66,70,73
4o3,3T, > 3T, ¥ - [
5A rT3 -+ 3,3'*T2 29 nivi 37  fmol 1.3 20 + 67
5B rT, + 3,3-T, hypo 2.8 nM 6 fmol 2.1 20 - 69
LIVER
6 TL; -+ T3 + 2.3 uMm 30 pmol 13 3 + 266
7 T4 > rT, + 1.9 uM 18 pmol 9 3 + 266
8 r‘T3 -+ 3,3'—'1'2 ¥ 0.06 UM 560 pmol 8730 3 ¥ 266
11 TBS -+ 3,3'—T25 1 4.6 UM 1050 pmol 228 5 + 268
12 3,3'-T25+ 3~T15 ? 6.3 UM 350 pmol 1170 5 ¥ 267

8 The arrows indicate an increase (t) or decrease {+) of the reaction rate after thyroidectomy {Tx} or
PTU. Hypo: condition in hypothyroid tissue.

b Concentration of dithiotreitol in the experimental incubate,

The reaction numbers correspond with the numbers in fig. 12 A and B.
(fold-out in the back of the manuscript).



A fourth difference is found in the generally mach higher substrate affinity
for type D II, as reflected in the lower K values for these reactions. On the
other hand, the reaction rates, with comparable DIT concentrations, are much
lower. A survey of the available deiodination characteristics with both types
of deiodinases is given in Table I. The reactions are nurbered in order to
match with the reaction numbers of the fold-out diagram in the back of the man-
uscript.

The fifth interesting but intricate discrimination is found in the enzymes'
adaptation to hypothyroidism (Table I). After thyrcidectomy type D I activity
in rat liver and kidney rapidly declines {85-87). In contrast, hypothyroidism
has a divergent influence on the two PTU-insensitive deiodinase subtypes ie.
inner ring Geiodinase (IRD II) and ORD II. In the euthyroid adult rat cerebral
cortex IRD IT activity, responsikle for 'I‘4 to Ty and Ty to 3,3'—T2 conversion,
prevails. After thyroidectomy this activity decreases, conversely an increase
in ORD II, converting T, to Ty and T3 to 3,3'-T,, is found (66,67,69,73). It
is of interest to note that, while thyrold hormene homeostasis generally is a
slow and static process, increased ORD II activity regresses within 4 hours
after Ty substitution to hypothyroid rats (88}. It has been suggested that in
the piltuitary these changes in enzyme activity are mediated through effects on
deicdinase synthesis (89), though this notion was refuted by cthers (89A). It
can be speculated that the hypothyroid sdaptations, causing increased Ty genera-
tion and diminished T, degradation, may serve to prevent cerebral T4 depletion
under this condition. However, this explanation probably is far toc simple
since the enzymatic changes after thyroidectomy also differ greatly with age,
brain region (73,74) and during starvation (68,20).

B. Conjugation of Iodothyronines

Most of the 10 major conjugation reactions in man and animals were disco-
vered in the nineteenth century (21), long before Kendall in 1914 isolated "thy-
roxin" from the thyroid gland. Five years later, in 1219, Kendall reported the
biliary excretion within 50 hours of 43% of iodine from 200 pg thyroxine inject-
ed in a dog {92). This observation demonstrated for the first time that biliary
secretion contributes to the disposal of thyroid hormone.

In the following years several investigators attempted to elucidate the na-
ture of the iodine secreted in the bile. However, their methods lacked suffi-
clent specificity to discriminate thyroxine from closely related but different

compounds. The availability of radicactive isotopes and the development of
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paper chromatography in the early 1940's permitted & more precise analysis of
secreted products in bile. After the injection of small Goses labeled thyroxine
in rats, Taurog et al. in 1951 were the firgt to identify thyroxine glucurcnide
(T4G), initially nared "conmpound U", as major biliary secretion product (93,94).
The quantitative importance of this disposal pathway was demonstrated in
[1311]T4—~substituted, thyroidectomized rats (95). In equilibrium conditions the
radicactivity excreted was equally distributed over feces and urine, the latter
containing mainly iodide (Fig.3). In bile, however, the majority of the radi-
cactivity is excreted as icdothyronines conjugated mainly with glucuronic acid
(67%) or to a lesser extent with sulfate (6%) {l111). These observations desig-
nate conjugation as an important route in  thyroid Thormone  metabolism.
Nevertheless, Iits contribution may vary per species since lower excretions have
been reported in man (96) and dog (97).

Most data on iodothyronine conjugation are obtained fram in vitro studies
with isolated, perfused rat livers or from animal experiments, mainly with rats
and dogs. The obligatory collection of bile limits these studies in humans to

rare cccasions (98).
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Fig.3. Excretion of radicactivity in feces and urine of thyroidectomized, 1 Pg/day
[l3lI]T4~substituted rats with or without treatment of 15 mg PTU/rat/day. In parentheses the number
of animals per group. From ref. 95.
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1. Glucuronidation

Glucuronidation, for the first time recognized in 1855, is the most widespr-
ead form of "conjugation" in mammalian metabolism (92). The reaction, coupling
D-glucuronic acid with a variety of compounds, is catalysed by the enzyme
UhP—glucuronyltransferase (EC 2.4.1.17). The enzyme, which appears in mary het-
erogenous forms, is predominantly located in the endoplasmic reticulum of the
liver cell. Extrahepatic glucuronidation, however, has been demonstrated in
many tissues throughout the body. The reaction is highly dependent on the c<on-—
centration of the Tactivated" form of glucuronic acid, uridine diphosphate
D-glucuronic acid or UDP-glucuronic acid. The synthesis of this compound from
D—glucose and uridine triphosphate is an energy-requiring process (99).

The preferential secretion of T, glucuronide in rat bile after tracer doses
of labeled T, as originally observed by Taurcg et al (23,94}, has repeatedly
been confirmed by others (100-103}. Similarly it was found that when increasing
amounts o©f unlabeled Ty were added to the injected 133‘T4, a greater proportion
of thyroxine was secreted in bile in the unconjugated or free Fform. At very
high concentrations, e.g. 0.1 to 20 mg, virtually all radicactivity appeared in
the free T, fraction (99A,100-105). These experiments show that the liver can
clear unphysiclogical amounts of thyroxine very efficiently by rapid biliary
disposal of the unprocessed hormone. It has been suggested that this biliary
clearance is mediated through active secretion (113). This mechanism may, quite
feasibly., be operative in hyperthyroidism.

Conjugation with glucuronic acid has also been reported with Ty and reverse
Ty (100,106~-110) Imt only in minute amounts with the lesser iodinated iodothy-—
ronines as 3,3'—'1‘2 (110}. In vitrc glucuronidation of 3,3'—T2 has been reported
in rat hepatoma cells {162), but not in monkey hepatocarcinoma cells (193).
This may be due to defective sulfation or a different glucuronyltransferase in
the former cell line. At present no information exists about the characteris—
tics of these campounds as substrates for UDP—glucuronyltransferase. In this
respect it is of interest to note that halogen, and notably iodine, substitution
in either the ortho- or para—position of a phenol molecule considerably enhances
the affinity of the aglycon for UDP-glucuronyltransferase (126-128). It may,
therefore, be anticipated that iodothyronines are potentially good substrates
for glucurconidation and that the number and location of lodine melecules will
have an lmportant influence on the rate of conjugation. Since gluruconidation
appears to play a significant contribution to thyroid hormone disposal, and pos-
sibly may even have a hormone conserving role inm hypothyroidism (Chapter 3},

more detailed knowledge about the characteristics of this reaction with the var—
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ious iodothyronines may help to understand the complex shifts in serum concen—
trations induced by dietary modifications, drugs or diseases.

The significance of glucuronidation for thyroid hormone turnover is well il-
lustrated by the effects of UDP-glucuronyl transferase inductors as phenobarbi-
tal, methylcholanthrene, polychlorinated biphenyls, benzpyrene and rifampicine
(112-119,130,131). After at least 2 days administration to man or animals these
compounds invariably induced increases in T, metabolic clearance rate, biliary
secretion of TG, as well as raised fecal excretion and turnover of Ty. In hu-
mans (118,119} and intact rats (112,1123,116)} T4 levels were unchanged or only
slightly dJdepressed. Increased thyroid activity and T, production compensated
for the augmented T4 clearance (112,131). On the other hand the normal basal
and TRH-stimalated TSH levels (118,119) suggest an adapted pituitary feedback.
In T4~substitutec3, thyroidectonized rats, however, the Iincreased metabolic
clearance caused a profound lowering of serum T4 levels (112,116). In contrast,
T, serum levels tended to be less affected by these compounds (116) and some-—
times were even raised (117) in spite of a documented increased T3 clearance
rate (119). Moreover, a prolonged half life and raised thyroxine serum levels
have been found in untreated Gunn rats, a species with genetically deficient
UDP-glucuronyl transferase activity (125,129-132). These observations support
the concept that glucuronidation contributes significantly to thyroid hormone
disposal.

Extrahepatic glucuronidation has also heen demonstrated for icdothyronines
in Thepatectomized dogs {102,110,111,120} and eviscerated rats {121). In spite
of this extrahepatic production of glucurcnides, surprisingly low (110,122) or
lacking (100,107) serum levels of these conjugates are found, unless the bile
duet is ligated {100,107). This phencmenon 1is explained by an extremely
rapid hepatic c¢learance and biliary secretion of T, glucuronide (123-125). The
egtimated half life of this compound in the rat is about 13 minutes. Of partic-
ular Iinterest 1is the glucuronidation of orally ingested thyroxine during tran—
sportation through the intestinal wall after its absorption from the gut lumen
(134). The generated TyG is rapidly and almost campletely eliminated by the
liver from the portal blood and secreted in the bile ducts (13%). The shunting
of absorbed thyroxine back into the intestiral lumen by this short circuit, at
least in part, may explain why substitution of hypothyroid patients generally
requires higher doses of thyroxine than endogenously produced in euthyroid per-—
sons. The existence of an enterchepatic circulation for iodothyrconines and
their conjugates has been advocated and disputed. This subject is amply dis-
cussed in the literature (92,111,136-139) and will be shortly mentioned in
Chapter 3.
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2. Sulfation

Sulfation, initially discovered in 1875, is a widely distributed conjugation
form of inorganic sulfate with xencbiotice or endogenocus compounds (91). The
reaction occurs in most, if not all, animals and plants, is catalyzed by a group
of heterogenous sulfotransferases and in higher mammals requires next to a suit-—
able acceptor, the sulfate—donating cosubstrate PAPS or adenosine 3'-phosphate
5'—sulfatophospghate (140). The generation of this "activated sulfate" is an en—
ergy-requiring process and its concentration an important factor in the reaction
rate (141).

Sulfotransferase activity seams to be present in most mammalian tissues,
though considerable tissue and species variations with regard to substrate af-
finity and reaction rate exist (141). Many different forms of sulfate conjuga-
tion, e.qg. C.OSO3'", N.OSO3_ or C.NH.SOS'", have been recognized. Since iodo-
thyronines principally are sulfated in the phenolic hydroxyl group, our atten-
tion is focused on the family of phenol or aryl sulfotransferases (EC 2.8.2.1.)
(142-147). From rat liver alone 3 forms have been purified to homogeneity. The
enzymes appear in the 140.000 x g supernatant of rat liver homogenates and have
a molecular weight of about 65 XD (142). The cytosolic origin makes these en—
zymes quite distinct from the membrane-bound glucurcnyltransferases. However,
as is exemplified by iodothyronine metabolism, their substrate specificities
have a considerable overlap.

Sulfation of iodothyronines in vivo, though surmised for long (106), was de—~
monstrated for the first time by Roche and coworkers in 1957 (148,153). After
similtaneous injections of 3550%” and .7 ug [3'—131I] Ty they identified in
@t bile a compound bearing both labels and having the same chromatographic pro-
perties as synthetic T5 sulfate (T3S). Scon hereafter, the same compound was
fomd in the plasma of similarly treated rats (149,154) and human beings (158).
The isolated material was S —glucuronidase resistant but after incubation in IN
HC1 at 1ooc for 10 min yielded 3550?{ and [3'-1311] T3 as hydrolysates.
Later, the existence of iodothyronine sulfate esters was substantiated by enzy-
matic hydrolysis with a rather crude preparation called Mylase P (157) and par-
tially purified commercial sulfatases (161,163, Section I1:3,4).

Roche and coworkers also campared the metabalic fate of T3S and [3'-131}I] Ty
after intravenocus administration in rats. Quite contrary to the glucurcnide of
T, which has an extremely rapid hepatic and biliary clearance (123-125}, the
sulfate of T3 was found to have a much slower plasma disappearance rate than Ty
itself (150,151) (Fig.4). Furthermore, a marked difference in tissue — distribu-
tion was noted: T3 accumilated faster in iiver and kidney than T48. At the
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Fig.4. Plasma disappearance curves of radioactivity after the intravenous administration of 0.8
nmol labeled Ty or T3 sulfate (8T3) in the rat. R indicates the percentage of the total radicactiv-
ity injected. From ref. 155.

same time, the fecal, biliary and urinary excretion of T4 exceeded that ©0f T4S
(151). The urinary radicactivity was invariazbly excreted as iodide, irrespec—
tive whether T, or T35 was injected., This suggested deiodination of T8 in rat
tissues, although preceding deconjugation was not excluded. Interestingly, in
spite of its pelar nature, virtually no T3S was detected in the urine. This is
in keeping with the low urinary excretion of iodcthyronines and their conjugates
in euthyroid subjects observed by Faber et al (152A). Kidney clearance of sul-
fates is largely unexplained. Tt appears that for sulfated aglycons with a mo-
lecular weight below 350 D urinary excretion, and for compounds over 450 D bili-
ary excretion prevails. Only molecules between 350 and 450 can be excreted via
oth ways (152). Correspondingly, Ty {651 D) as a sulfoconijugate predominantly
appears in bile. The low urinary concentration of T48 is partly explained by
the cbservation of Roche et al that in rat plasma this compound is largely bound
to  albumin. The free fraction or the association constant of T4 with albumin
was not determined, but would be of interest in the light of the slow plasma di-
sappearance of this conjugate (151).

Clearly, the group of Roche has made a major contribution to the knowledge
about icdothyronine sulfation. This work was explicitly compiled in a monograph
by Closon in 19264 (155). However, it should be emphasized that most of their ir
vivo experiments have been carried out, for technical reasons, with hypothyroid
rats, i.e. 3 weeks after thyrocidectomy. Since this condition has profound im-
plications for thyroid hormone metabolism in general and deiodination in partic-

ular, no attempt should be made to draw quantitative conclusicons from their stu
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dies with respect to the physioclogical role of conjugation in intact animals.
This is illustrated by a minimal presence of iodothyronine sulfates in bile of
euthyroid, 112513 T, injected rats, using HPIL analysis (103).

After the initial identification of T3S by Roche in 1957, sulfation of other
iodothyronines and in  other species as dog (156,157), rabbit, fetal rat (153)
and man {158) has been demonstrated. Though in the various species considerable
and incomparable differences exist in the conjugation properties of dodothyron-
ines, a unanimous observation seems to be the lacking of thyroxine sulfation in
vivo in man (1523), rat (103,111,159} and dog (109}, but also in vitro in per—
fused rat livers (160}, monkey and rat hepatoma cells (161,162) and with prepar-
ations of rat liver aryl sulfotransferases I and IV {145}. The only exception
to this rule is the equal rate of glucurcnidation and sulfation of Ty in 2 days
cultured rat liver cells (163). This proporticnally high sulfation rate has
tentatively been explained by a loss of glucuronyltransferase activity due to
dedifferentiation of the cultured cells (Section II:6). At the same time it is
equally clear that the lesser iodinated compounds as 3'-Ty, 3,3'-T, and Ty are
good substrates for in wvivo (109,110,12%9,149,154,156,157) and in vitro
(145,160,Section 1I:4,5,6) sulfation.

It is interesting to note that icdothyronines with 2 iodine molecules in the
outer ring (i.e. T4 and reverse T3) are mainly substrates for glucuronidation,
whereas iodothyronines with only 1 iodine molecule in the outer ring (3'——T1 and
3,3"T2) are the best substrates for sulfation. T3 is the only iodothyronine
representative that appears to be equally well conjugated by both enzymes (Sec-
tion II:6). It should be born in mind, however, that the iodothyronine sulfa-
tion rate estimated by biliary appearance, inevitably is underestimated since
sulfated iodothyronines are rapidly deiodinated prior to excretion in the bile
(this thesis).

C. Oxidative Deamination

Cxidative deamination is the dencmination for a series of enzymatic reac—
tions converting the alanine side chain of iodothyronines to the acetic acid
form. Though this activity has been demonstrated in multiple tissues in the
rat, it appears to prevail in liver and kidney (164). Tomita and Lardy eluci-
dated the reaction sequence of oxidative deamination of variocus iodinated thy-
ronines with sonicated rat kidney mitochondria (165). They showed that the
alanine side <chain (R-CE-12.HC1\]H2.CCDH) first is deaminated to the pyruvic acid
(R,CI-Iz.CO.COOH) and subsequently  converted wvia the acetealdehyde form
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{R.CHZ.HCO) to the acetic acid (R.CHZ.COOH} derivative. The first mention of
iodothyronine acetic acid derivatives came from Harington and Pitt-Rivers who in
1952 chemically synthesized the acetic acid analogue of  thyroxine,
3,3',5,5 —tetralodothyroacetic acld or tetrac (166). Scon hereafter it was de—
monstrated that tetrac and 3,3',5-triiodothyroacetic acid (triac) possessed one
tenth of the biological potency of T, in the rat goiter prevention test (167).
The cbservation of the immediate increase in oxygen consurption in rat kidney
slices induced by triac and its rapid clinical effect in hypothyroid patients
led Thibault and Pitt-Rivers to speculate that triac might be the biological ac-
tive form of thyroid hormone (168)., This notion instigated a lot of investiga-

tion in search of the bioclogical relevance of oxidative deamination.

In 1954 deaminated, pyruvic acld analogues of T4 and Ty were Aidentified by
the group of Roche in rat bile and urine (169). Later the in vivo ccourrence of
tetrac, triac and 3,3'-diiodothyroacetic acid (3,3'-dliac) was demonstrated as
well as their generation after the parernteral administration of the labeled par-
ent campound in the rat (103,170,171), the mouse (172), the dog (109) and final-
ly human beings (98,22,164,173-175). It also appeared from in vitro experiments
that essentially all iodothyronines can be subjected to oxidative deamination
(165,168,176~179) . In Section IT1:4 it is shown that most likely 3,3'-diac and
proeably some intermediate products are formed in isolated rat hepatocytes.
Bowever, these metabolites are only detected in the presence of thiouracil or
very high substrate concentrations. This accords with the observation that tet-
rac only appears in rat bile when 8.3 pg carrier T, was added to the injected
[1251] 1, tracer (103).

The acetic acid derivatives are conjugated with glucurcnic acid and sulfuric
acid in mach the same way as their parent iodothyronines. That is, tetrac and
reverse triac are mainly glucuronidated, whereas the lesser iodinated compounds
(e.g. 3,3'—T2) are sulfated. Consonantly, triac is conjugated with both com-
pounds (180-182). 1In spite of a high affinity of triac for cellular nuclei
(183), its biclogical potency is negligible (1,164,185). The biological signi-
ficance of oxidative deamination is further reduced by its minor contribution to
overall thyroid hormmone metabolizm (164,186). The kinetics of tetrac and triac,
rather similar to those of T, and Ty, have very recently been reviewed (19).
Finally it should be mentioned that in man, dog and rat tetrac and triac again
"analogous" to T4 and Ty are primarily deiodinated and to a lesser axtent, are

excreted as conjugates in the bile, subsequently appearing in the feces
(182,187,188}.
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D. Ether Link Cleavage

Ether link cleavage is the fourth and prcobably smallest metabolic pathway of
thyroid Thormones. The reaction is oxidative in nature, prcbably
peroxidase—catalysed and results in cleavage of the ether link between the two
ring structures in the thyronine skeleton. The multiple processes involved have
lately been discussed by Engler and Burger (19). They demonstrated that ether
lirk c¢leavage is the major metabolic patiway for iodethyronines in human leuco-
cytes in vitro, but also occcurs in the rat in vivo (18%). The presence of diic-
dotyrosine in serum of athyreotic, Ty-substituted patients suggest that ether
link cleavage also takes place in huvan peripheral tissues (190). However, as
stated Dbefore, the actual contribution to overall icdothyronine metabolism is
small (186,190-192) but its significance may increase in diseases accompanied by
severe leucocytosis (189).
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CHAPTER 2

FACILITATED DEIODINATION AFTER SULFATION
OF IODOTHYRONINES:

The Concerted Action of Two Metabolic Pathways

Until very recently deiodination and conjugation of lodothyronines were con—
sidered to be functiconally distinct metabolic processes in peripheral thyrold
hormone metabolism. The major function ascribed to deicdination seemed to
be 1) the biological activation of the prohormone T, by its conversion to the
active hormone T3 2) the shunting of T, to the biologically imactive compound
reverse ’I‘3 and 3) the conservation of iodine through further deiodination of
partly icdinated metabolites. Conjugation of icdothyronines, on the other hand,
has invariably been asscciated with excretion of iodothyronines fram the body,
mainly by the fecal route and to a small degree in the urine. The studies pre-
sented in Section II cast a new light on this classical concept.

As outlined in the Preface we have chosen to study 3,3'-T, instead of Ty or
T, metabolism in rat hepatocytes since fewer metabolites of 3,3'-T5 could be ex-
pected, enabling a closer look at the subsequent or simultaneocus metabolic
steps. Tt appeared that 3,[3’«1251]—T2 was far more rapidly degraded by the
cells than its precursors T,, reverse Ty or Ty. The generation of mainly la-
beled icdide suggested very active outer ring deiodination. 1In the presence of
the deiocdinase inhibitor thiouracil, 3,3'-T, ¢learance remained unchanged and
instead of iodide, the sulfoconjugate of 3,3'~-T5 accummulated in the medium.
This suggested that sulfation acted as metabolic "escape” route in case the ap—
parent preferential pathway, deiodination, was blodked. However, the velocity
of 3,3'-T, deiodination in isclated hepatocytes was difficult to reconcile with
the very low rate of deiodination of this compound with the deiodinase containe
ing microsomal fraction of these cells. This apparent inconsistency led us to
postulate an intermediate molecular conversion of 3,3'—T2 which might induce fa-—

cilitated deiodination. The identical rate of 3,3‘-T2 deiodination and sulfa-
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tion in the presence of thiouracil, designated 3,3'-T,S as a potential interme-
diate. To test this hypothesis bilosynthesized 3,3'-’I‘28 was incubated with rat
liver microsomes and proved to be very rapidly deiodinated in the outer ring.
The erhanced reactivity of 3,3'-T,8 for this reaction in comparison with 3,3'-T,
was explained by a 30 fold lower K, (0.3 vs 9 M} and a double V.. (188 vs 353
gnol.min"l.mg prot_l) . The hypothesis of sulfation preceding deiodination of
3,3'w—T2 was corroborated by the finding that during sulfotransferase inhibition,
3,3'»-T2 deicdination and 3,3°~T, sulfation in the presence of thiouracil were
affected to the same degree (Section II1:3,4). From this point it required lit-
tle imagination to postulate a similar mechamism for deiodination of other iodo-
thyronines. The biological significance of Ty made this hormone an attractive
candidate for further study. The obligatory synthesis of T4S, however, posed
scme proplems as the biosynthetic method used for 3,3'-T,S was not suitable. We
adopted with soms modifications, the method for chemical synthesis of T35 origi-
nally described by Roche and coworkers (148,154). In essence, appropriate am-—
ounts solid Ty and [3'—125I]T3 were incubated with 100 pl concentrated H,50, at
-10C for one hour. The incubate was diluted with 900 ul chilled H;0 and immedi-
ately chromatographed on small Sephadex LFH-20 colums (Section II:5).

After isclation of the appropriate fractions, the deiodination characteris-
tics of [3'—125I]T3S with diluted rat liver microscmes were determined. As out-
lined in Section IX:5, Visser et al showed by the subseguent appearance of
3,3'—TZS and 1251 in the incubate, that T3S is first deicdinated in the inner
ring followed by rapid outer ring deiodination of the 3,3'-Ty8 generated
(Fig.5). Analogous to 3,3'-T,, inner ring deiodination of Ty was considerably
erhanced in the sulfated molecule as evidenced by the two fold lower K {11 vs 5
M} and 30 fold higher V., (30 vs 1050 pmol.min'"l.mg prot. 71y, Interestingly,
accelerated delodination for sulfated Ty is accomplished by a raised V., wher-
eas for 3,3'-T, this is caused predominantly by an increased substrate affinity.
In Section IL:6 we present evidence for sulfation facilitated deiodination of Ty
in isolated rat hepatocytes. Although some sulfation~independent deiodinaticn
of Ty can not entirely be excluded, it is assumed that T3 degradation in the
liver 1s mainly accomplished through preceding conjugation with sulfate. The
sulfation induced accelerated degradation is not a phenomenon confined to iodo-
thyronine metabolism. Rehfeld recently reported enhanced degradation of gastrin
in rat cerebral tissues after sulfation of the tyrosine residues in this 34 ami-
noacid peptide (194).

In retrospect, ocur interest in the deilodinative properties of sulfated iodo-
thyronines appeared not to be original. The possibility of enhanced inner ring

deicdination of T38 was seriocusly considered by Flock et al in 1960. They
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Fig.5. Production of 3,3'-Ty8 {0) or radicactive I"” (e) during incubations of 0.5 M "unlabeled" or
[3'—12511’1‘35, respectively, for 5-60 min with 42 pg microsamal protein per ml {left), or for 15 min
with 16.8-168 pg protein per ml (right). 3,3'-T,8 and I7 are expressed as percentages of added T4S.
The time sequence of 3,3'-T,5 and I” production suggests that T35 is first deiodinated in the inmer
ring. Fram ref. 268.

founded their suggestion on the higher amounts of 3,3'-T,8 in comparison with
T45 in bile, plasma or urine of T3 injected dogs (202). On the other hand Clo-
son, working with Roche, and studying in vitro T35 metabolism noted only 203
iodide production after 40 hours incubation of 1 pM 1'_3‘—13]'I]T3S with rat liver
or kidney homogenates {155). 1In fact these investigators were forced to con-
clude that sulfation of Ty protected against deicdinase activity. The discre-
pancy with our observation may in part be explained by the lack of sufficient
thicl groups in their incubates, an essential condition for this type of deicdi-
nation. Sato and Rabbins have also studied the influence of sulfate depletion
on iodothyronine metabolism in 2 days cultured rat hepatocytes (51). Due to the
presence of methionine and cysteine in the culture medium and the sulfate neo-
genesis through the cysteine—oxidizing pathway {195) in hepatocytes they were
unable to detect the reduced deiodination in sulfate—depleted hepatocytes cb-
served by us.

The significance of the sulfation-induced accelerated deiodination is still
speculative. In general, as outlined in Section II:6, it may be assumed that
sulfation of iodothyronines predisposes to a very rapid and irreversible degra—
dation of the molecule. On the other hand conjugation with glucurcnic acid ap-
pears at least not to erhance the rather poor deicdinative propertiss of T, and
may in effect protect against irreversible degradation. Furthermore, it may be
envisaged that no longer a strict separation between delodination and

non—deicdinative pathways can be maintained. Todide production in in vivo ex-
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periments is likely to be accomplished partly through prior sulfation of iode-
thyronines. The enhanced excretion of biliary or fecal radicactivity in
[131I]T4*equilibrated, PTU-treated rats (95,196) (Fig.3) is campatible with an
increased excretion of sulfated iodothyronines in the bile, analogous to our
findings with isolated hepatocytes. In fact, an increased biliary excretion of
3.3'-T558 and TyS was found by Flock and Bollman in long-term thiouracil-treated
[13]'I]T4 injected rats (197) and in Gunn rats fed butyl-hydroxydiiodobenzoate
(BHPB), ancther substance known to interfere with deiodination (129}. A similar
chsarvation was made by De Herder and Otten in rats injected with a tracer deose
of [3‘—1251]’1‘3 30 minutes after the administration of 4 mg/kg PTU (Fig.&). O©Of
academic interest is whether the products of oxidative deamination as tetrac and
triac are also subjected to sulfation—preceded deiodination. The Ty and T3 re-
serbling metabolic properties of these compounds (Chapter 1C) and the slow rate

of triac deiodination {252) are suggestive for this notion.
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Fig.6. Distribution of radicactivity in rat bile. Rats were Injected with a bolus of 25 pCi
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In the lidht of the tissue-specific type of deiodination mentioned in
Chapter 1A the intriguing question arises whether sulfation also enhances type
II deiodination of ilodothyronines. At present this guestion is still open but
should be relatively simple to answer by incubations of T3S or 3,3'-T,S8 with
type II deiodinase containing tissues under the appropriate conditions.
Indirect evidence from experiments with monkey hepatoma cells would suggest the
answer to be negative. These cells appear to have a PTU-insensitive, but very
active imner ring deiodinase, with type II-resembling characteristics (19%2,200)
and only a low activity of PTU-sensitive, type I outer ring deicdination
(199,200,201). The presence of 100 1M PTU during one hour incubation of these
cells with,T3 or 3,3‘~T2 did not affect their clearance or the generation of
3,3'—T2, 3'-T; and their sulfates (201).

Finally, a quite different but interesting observation linking sulfate and
thyroid hormone metabolism was described by Tallgren in 1980 (203). In a large
series of hypo-, eu- and hyperthyroid subjects serum sulfate levels were deter—
mined. There appeared to be a linear correlation between serum sulfate and Ty
(x=0.88) or the free thyroxine index (r=0.75). Several hypothetical but incon-
clusive explanations for this phenomenon were presented, including thyroidal in-
fluence of sulfate neogenisis or its tubular reabsorption in the kidneys as well
as TSH mediated tranamenbrane transport of 802— . Unfortunately serum T3 levels
were not determined. It can be anticipated, however, that the correlation of
serm sulfate with Ty would be far less pronounced. This is expected especially
in the hypothyroid range since Ty levels tend to remain normal in the early
phases of developing hypothyroidism (81l). On the other hand, the low serum sul-
fate levels (many were below 0.1 mM) under hypothyroid conditions might reduce
sulfation of T, (Section II:6) and thus protect this vital hormone from rapid

and irreversible degradation.
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CHAPTER 3

SULFATION OR GLUCURONIDATION OF T1.:
The Significance of Dual Metabolism

In Section II:6 it is demonstrated that in rat hepatocytes Ty initially is
metabolized by conjugation with either sulfuric or glucuronic acid. As judged
by our in vitro experiments the rate of Ty sulfation and glucuronidation in the
cells is about equal. However, this may not be the case in vivo, since glucuro~
nidation of T4 in our hepatocytes was found to be more susceptible to variations
in cell viability than sulfation. As the cell isclaticn procedure is a rather
rude way of tissue treatment, it is feasible that in spite of the 4 hrs preincu-
bation, total cellular glucurcnidation is below its physiolegic level.

Comparison of enzyme activities in the intact cell is hampered by many pit-
falls. A mejor proplem is the lack of information about the actual free sub-
strate concentration{s?) in the subcellular compartment{s?). This especially
goes for UDP-glucuronyltransferase and phenol-sulfotransferase since the former
is menbrane associated whereas the latter is cytosclic in nature. Furthermore,
we do not know exactly how icdothyronines are transported in the cell to the
different enzyme sites or via which mechanism they are excreted after metabolic
conversion. All these steps may have a profound impact on the net metabolic
rate. This problem has lately been approached by Koster and Mulder. These in-
vestigators developed a theoretical kinetic model for cellular metabolism of ine
creasing substrate amounts via two separate intracellular pathways assuming
identical uptake and back-transport of the compounds involved (204). Tt was
concluded that the intracellular substrate concentration increases more than
proportionally with the extra—cellular concentration when the reaction with the
high affinity becomes saturated. This causes the conversion via the unsaturated
roate (with the low affinity conversion} to increase also more than proportion—
ally.
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We observed a comparable situation for Ty metabolism in rat Thepatocytes.
Fig.7 shows that with increasing mediun T, concentraticns in the presence of
PTU, the fractional clearance of this substrate and the production of Ty58 and
TG remains constant upto 10‘6 M Ty. At 10_5 M, however, the production of T3G
declines whereas T3S generation increases. This suggests saturation of Ty glu~
curonidaticn and a proportional increase of Ty sulfation. According to the pro—
posed kinetic model for this type of metabolism a lower K, of T, for
UDP~glucuronyltransferase than for phenol-sulfotransferase should be expected.
This may seem somewhat controversial since usually common substrates tend to
have a lower K for sulfation than for glucuronidation. Tt is pointed out in
Chapter 1B that the presence of an iodine atom in the phenolic ring may explain
the erhanced avidity of Ty for conjugation with gilucuronic acid, as halogen sub-
stitution in phenol lowers its K for glucuronidation 30-fold (126-128).

In a similar way, the metabolisw of 3,3'-T, and T3 in rat hepatocytes can be
conpared.  Fig.8 shows that the sulfation capacity of the cells for 3,37-T, is
saturated at approximately 107> M whereas T; sulfation at the same concentration
is not. BAccording to the above theoretical kinetic model this would inplicate a
lawer K for sulfation of 3,3'-T, than for Ty. It may, therefore, be speculated
that the better substrate properties of 3,3'-T, for sulfotransferase activity
(145) at least in part are explained by a higher affinity for the enzymatic re-
action., Confirmation of this hypcthesis awaits determination of the exact reac—
tion characteristics of 3,3'-T, and T3 with purified enzyme preparations.

Closely associated with the interest in the guantitative aspects of hepatic
T4 sulfation and glucuronidation is the question with respect to the ghysiologic
significance of this dual conjugation mechanism. As pointed out before, conju-
gation of zenobiotic or endogenous compounds, and Ty is no exception, has mostly
been associated with detoxification or biliary and urinary secretion of hydro-
phobic aglycons (152). It has however become increasingly clear that this sim-
ple notion in no longer tenable. Several steroids retain their biological ac-
tivity after sulfation, also sulfated compounds sometimes are more actively me—
tabolized than their unconjugated precursors (152), and even the formation of
reactive carcinogenic intermediates after sulfation of xenobiotic compounds has
been described (205). Although these alternative functions are mainly associat-
ed with sulfation, similar properties have been attributed to glucuronidation
(99).

The recent discovery of sulfation-facilitated deicdination of iodethyronines
endorses the view that conjugation with sulfate can induce enhanced metabolism
of drugs or endogenous compounds. In spite of this adapted insight in metabolic

functions, the classical concept of "detoxification" still holds true for sulfa-
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tion of T3. There are two ways by which sulfation can inactivate the biological
potency of T;. First, T3S probably lacks any bioclogical activity since, using
the method described by Docter et al (206), we were unable to detect any specif-
ic binding of T3S to purified rat liver mucleil (Otten, unpublished). Second,
irreversible inactivation of the T4 molecile due to accelerated deiodination re-
sults from the conjugation with sulfate. So sulfation appears to be the way by
which the liver can very effectively eliminate T; from the body circulation
without being dependent on urinary or fecal excretion.

Quite distinct seems to be the role of glucurcnidation of Ty. Conjugation
with glucuronic acid probably disables direct biological activity of T in a
similar way as sulfation, i.e. by prchibiting binding to the specific T; nu-
clear receptor. However, contrary to sulfation, glucuronidation does not seem
to change mach of the rather poor deiodinative properties of T;. Evidence for
this concepticn is presented in Section II:6. In essence: 1) accumlation of
TG 1s not enhanced during incubation of Ty with hepatocytes in the presence of
PTU 2) inhibition of glucuronidation by cellular depletion of the essential
UDP—glucurcnic acid with galactosamine does not alter the rate of T, deiodina-
tion oy the cells and finally 3) T4G proved to be a very poor substrate for rat
liver microsomal deiodinase (Otten, unpublished). TFor the latter experiment la-
beled TyG was prepared biosynthetically by incubation of isolated rat hepato—
cytes for 16 h at 372 with 10 pM T3 in the presence of [3’-—125];]T3 without PTU.
After the incubation T4G was purified by the same chromatographic procedure as
described in Section IT:6. This material was incubated for 60 min at 37C at a
concentration of 0.05 pM with 165 pg/ml rat liver microsomal protein. After the
incibation only 2% of free iodide as a result of outer ring deiodination of T4G
was generated. Furthermore, 0.5 pM T4G did not inhibit wicrosomal deiodination
of 0.0l pM xT45. The possibility of exclusive inner ring delodination of TG,
also seems unlikely since nc substantial amount of the glucuronides of 3,3'-T,
or 3'-T; were detected in the bile of T, or T3 injected dogs (110,111,157} and
rats (103,106).

Since both T, and Ty are excreted in bile mainly as glucuronides, we may
look at glucurconidation as a means of the liver to dispose of these hormeones.
In this respect it is noteworthy that UDP-glucuronyltransferase activity in rat
liver cells can be enhanced directly by cyclic adenosine 3',5'-moncphosphate
(cAMP} and indirectly by glucagon stimulation of this second messenger (207).
Induction c¢f glucuronidation by compounds as phendearbital or polychlorinated
biphenyls has been associated with increased metabolic clearance and turnover of
T4 (Chapter 1RB). In contrast to these compounds  the induction of
UDP-glucuronyltransferase activity by cAMP, in agreement with its nature, is
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rapid and reaches its maximm within 2 hrs (207). This property of cAMP may ex-
plain in part the cAMP-induced changes in iodothyronine metabolism in
isolated-perfused rat livers observed by the group of Hesch (208). Using T, as
a substrate they noted a reduction of Ty production in cAMP-treated perfused
livers. Also a cBMP-enhanced metabolic clearance was found for T3 or rTj as
primary substrates, whereas 3,3'-T, clearance remained unchanged. These effects
were ascribed to a stimulated uptake and degradation of T3 via the
norn—deiodinative pathways. In the light of the unchanged clearance of 3,3'—T2,
which is accomplished through sulfation, and the known effects of cAMP on glucu-
ronidation this phenomenon may now tentatively be ascribed to enhanced glucurc-
nidation of Ty and rT3. Even the slightly reduced T4/T3 conversion rate may be
envisaged through T, shunting via enhanced conjugation with glucuronic acid.

The essential difference between iodothyronine conjugation with either glu~
curonic or sulfuric acid is that after biliary secretion the glucuronidated age—
lycons, notably T, and Tg, have kept their original structure. This provides
the possibility of an enterchepatic circulation for these hormones. Both TyG
and TG are poorly absorbed from the digestive tract (134,209), whereas for Ty
40-68% (210,211,212,215) and for Ty 100% absorption (214,215,217) has been re-
ported. Hence, hydrolysis of these glucurcnides by bacterial § -glucuronidase
activity in the intestinal contents is likely to promote reabsorption of Ty and
Ty {Fig.9). Although we have no intention of dealing extensively with the rath-
er controversial enterchepatic clrculation of iodcthyronines {136,137,139), the
potentially important function of T3 glucuronidation will be discussed.

Glucuronidation of T, and Ty results in biliary excretion of these hormones.
Putting aside the above-mentioned possible enteral reabsorption after bacterial
hydrolysis, biliary excretion will ultimately result in fecal elimination.
Under normal conditions this natural loss of active hormones is balanced by the
daily thyroidal production. Under conditions of documented increased fecal loss
of thyroid hormones e.g. 1n steatorrhea in man (96) or during ingestion of
highly absorbing dietary components as soyflour or fibre in rats (216,217) a
conmpensating increase in thyroidal function was found, in extreme situations
even producing goiter in rats (216). Conversely, with low residue diets only
half of the normal amount of thyroxine substitution was needed in the rat goiter
prevention assay (217). These data are suggestive of fecal mass and composition
dependent thyroid hormone disposal. At the same time biliary and subsequent
fecal excretion of glucuronides may alsc function as a rapid drainage system for
superflucus hormones in hyperthyroidism (218).

In contrast to this disposal function of glucuronidation a hormone conserv-

ing task may be postulated in hypothyroid patients. Glucuronidation of Ty es~
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155.
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sentially protects the molecule against sulfation-induced deiodination and,
therefcre, against irreversible loss of biclogical activity. 1In spite of Ty de
pletion in hypothyroidism its metabolism via hepatic glucuronidation, sulfation
and biliary excretion will continue, though possibly at a different rate. Due
to the bacterial p-glucuronidase activity in the intestinal tract ToG but also
T,G will be hydrolysed and by reabsorption (92,151,154) saved for the depleted
body. Several conditions present in hypothyroidism will prolong the exposition
of these glucurcnides to the enteral bacteria and thus contribute to their hy-
drolysis and subsequent recovery. For instance, the low gut motility in hypo-
thyroidism (139,2198) will a) increase the intestinal transit time
and ) cause bacterial overgrowth in the ileum (219). Consonant with the above
hypothesis is the reduced fecal excretion of 1311 5n hypothyroid (218,2183,218B)
and iodine deficient rats {220). In conclusion, glucurcdination mey have the
paradoxical function of either disposal or salvage of thyroid hormones.

A similar mechanism may be postulated for iodothyronine sulfates in hypothy-
roidism. Roche et al have observed a strong increase in biliary TS excretion
in T3 injected hypothyroid rats (106,154). This is probably caused by the re-
duced deiodinase activity in hypothyrold rat liver (45) pronibiting complete de-
iodination of T38. Bulfatase activity in gut flora towards iodothyronine sul-
fates has been demonstrated by Closon and Roche as early as 1959 {221). The hy-
drolytic activity was caused by an exo-enzyme of an unidentified bacterial stra-
in (155}. Recently De Herder et al isolated two anaerchic, gram-negative rods
from rab cecal contents which showed sulfatase activity towards 3,3‘—T28 and T3S
(222,Section IT:7). Since in hypothyroid rats increased amounts of T3S are ex-
creted in the bile these sulfatase producing strains may in a similar way con-
tribute to the vital recovery of Ty. This postulate is supported by the 28% ab-
sorption of 4 pg labeled T3S infused in the ducdenum of hypothyroid rats (223).
T48 hydrolysis seemed plausible since part of the radioactivity was recovered in
bile as T4G (Fig.10}. Whether this mechanism is also cperative in human sub—
jects dis uncertain since it is unknowm whether in hypothyroid man the liver de—
iodinase activity is reduced. Also, as discussed in Chapter 2, the low sulfate
serun levels in hypothyroid patients (203) will reduce sulfation of iodothyron-—
ines in man and in this fashion prevent loss of scarce T3.
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CHAPTER 4

THE INTERACTION GF DIFFERENT TISSUES
IN THYROID HORMONE METABOLISM:

The Proposal of a Hypothetical Model

As with any complex mechanism, knowledge advances
by the gradual refinement of oversimplifications.

Panksepp

BAs outlined in Chapter 1 serum levels, as well as production and metabolic
clearance rates of iodothyronines give no information about the site of their
generation or degradation. Since considerable tissue differences in iodothyron-
ine metabolism have been demonstrated, the interest in the contribution of the
varicus organs to peripheral thyroid hormone metabolism is rapidly increasing.
The more so, since the complex changes in iodothyronine serum levels induced by
fasting, altered dietary camposition, diseases or drugs are incompletely under—
stocd. A major contribution to the growing interest in tissue-specific thyroid
hormone metabolism has been the realization that plasma Tg is not totally ex-
changeable with tissue T, (225) and the discovery of a PTU-insensitive (type IT)
deicdinase in rat cerebral tissues by the group of Larsen. This enzyme proved
to have quite distinect physicochemical characteristics in comparison with the
"classical" liver and kidney deiodinases (Chapter 1A). Despite the fact that
sane PlU~-sensitive outer ring deiodinase is present in rat cerebral tissues, the
predoninance of type II deicdination caused these tissues to be referred o as
PIU-insensitive. This tissue-specific deicdination in combination with several
incompletely understood phencmena has brought about a growing dissatisfaction
with the concept that hepatic outer ring or 5'—deicdinase is the sole regulator
of fluctuating Ty and reverse Ty serum levels in what erronecusly is called "The
low Ty Syndrome”.
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Fig.1l. The original concept of the requlation of iodothyronine senm levels. Ty is degraded in
mainly the liver to either Ty or reverse Ty. 3,3‘—T2 originates from both these products.
According to this model inhibition of outer ring delcdination (--—-}, e.g. by fasting, illness or

drugs, would cause a decrease of T3 and increase of reverse Ty serum levels.

In this model the liver is the central organ in controling iodothyronine
serum  levels. Total body production of T depends for about 80% on outer ring
deicdination of Ty in extrathyroidal tissues. Since the metabolic clearance
rate of T; shows little changes in fasting or diseased individuals, reducticn of
outer ring deicdination conceivably is responsible for the lowered Ty seram lev-
els under these conditions. Alsc the usually increased serum reverse Ty levels
are explained by the same reduction of outer ring deiodination and an essential-~
ly unaltered production rate (Fig.ll). However, several observations both in
vivo and in vitro are hard to reconcile with this sinmple theory and suggest far
more complex regulatory mechanisms. To illustrate this point some examples are
glven.

1) According to the above concept the liver (and/or the kidneys) would be
both the supply and clearance organ of reverse T3. Several studies, however,
show that in spite of documented hepatic inner ring dejodination of Ty
{163,227), no rTy is released from perfused rat livers (160,208,226), rat liver
slices (227) or cultured hepatocytes (163). This is prcbably best explained by
rapid intracellular ocuter ring deicdination of all reverse T; generated.

2) During the initial period of caloric restriction in man serum Ty lowers
and reverse T3 shows a reciprocal rise {228). After 4 wesks, however, reverse
T4 normalises, whereas T3 remains low. Also, the dietary study in Section II:l
demonstrated separate influences on Ty and rTy serun levels by dietary constitu-
ents. Moreover, serum 3,3'-T, levels remained remarkably constant in spite of
eonsiderable fluctuations of the common precursors Ty and rT4. All these dbser-
vations are hard to explain merely by fluctuations of hepatic outer ring deiodi-
nase activity.

3) The theory does not account for the maltiple alternative metabolic path-

ways for iodothyronines. Especially conjugation with glucuronic acid and sulfa-
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tion-facilitated deicdination contribute significantly to thyroid hormone meta-—
holism and are believed to be the principal processes in hepatic Tq handling
(Section II:6).

4) Despite the fact that hepatic outer ring deiodination is entirely blocked
by pharmacological concentrations PTU (Section 1I:4), T3 generation in
I~thyroxine-substituted, PTU-treated hypothyroid patients is not completely in-
hibited (229).

5) The theory further depends on the existence of 2 separate enzymes for
outer and inner ring deiodination. However, recent investigations favour the
opinicn that both processes are catalysed by the same hepatic enzyme {17)-

§) Also other factors as incomplete plasma-tissue Ty exchange (225), active
transport of iodothyronines into rat hepatocytes (7) and the documented deiodi-
nase activity in rat kidney plasma membranes (230) suggest far more intricate
requlatory systems.

The gradual realization of these inconsistencies and the different deiodi-
nase properties in PTU-insensitive tissues has instigated in our laboratory a
new concepticn about iodothyrenine metabolic pathways. This notion will be pre-
sented here as a hypcthetical model. A schematic diagram is given on a fold-out
page in the back of the manuscript (Fig.12 A,B).

In spite of the rather comwplex drawing, the mcdel clearly is an oversimplif-
ication of the actual situation. The mejor presupposition is the subdivision of
the bhody in three compartments: the PlU-insensitive (type II) and the
PTU-sensitive (type I} tissues, connected by the plasma compartment. The type I
tissues are represented by the liver in order to include biliary excretion of
thyroid hormones. The concept is essentially based on the production of 3,3'—T2
and reverse Ty in type IT tissues and their subsequent degradation in the liver
after "crossing” via the plasma compartment. For T4 and T3 a more complex situ-
ation exists. The model will be introduced by successive discussion of the
pathways of 3,3‘-—T2, reverse Tq, T3 and Ty in the presence or absence of PTU.

We would like to mention that the opportunity of reading a preprint of the
excellent review about iodothyronine deiodination by Engler and Burger (19) as
well as the foreknowledge of their work on the generation of the varicus diiodo-

thyronines {231} have had an important complementary function in the support of
our contention.

A. Metabolism of 3,3-T,

As outlined in Section II:4 a significant proportion of iodothyronine degra—
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dation 1is chamnelled via the generation of 3,3'-T,. Serum levels of this meta-
bolite are rather low (ranging in the literature from 23 to 137 pmol/1) despite
the ralatively hich production rate (38 to 76 nmol/day). This is caused by a
very rapid metabolic clearance rate, with 621 to 1116 1/day the highest of all
iodethyronines (19}. Since 3,3'-T; has no metabolic activity, this compound has
received rather limited attention. However, it is the rapid turnover that makes
3,3'-T, an interesting metabolite. Due to this property it is cne of the few
iodothyronines for which an anterio—venous gradient in certain tissues <an be
estimated. Faber et al. (232) as well as Bauer and coworkers in cur laboratory
(233) fourd the 3,3"~T, concentrations in the hepatic vein to be only 60% of ar—
terial wvalues. Faber et al. calculated a hepatic clearance of 14 nmol/day ac—
counting for almast half of the total 3,3'-T, clearance (34 nmol/day).
Moreover, they also showed that the proportional liver clearance of 40% was in-
dependent of the plasma 3,3'—T2 concentration (234). This latter phenomenon has
been discussed in Section I1:4 and reflects the high sulfation capacity of the
liver which is not saturated at in vivo serum concentrations.

The varicus observations correspond well with our in vitro egperiments,
showing that 3,3'-T, in hepatocytes is rapidly metabolized by sulfation before
undergoing accelerated outer ring deicdination. In the upper diagram (A) this
rapid proces is indicated by a fat arrow directing 3,3'-Ty fram the plasma com-
partment into the liver cell with subsequent sulfation (Rg) and outer ring de-
iodination (Ry,). Plate B shows that hepatic clearance is not affected by PTU
but outer ring deiodination (Rlz) is, resulting in a high output of 3,3'-‘1‘28 in
the bile, Support for this mechanism has been provided by the strong increase
in biliary 3,3'-T,8 in PTU-pretreated, [3'~125I]T3—injected rats (Fig.6) (De
Herder and Otten, unpublished). The rapid clearance of 3,3'-T, by the liver ra-
ises the question where this metabelite might be generated. Faber et al, by
measuring 3,3’ -7, concentrations in renal arterial and vencus blood of 20 normal
subjects, calculated a net renal 3,3‘—T2 production of 2,4 mol/day, accounting
for only 6% of the total 34 mmol generated daily. WNo significant
arterial-venous gradient was measured in the femoral vessels, eliminating the
extremities and therefore the muiscles as important source of 3,3'-T, production.
It was found by Laurberg and Weeke that 3,3'—T2 serum levels in PTU or methima—
zole—treated hyperthyroid patients did not differ significantly (235). Since
hepatic 3,3'—T2 clearance is not affected by PIU or methimazole {Section 1I:4),
this observation suggests mainly PIU~independent production of 3,3'—'1‘2. In
another study 3,3'—T2 sernm levels decreased 18% in Ty4-substituted, hypothyroid
patients treated with PTU (254}. This seems to be in close agreement with the
16% of plasma 3,3'-T, being derived fram reverse Ty (231), which according to
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our model in euthyroid conditions, is exclusively mediated via PlU-sensitive de-
iodinase. The kidneys probably contribute to this part of 3,3'-T, production
(232). These cbservations point at PTU-insensitive tissues as potential source
of plasma 3,3'—T2.

Fig.12 shows the possibility of 3,3’-T, generation via two pathways in these
tissues. The thidmess of the arrows in indicative for the expected conversion
rate basad on the me/Km ratio's of the varicus reactions from the literature
(Table I). Especially conversion of T3 to 3,3'-T, (Ry) is reported to proceed
very rapidly (66,70}, whereas further inner ring delodination (Ry) of 3,3'-Ty to
3'-Ty 1is much slower. It is hypothesized that 3.3'-T, ig mainly generated in
PTU-insensitive tissues from either locally produced {(via R2) or plasma-borme
T3- Since both R, and Ry are PTU-insensitive, 3,3'-T, production will not be
affected by this compound. The contribution of pathway Rgp (PTU-sensitive outer
ring deicdination of fI‘3) will be modest compared with pathway Ry and absent in
the presence of PTU {(diagram B). Reaction 58 is only significant in hypothyroid
tissues (69). This concept is corroborated by the study of Engler et al. who
showed that 84% of plasma 3,3’—T2 is derived from T, (19,231). If indeed
PTU-insensitive tissues are the main source of plasma 3,3'-T; then an uphill ar-
terio-vernous gradient of this metabolite in the cerebral circulation should be
expected. To wverify this concept we have compared in anesthesized humans the
3,3'—T2 serun concentrations in arterial blood, and in blood from the intermal
jugular vein, the predominant efferent vessel of the brain. In two subjects
studied =o far the 3,3'-T, content in the jugular vein was raised by 22 and 363
(Otten, Avezaat , Visser and Hemnemann, unpublished). This cbservation firmly
supports the postulate that plasma 3,3'-T, is generated from T3 in
PTU~insensitive (e.g. cerebral) tissues and further indicates that the brain

may contribute significantly to peripheral thyroid hormone metabolism.

B. Metabolism of Reverse T,

Similtar to 3,3'—T2, reverse Tq also has a rather rapid turnover. If the
lower reported RIA values for serum rT4 (average 0.3 mmol/l) are considered to
be true {236), the total daily production is calculated at approximately 30 to
45 mmol with a metabolic clearance rate between 82 and 108 1/day {15,19).
Despite these figures and contrary to 3,3'-T, this clearance rate appears to be
too low and the blood flow too high to allow the measurement of arteric—venous

plasma gradients in the various tissues {232). Therefore, the actual proof for

generation or clearance of rTy in a specific organ is hard to obtain. It has
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been pointed out in the introduction of this chapter, that the liver probably
does not contribute to plasma fT3. O the other hand perfused livers
(1860,208,226) and hepatocytes {163, Section I1:2)} rapidly metabolize rT; giving
rise wmainly to iodide and small amounts of 3,3'-T, as well as some unidentified
glucuronides and sulfates (L60). The production of 3,3'-T; is unexpected in the
light of its rapid hepatic clearance but may be due to the artificial in vitro
conditions. With Ty no 3,3'-T, production was noted in perfused livers (208).
On the basis of these chservations, we are at present inclined to consider the
liver as an lmportant clearance organ for rTs.

In Section II:2 it is suggested that hepatic clearance of this metabolite is
accomplished mainly through direct ooter ring deiodination. This is concluded
frou the fact that inhibition of deiodination by PTU, again contrary to 3,3'-T,,
drastically reduces rTy degradation in rat hepatocytes. This conception is re-
presented in the diagram by pathway Rg. The likely, but modest formation of
rT3G has een left out for ease of survey. Diagram B now makes clear why PTU
(237-240), but not methimazole (237), causes an increase in serum rTa: the
major pathway of rTy degradation (Rg) is blocked.

At this point we would also like to point out that the total body production
rate of rT, probably exceeds the production rate generally indicated in the 1i-
terature (see above). Reverse T4 generated from Ty (R7) in the liver is not se-
creted inte the vascular compartment, but rapidly degraded by outer ring deiodi-
nation (R8). Therefore, rTy produced via this pathway will not contribute to
plasma 1T and the production rate (defined as: Serum rT3 x Metabolic Clearance
Rate) will be underestimated. This rhenomenon may exist for all other iodothy-
ronines as well. Thyroxine is the only exception since this hormone has only
one source: the thyrcid gland. The higher the intracellular catabolism of a
generataed metabolite, the greater the underestimaticn of its production rate.
This may also apply to the 3,3'-T, originated fram rTy in the liver (RB), since
the high rate of subsequent sulfation (Rg} results in only small amounts of ex—
tracellular 3,3'-T, (Section II:2, 208,226). To indicate that the tracer injec
tion technique neglects this hidden production the terms "extrinsic" or "plasma"
production rate seem more appropriate.

Congidering the facts mentioned and analogous to 3,3'—T2, we postulate that
a major portion of plasma rTy is formed in type II tissues whereas the clearance
takes place in the liver. The theoretical basis for this thesis 1is, that Rl
(PTU-insensitive) proceeds very rapidly in euthyroid rat cerebral cortex
{66,70), whereas the much slower Rgy (67) will cause accumulation of Ty which
is then shunted to the vascular compartment. BAs stated before, this hypothesis

is difficult to substantiate since at present RIA's are not sensitive enough to
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detect the expected small arterio—venous concentration gradient in the high flow
vessels of the cerebral circulation. The only indirect indication for this
PTU-insensitive production in vive is the equivalent rTy production rate in PTU
or methimazole~treated hyperthyroid patients (235). In this study the differ-
ence in peripheral activity of both drugs towards type I tissues is reflected by
a 50% lower metabolic clearance rate in the PTU-group causing significantly ele-
vated 1Ty levels. Interestingly., extra~hepatic production of rT5 has, on quite
different grounds, been suggested before (11).

C. Metabolism of T,

For dbvious reasons Tg metabolism has attracted a lot of investigation.
Several review articles have dealt with this subject (11-13, 241). It is gener-
ally accepted, that in healthy individuals and animals some 208 of the 34-52
nmol Ty produced daily, is directly secreted by the thyroid gland (15,12). The
remaining 80% originates fram T, by outer ring delcdination in peripheral tis-
sues. However, for the same reasons as with rTy the exact production site can
not be discriminated by arterio-venous plasma gradients. On the cother hand, in
vitro experiments strongly suggest that the liver contributes significantly to
plasma Ty production. Many studies describe the production of Ty from T, in
perfused rat Iivers (208,226,242), rat liver slices (227,243) and in human and
rat hepatocytes (2530, Section II:l). This hepatic production of Ty fram T, is
mediated by a PTU-sensitive deiodinase {R6). In thyroidectomized, T4-replaced
rats inhibition of this reaction by PTU causes only 50-70% decrease of serum Ty
generation {244-247). This contrasts with the almost complete inhibition of Ty
te Ty conversion in kidney or liver homogenates of PTU-treated rats (41,248},
and suggests an alternative, PTU-insensitive production of T3-

When these data are taken into consideration the following conclusions may
be made: a) in the euthyroid state the major part of serum Ty is generated in
type T {PTU-sensitive) tissues, b) the liver and gquite possibly the kidneys
{251-253) have an important contribution to this Ty production, c) a smaller but
significant amount of serum T; is produced in type II tissues. At present it
can not be discriminated whether this T, originates from cerebral tissues or
from the extracranial brown adipose tissue (76). The importance of this pathway
is illustrated by the recent report that the contribution of type II tissues to
plasma T3 production may increase to 100% in hypothyroid rats (249).

According to the present concept Ty metabolism takes place in bath types of

tissues. In the liver it was demonstrated (Section II1:6) that T3 initially is
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conjugated with UDP—glucurcnate or sulfate (Rig). Of the respective products
T5G is predominantly secreted in the bile, whereas T4S is successively deiodi-
nated in the imner ring (Ry;) and the outer ring (Rlz)' In the presence of PTU,
however, TpS accunulates and should be increased in the bile. This expectancy
was confirmed by De Herder and Otten (Fig.6). From this figure alsc a second
feature becomes apparent. The other sulfate conjugate, 3,3'—T28, found to in-
crease in bile of PIU treated-rats after [1251]T3, appears later but in more
massive amounts than ToS. This 3,3'-T,8 cannot be formed from T3S in the liver
s inoe Rll is completely inhibited (Section 11:5,6). The observation, therefore,
is another indication for extra-hepatic PTU-insensitive productien of 3,3'-T,
and subsequent sulfation in the liver (Section II:4) or other, extra-hepatic
tissues (202).

The second degradative pathway of Ty is, of course, inner ring dJdeiodination
in type II tissues (R3) yielding 3,3'-T; and small amounts of 3'-T; (Ryq) {66}.
The fact that short—term pretreatment of PTU does not affect the T4 clearance in
rats (244,249) may be envisaged since all T; degradative pathways Rz, Ry and
glucuronidaticn are not influenced by this agent. The diminished production of
Ty from T, din the liver (R6) will therefore cause reduced plasma Ty levels.
However, in long-term PTU-treated animals this reasoning may not entirely be
tenable since wunder these conditions a slightly reduced (14%) T3 clearance was
found (218R).

An interesting aspect about T metabolism now emerges. If indeed the postu-
lated pathways exist, the liver seems to be playing a double rcle: on the one
hand it is responsible for a major part of T3 plasma production whereas on the
other hand it is involved in the plasma clearance of T3. This may seem somewhat
controversial, but, in fact, it would provide a potentially flexible mechanism
for metabolic adaptation and regulation of plasma T5. Van Doorn and Van der
Heide cams to a similar conclusicn based on their observations with [1251]T4 and
[13111T3—equilibrated rats (218B). The immediate question arises how the liver
cell could accomplish this dual task. Two speculative theories may be put for-
ward.

1) The existence of separate intracellular pathways and compartments for io—
dothyronines and/or their metabolites. From recent studies it has become incre-
asingly clear that ilodothyronines do not exchange freely between the plasma and
the wvarious subcellular fractions of living cells (81,218A,B,225), Some tissues
depend heavily on locally (i.e. in the cell itself) generated Ty, whereas in
others plaswa-borne Ty predominates. Furthermore, the ratio between the two
sorts of Ty is @ifferent in some subcellular fractions. In the diagram this is

provisionally indicated for the nucleus of the two cell types: the hepatocyte
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nucleus obtains its Ty mainly from the plasma, whereas the nucleus in cerebral
or pituitary cells is occupied by a larger proportion of locally generated Tj.
This phenomenon has been mentioned to  show that “compartmentation” in cells
exist and that, therefore, the possibility of separate intracellular pathways is
plausible. This seems to be an interesting field for future research.

2) The liver is not an organ composed of functionally identical hepatocytes.
The hepatocytes in each acirus of the liver are subdivided into three zones de-
pendent on the extent to which their blood supply is oxygenated {261). In zone
1, where the portal and arterial bloed perfuse first, the oxygen availability is
highest, whereas zone 3 receives less well oxygenated blood. Marked differences
in Thepatocyte enzyme composition in the three zones have been detected (261).
Therefore, it is guite feasible that the cells in the different zones accomplish
different tasks with regard to iodocthyronine metabolism, e.g. the generation or
the clearance of T;. The hypoxia-induced reduction of Ty deicdination but in-
tact T3 generation in vat liver slices illustrates this possibility (262}. The
question may be addressed in the future with the use of fluorescent monoclonal
antibodies directed against hepatic deicdinase or by studying iodothyronine me-
tabolism in isolated rat hepatocytes at different pO,.

D. Metabelism of Thyroxine

In the rat, after secretion from the thyroid gland, T, is distributed over
the plasm compartment (26%), a fast pool made up mainly by the liver and the
kidneys (17%) and a slow pool, e.g. muscle tissue {57%) (5). As discussed in
Chapter 1 these hormonal contents of the tissues should not be regarded as a
static condition but as a continues entry and efflux of molecules. A small por—
tion of this shuttle (3% in fast pools and 12% in slow pools) is subjected to
further metabolism. It was calculated that the amount of T, degraded in both
pools is about the same i.e. 2 nmol/day (5).

As shown in the dlagram, there are many ways by which T, can be metabolized.
In general, a distinction can be made between deiodination in type I and type IT
tissues, whereas also conjugaticn with glucurcnate and oxidative deamination oc-
curs. These pathways have all extensively been discussed in Chapter 1. It has
been estimated that 80% of the total daily T, production is metabolized by mono-
deiodination, vyielding approximately equal amounts of Ty ard 1Ty (19). Since
the fast and slow pools mentioned above, are not equivalent to type I and IT
tissues, the proportion of T, deicdinated in either PTU-sensitive or insensitive

tissues 1s not exactly known. However, the roughly 50% PTU-induced reduction of
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urinary iodide in T, substituted thyroidectomized rats injected with T, randomly
labeled with 131 (257), suggests that both tissues have an egual contribuation
to deiodination of Ty.

Interestingly, this inhibition of PTU-sensitive deicdination, which consti-
tutes some 40% of T, degradation, has only a modest influence on Ty serum levels
and metabolic clearance. In maltiple studies with T4—substituted humans or
rats, PIU caused either no change (229,239,246,253) or a small increase in plas-—
ma T, (196,238). It appeared that, identical to Ty, the Ty metabolic clearance
rate 1s either unchanged (244,257-259) or slightly reduced, mainly during pro-
longed PTU administration (197,218B,245,256) and in hyperthyroid patients (196).
Apparently the alternative pathways compensate for the loss of PTU-sensitive de-
iodination.

On the basis of the presented metabolic model a tentative prediction of the
short—term PTU-influence on the metabolite composition in bile of
[125I]T4—injected rats can be made: T,G may be unaltered or slightly increased,
TG is expected to be lower due to the low plasma T4 levels, conversely rTiG
will increase. The major proportional rise in radicactivity, however, is ex-
pected in the 3,3'-T,S and T3S fractions. These expectations are only partly
confirmed by the study of Flock and Bollman, who investigated the biliary meta-
bolite composition in thiouracil treated,[l3II]T4—j_njected rats (197). In these
animals a modest decrease in T,G and TG was compensated by an increase of rT3G
leaving the total amount of glucuronides essentially intact. On the other hand
only a small rise from 6 te 12% of lodothyronine sulfates was noted. The dis-
crepancy may be explained by the prolonged duration of thiouracil administration
( >3 wks)} which mast have caused hypothyroidism (198). Experiments with Ty, an-
alogous to those described for Ty (Fig.6), are required for confirmation of the
above supposition.

E. Concluding Remarks

The presented model for thyroid hormone metabolism contains many incerti-
tudes, gaps and speculations, and clearly is an oversimplification of the actual
situation. Tt is emphasized that the model has not been designed in a attempt
to answer all questions regarding fluctuations in iodothyronine serum levels,
The main purpose behind this concept has been to present some evidence that mal-
tiple tissues may closely interact in maintaining of what is called "the euthy-

roid state". By this notion also a better understanding of the intricate
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changes in lodothyronine serum levels induced by drugs, diseases or diets, might
be obtained.

In our model we have purposely only discussed PTU as interfering agent.
This compound selectively irhibits type I deiodination in the body, thus ena-
bling the estimation of the remaining type II deicdinase activity. Other condi-
tions known to affect delodination as fasting or jllness are far more difficult
to interpret.

A major contribution to the conception of our tentative model has been the
elucidation of 3,3'-T; metabolism in rat hepatocytes. Ever since, we have repe-
atedly experienced that thorough knowledge of the metabolism of this relative
unimportant metabolite is very helpful in understanding the sometimes enigmatic
fluctuations of the more notorious iodothyronines. It can be speculated that in
the future elucidation of the metabolism of the lower iodothyronines will prove
to be essential for understanding of the more complex oonditions mentioned

above.
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CHAPTER 5

FUTURE ASPECTS

In the last two decades the research of peripheral thyroid hormone metabol-
ism has enjoyed considerable attention and progress. A lot of information em-
erged about the kinetic and metabolic properties of the wvarious iodothyronines
as well as their enzyme-inducing potency. However, the complex changes induced
by alterations in dietary composition, different diseases or drugs are largely
unexplained, and require a lot of future investigation.

As hypothesized in Chapter 4 the compositicn of thyroid heormone levels in
the plasma seems to be determined by the concerted action of multiple tissues.
By this notion it may be envisaged that different diseases can cause different
changes in thyroid hormone homeostasis. This will depend on many variables such
as the extent of the disease, i.e. which organs are affected by which noxious
agent and to what degree, but alsc on changes in tissue perfusion, the presence
of toxic or interfering metabolites and more general conditions as tissue oxyge-
nation, caloric supply and body temperature. A prerequisite for a proper under-
standing of the pathobiological changes is a full comrehension of euthyroid
organ physiology. At present this is far from complete.

Whereas the liver has been rather extensively investigated as perfused
organ, very little information exists about simiiar experiments with other or-
gans xknown to be active in thyroid hormone metabolim e.g. the kidneys and the
brain. Perhaps aliso less obvious tissues as muscle and fat should be scrutin-
ized, since even if their metabolic rate is slow, they may, due to their larger
mass, contribute significantly to overall production or degradation of iodothy-
ronines. This will require further investigation of the subcellular deiodinat-
ing and conjugating properties of the respective tissues in cambination with the
net production or clearance of iodothyronines in isclated (re—)perfused organs
or linbs.
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The use of PTU or thicuracil as selective type I deicdinase inhibitcers, may
prove to be very helpful in these tissue-directed investigations. It is in fact
astonishing, that until now so little turnover studies of the lower iodothyron—
ines in PTU-treated subjects have been published. In this context the discovery
of a selective type II deiodinase inhibitor would be greatly wellcomed.
Similtaneously, the question arises if the common type I and II inhibitor iopa—
neic acid, is capable of abolishing all deiodinating activity in the body and
whether still other thyroxine degrading systems exist (263-265).

Furthermore, in vivo inhibition of glucurcnidation with D-galactosamine or
sulfation with pentachlorophenol (PCP) in the rat, may contribute to a better
estimate of the physiclogic relevance of these pathways. Sunmming up of the
above organ-directed investigations could provide a more integrated understand-
ing of thyroid hormone metabolism and eventually of the interfering action of
dietary alterations, drugs and diseases.

Lastly, the possible existence of separated intracellular pathways for iodo-
thyronines has already been mentioned. This problem is primarily associated
with Ty production and degradation, since for this hormone intracellular com-
partmentation (2188) and distinct muclear and cytoplasmic equilibration in the
liver (8,260) has been demonstrated. The approach to this intriguing possibili-
ty is not yet clear.

Despite the steady progress in understanding of peripheral thyroid hormone
metabolism, it seems a long way before this knowledge will ultimately result in

clinically applicable therapeutic measures.
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THE ROLE OF DIETARY FAT
IN PERIPHERAL THYROID HORMONE METABGLISM
M.H. Otten, G. Hennemann, R. Docter, T.J. Visser

Short term changes in serum 3,3, 5-triiodathyronine
[T,) and 3,3.5-triiodothyronine (reverse T, rT,)
were studied in four healthy nonobese male subjects
under varying but isocaloric and weight maintaining
conditions. The four 1500 kcal diets tested during 72
hr, consisted of: |, 100% fat: Il. 50% fat, 50% protein;
I, 50% fat. 50% carbohydrate {CHO), and IV, a
mixed control diet. The decrease of T, (50%) and
increase of r¥, (123%) in the all-fat diet equalled
changes noted in total starvatien. In diet 1l (750 keal
fat, 750 kcal CHO) serum T, decreased 24% (NS) and
serum rT; rose significantly 34% (p < 0.01). This
change occurred in spite of the 750 kcal CHO. This
amount of CHO by itself does not introduce changes
in thyroid hormone levels and completely restores in
refeeding models the alterations of T, and rT; after
total starvation. The conclusion is drawn that under
isocaloric conditions in man fat in high concentration
itself may play an active role in inducing changes in
peripheral thyroid hormone metabolism.

INCE THE BEGINNING of the past
decade a lot of attention has been paid to
peripheral thyroid hormone economy.' Among
the many stimuli and conditions in man and
animals introducing a preferential decrease in
5'-deiodinase activity resulting in a decrease of
serum 3,3 5-triiodothyronine (T,;) and an
increase of serum 3,3',5-trilodothyronine (re-
verse T, r'T;), fasting is one of the most exten-
sively studied.

A great number of dietary and kinetic models
with a great variety of changes in calorie intake,
dietary compositions, and body weights, have
been used to further investigate the possible role
played by each of the three basic elements of
food: carbohydrates, proteins, and fat.

An interesting phenomenon during experi-
mental dietary changses is the important contri-
bution of oral carbohydrates (CHQ) in restoring
or preventing these alterations in peripheral
thyroid hormone metabolism. Under total fast-
ing conditions in man serum T, starts to decline
within 24 hr to reach a plateau 50%60% below
control levels in about 4-6 days.> rT, shows a

reciprocal rise of 58%-107%."" while in most
reports of short term experiments thyroxine (T,)
shows little or no change.” Refeeding after total
starvation with as little as 100 kcal of CHO
causes a partial normalization of serum T,
concentrations.® Moreover, refeeding with 800
kcal CHO, in spite of the still subnormal total
amount of calories, fully restores T, to control
levels® or 800 kcal CHO, per se, fails to induce
T, or r'T, changes in nonfasted normal subjects.’
On the other hand a nermocaloric diet with a
high CHO content mimicked the rise in T, and
decrease in rT; normally seen in overfeeding.’

While in the recent literature much data and
speculation appeared about intracellular mecha-
nisms influencing these presumed enzymatic
deiodinations in relation to glucose metabo-
lism,'™"" far less detailed and quantitative docu-
mentation exists about the influences of oral
proteins and fat on peripheral thyroxine metabo-
lism in man. As most studics use (1) the refeed-
ing model of the fasted state®™'?"' or (2) hypoca-
loric diets™*!® we were interested in the direct
influence in nonobese subjects of approximately
weight maintaining diets strictly composed of
maximally 2 constituents on a 50%—50% basis.
One isocaloric diet of mixed composition would
serve as a control for the influence of the small
caloric reduction. The rather arbitrary amount
of 1500 kcal was chosen for comparison with
other studies using amounts of approximately
1400 or 800 keal.**#

MATER{ALS AND METHODS

Studies were performed in four healthy nonobese male
volunteers aged 27-31 yr, on 4 different occasions with at
least 1 mo mterspace. In all studies after obtaining two
baseline blood samples a 1500 keal (6276 kJoule} mixed diet
regimen was kept during 24 hr in order to rule out the
possible influences of substantial individual variations. In the
next 72 hr a 1500 keal regimen with free water intake was
maintained as well, but the fat (F), protein (P). and carbohy-
drate (CHOQ) content in the 4 studies differed as follows: I,
100% fat (F, 164 g; P, § g2 CHO, 3 g); Fl, 50% fat with 50%
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protein {F, 82 g: P, 168 g. CHO, 7 g): LI, 50% fa1 with 50%
CHO (F, 73 g, P.6 g, CHO, 167 g}; 1V, mixed diet (F, 70 g;
P, 76 g, CHO, 137 g).

Blood samples were taken twice daily during the 72-hr diet
pericd. After this period usual caloric intake was resumed
and 3 more blood samples were taken up to 72 hr after
termination of the dietary regimen. During the whole experi-
ment normal daily activities in the hospital or laboratory
were allowed. The following measurements were done: serum
T, T, rT,", 3,3 -diiodothyronine {T,).* thyrotropin® as
duplicates in the same radioimmunoassay, Tyresin uptake
{Triosorb, Abbott Laboratories, Chicago 111} as well as
routine hematologic and chemical laboratory analyses. Every
subject served as his own control and statistical analyses
were performed using the Student’s paired t lest.

RESULTS

The diets were well tolerated. The serum
concentrations of sodium, potassium, calcium,
magnesium, phosphate, SGOT, SGPT, and
alkaline phosphatase as well as total protein,
cholesteral, phospholipids, triglycerides, and
hematologic values did not change during any of
the diet periods. The important changes in crea-
tinine, uric acid, and bilirubin are listed in Table
1. Only 0 and 72 hr values are depicted, Serum
creatinine rose significantly in diets 1 (40%), 11
(19%), and IV (9%) but not in the fat/CHO
diet. Serumn uric acid showed significant rises in
all four periods (I, 59%; ., 30%; II1, 30%; IV,
11%). Serum bilirubin only increased, though in
a considerable amount, in diet periods [ {112%)
and [1I (46%). On the other hand, serum glucose
showed a fall predominantly in periods I and II
{(not shown). A rise in serum urea (66%,
p < 0.001) only occurred in the protein/fat diet.

Serum T,, TSH, T, and Ty-resin uptake did
not change significantly during any of the exper-
iments. Important changes, however, were noted

in Ty and T, levels especially during periods I
and Il. These changes, as depicted in Table 2,
equalled in diet period 1 (100% fat) the changes
observed during total starvation in man. Serum
T, fell significantly 50% and 41% in the first two
periods, respectively. There was a nonsignificant
decrease of 24% in period III and 16% in the
1500 kcal mixed diet. Serum rT; rose as much as
123% in diet I, higher than most data about total
fasting in man. The rise in r'T; in the fat/protein
and fat/CHO diet was about the same (maxi-
mally 29% and 34%, respectively) but with a
higher significance during the diet containing
750 kcal CHO and 750 keal fat. The increase of
rT; in the 1500 kecal mixed control diet was 23%
and only significant on one occasion,

Serumn creatinine correlated inversely with
serum T; (r = ~0.75, p < 0.001) and positively
with serum rT, (r = 0.67, p < 0.001) only in the
fat diet. Serum uric acid was significantly corre-
lated with changes in rT, (I: r = 0.73, p < 0.001;
IL: r = 0.61, p < 0.005; {II: » = 0.35, p < 0.005)
except in the mixed diet. Only in diet [ there was
also an inverse correlation with serum T,
(r = —0.84, p < 0.001). There was no important
correlation of serum glucose with serum T, or
rT, during any of the diet periods.

DISCUSSION

The present study confirms the finding of
Danforth et al.)” that under isocaloric conditions
variations of diet compositicn can drastically
alter peripheral thyroid hormone metabolism.
The constant T, and minimal change of TSH
levels suggest that, as in fasting,” the hypothala-
mo-hypophyseal control is not responsible for

Table 1. Alterations in Serum Creatinine, Uric Acid and Bilirubin During 4 Isocaloric Dietst with Different Composition™

Creatining Urie Acid Bilirubin

Increase Increase Increase

Hours pmotef| 1%} mmole/] 1%} pmalef| %6}

Diet | ¢] 90 + 18 40 0.3 + 0.08 59 7.8+24 112
72 126 = 3 p <008 0.62 = 0.04 p < 0.001 16.5 » 4.9 p = 0.01%

Diet il 0 86 + 7 19 0.37 = 0.07 30 115 £ 3.1 4

72 102 + 8 p < 0.008 0.48 + 0.05 p < 0.01 12.0 = 2.9 NS

Diet 0 96 = 4 5 0.37 + 0.06 30 11319 46
¥ 101 = 11 NS 0.48 = 0.02 p <002 16.5 + 2.6 p = 0.06

Diet IV o] 87 =+ 8 9 0.37 + 0.05 11 11.0 % 2.0 25

72 106 = 7 p < 0.01 C.41 = 0.08 p < 0.005 14.0 = 3.0 NS

*Values are mean + 5D and percentage increase of basal value.

1Al diets contained §,276 kJ {1.500 kcal divided as follows: Diet |, 100% fat; Diet i, 50% fat and 50% protein; Diet I, 50% fat and

50% CHO: Diet IV, 40% fat, 20% protein, ang 40% CHO.
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these changes. However, in the 1500 kcal all-fat
diet the decrease of Ty and the increase of 1T,
were far more pronounced than in the 80% fat
20% protein isocaloric diet used by Danforth et
al..” (T, decrease 50% versus 33% and rT,
mncrease 123% versus 30%, respectively). These
changes, as depicted in Table 2, equalled in diet
period T (100% fal), in spite of adequate caloric
intake, the changes observed during total starva-
tion in man. A logical explanation for the
dramatic alteration in peripheral thyroid hor-
mone metabolism in diet T would. of course, be
the total deprivation of oral carbohydrates and
proteins. In that case, the conclusion could be
that energy supply in the form of 1500 keal oral
far is totally inert in the complex process of
changing peripheral thyroid hormone meiabo-
lism. Or the other hand, it also cannot be
cxcluded on basis of this cbservation, that the
consumed amount of fat indiet | does play more
than a mere passive tole in these regulating
Processes.

Another interesting and quite unexpected
observation is the significant increase of r'T; up
to 34% (p < 0.01) and, though not significant,
the decrease of scrum T, by up to 24% in diet 111,
This diet conmained 750 keal of CHO and 750
kcal of fat. The essential role of CHO in main-
taining normal serum T, and rT, levels i1s weil
established, Spaulding et al.® noted in a 800 kcal
all-CHO diet no significant changes in serum T,
and rT,. Moreover, Azizi* found a complete
recovery of both values after refeeding starved
subjects with the same amount of CHO.

One might argue that in our study an increase
in T, was also present in the 1500 keal mixed
control diet. However, this increase was less
pronounced, anly significant on one occasion and
did differ {p < 0.02) at 56 hr from diet [I1. We
are inclined to contribute the changes in diet IV
to the slight caloric reduction.

The discrepancy that serum rT, remains
normal on a 800 keal 2ll-CHO diet** while there
is a significant increase in rT, (34%, p < 0.01) in
our diet period Il (F/CHQO) can only be
explained by an effect of the added quantity of
750 keal fat in the latter. In spite of the relatively
small number of persons investigated in all
published studies, including ours. it is tempting
to speculate that fat in large amounts could have
an influence on peripheral thyroid hormone
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metabolism. This presumed influence then
apparently would interfere with the well known
stabilizing potency of carbohydrates on periph-
eral deiodination. On the other hand, the also
well documented higher potential of oral CHO?
to maintain normal peripheral deiodination in
comparison with oral protein is still demon-
strated in the significant difference (p < 0.05) in
serum T; decrease between diet II (F/P) and
diet III (F/CHO). The “protective” effect of
protein against the postulated influence of fat is
apparently stronger for r'T, than T, levels. This is
compatible with the findings of Azizi! who
in his starvation-refeeding model noticed no
changes in the low T, levels and a partial recov-
ery of 1Ty levels on 800 kecal protein. Similarly,
Spaulding et al.” noted a decrease in serum T,
only and no change in serum rT; concentrations
on a 800 keal diet composed of 80% fat and 20%
protein. Of further interest to the possible
influence of fat on peripheral thyroid hermane
metabolism in man are the in vitro observations
of Harris et al.* in fresh rat liver homogenates.
They found a decreased T, to T, conversion in
the liver homogenates of 2-day starved rats. This
decrease was fully restored by oral CHO,
partiaily restored by oral protein, but not by oral
lipid. These data are compatible with the find-
ings in cur study.

The mechanism by which fat can induce these
changes in peripheral iodothyronine conversion
remains purely speculative. The possible role of a
gastroenterohepatic regulatory mechanism has
been advocated.'*** The different secretions of
various gastrointestinal hormones induced by
oral ingestion of fat. amino acids, glucose, or
fasting have been documented on several occa-
sions.”*** A possible influence of one of these
gastrointestinal hormones on peripheral thyroid
hormone metabolism, however, has not yet been
established.

This study clearly demonstrates further that
the metabolic influences, merely by changing the
composition of an isocaloric diet, are far more
complex than just an alteration in peripheral
thyroid hormone metabolism. Many mecha-
nisms during fasting are directed towards fuel
economy.”” The demonstrated corretations of
serum T, and rT; with the various metabolic
parameters indicate that changes induced by
dietary manipulation might be very complex.



The significant correlation in changes of rT; and
T, with uric acid and creatinine, respectively, in
long-term hypocaloric diets has been cbserved
and discussed by us before.'® The present data
provide evidence that the close association
between r'T, degradation and uric acid metabo-
lism also exists in short term isocaloric changes
of dietary composition.

In conclusion, we are inclined to believe that
dietary fat plays a more active role in changes in
peripheral thyroid hormone metabolism than has
been assumed until now. The mechanism by
which fat could induce these changes are yet to
be elucidated but could be mediated by gastroin-
testinal hormones. Protein seems to have more

stabilizing potency for changes in rT; than T,
levels induced by fasting or an isocaloric fat diet,
while carbohydrates especially maintain a
normal serum T, level when consumed in combi-
nation with the same amount of fat.
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PAPER 2

IODOTHYRONINE METABOLISM
IN ISOLATED RAT HEPATQCYTES

Initial results

M.H. Otten, H. Bernard, J. Blom, R. Docter, G. Hennemann

Absiract

Freshly isolated rat hepatocytes have been used to study iodothyronine meta-—
bolism at the tissue level. Approximately 2 x 10° cells were incubated at 37C
with different zmounts of thyroxine (T,), 3,3',5'-triiodothyronine (rTy) and
3,3' diiodothyronine (3,3‘—T2) . The culture media were subsequently assayed for
3,3, 5~triiodothyronine (T3), rTy and 3,3'-~T2 content. Ty metabolism was char—
acterized by a very low production of T5. Within 60 min at a concentration of
1078 M both rTy and 3,3'-T, were rapidly cleared from the medium for 35 and 80%,
respectively. An important cbservation was the infiuence of thiouracil, an in-
hibitor of deiodination, on these clearance rates. Whereas 3,3'-T, disappear-
ance was hardly affected, rT5 clearance was reduced from 35 to 8%, indicating
that hepatic deiodination of rT4 constitutes a major degradative pathway for
this metabolite with little metabolic alternatives. This observation tentative-
ly explaines why the metabolic clearance of rTq is reduced in conditions with
associated reduced hepatic deiodinase activity and raised rTy serum levels, as
e.g. starvation, illness or deiodination-inhibiting drugs. The unimpeded

clearance of 3,3'-T, 1is explained by rapid conjugation with sulfate preceding
deiodination.

Introduction

This paper describes the initial experiments with freshly isolated rat hepa-
tocytes in the study of thyroid hormone metabolism. At the time these experi-
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ments were initiated, in 1978, the importance of the extra-thyrcidal conversion
of the prohoxmone thyroxine (Ty) to the biclogically active hormone
3,3',5-triicdothyronine (Ty) and the inactive metabolite
3,3',5'—triiodothyronine (reverse T, zT3) was already £fully appreciated.
Moreover, the liver and kidneys were believed to be the principal tissues in
which these processes take place. Furthermore, in addition to the determination
of iodothyronine serum levels under varying conditions, the interest in produc-
tion and clearance rates of these compounds was growing rapidly. Thyroid hor-
mone kinetics in vivo, be it in man or in rat, are studied with injections of
labeled iodothyronines (1,2). Since this technique depends on sequential col-
lection of plasma samples, the individual contribution of the different tissues
to the production or clearance of the mumercus iodothyronines remains obscure.
Moreover, rapid successive intracellular reactions can not be detected by this
method. Therefore, it was decided to study iodothyronine metabolism at the tis—
sue level with the use of monclayers of isolated rat hepatocytes. It was hoped
that with this model a more detailed impression of thyroid hormone handling by
liver cells could be dbtained.

Methods

Monolayers of freshly isolated rat hepatocytes were prepared by the method
of Berry and Friend with minor modifications (3). The technical details are
given in Section II:4. The overall cellular vitality after isclation, as esti~
mated by trypan blue exclusion, was over 85%. The incubation period was started
4 hours after the cell isolation. The cells (2 x 106/dish) were incubated at
37C wder atmospheric condition with 4 ml complete Hams' Fig culture medium,
which contained 10% fetal calf serum (FCS) and varying amounts of Lethyroxine
(14), 3,3',5'-triicdo-L-thyronine (rT3}, or 3,3'-diicdo-L-thyronire (3,3'-T,)
(Henning Berlin GmoH). Every experiment was performed in 8-fold. In later ex-
periments the culture dishes were placed on a slightly angled, slowly rotating
dish to improve cellular interaction with the culture medium. This method con-
siderably enhanced the metabolic rate of the incubated jodethyronines. After
incubation, the culture media were stored at -20C until further duplicate ana-
lysis by specific radioimmncassays for either Ty (4), rT5 (5) or 3,3'-T, (6)
content. In parallel incubations with rT5 or 3,3'-T, varying concentrations of
2—thiouracil (TU) (Sigma), an inhibitor of deiodination, were added. The
non-protein-bound fraction of rTy and 3,3'-T in the culture medium was estimat—

ed by equilibrium dialysis. The influence of culture medium protein content on
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hepatic icdothyronine metabolism was investigated by measuring the 3,3'-T, pro-
duction in 1077 M rT4 incubates with or without 10% FCS.

Results
T, merabolism

In the first experiments the cells were incubated with 107% M T, for 2,4 and
16 h, and the media analysed for T4 and 3,3'-T, content, Fig.l shows the pro-
duction curves. The appearance of Ty in the culture medium was, even at 16 h,
very low 1i.e. B nmol/1 which is less than 1% of the added amount of Ty4. For
3,3'-T, the production was even lower and amounted to only 10% of Tj.
Therefore, further experiments were conducted with rT, and 3,3'-T; which showed
a faster metabolic rate.

Reverse Ty metabolism

The metabolic clearance rate of rT; was estimated in incubations containing
5 x 1072, 1078 or 1077 M of this compound. Fig.2 shows the molar and propor-—
tional disappearance of 1Ty from the culture medium with or without 100 M TU.
At  the lower concentrations Ty showed an almost linear clearance from the cul-
ture medium. At 60 min approximately 35 to 40 percent had disappeared. With
10"7 M Ty a lower 60 min clearance of 19% was noted. In the presence of TU,
however, irrespective of the rTy concentration, only a circa 10% decrease was

oObserved.

Production of 3,3-T, from rT,

The appearance of 3,3'-T, in the culture medium was assessed from  incubates
which contained 1072, 1077 or 107® M rT; with or without TU. The respective
production curves of 3,3'-T, are depicted in Fig.3. In spite of the exponential
concentration increase only a very moderate rise in 3,3'-—T2 production was
noted. The data are corrected for rT, cross-reactivity. In the presence of 100
]JM TU and irrespective of the rT3 concentration, the generation of 3,3'—-?‘:2 was
reduced to 10% of the highest production rate. The rather constant 3,3'-T, pro-

duction at higher Ty concentrations was also demonstrated in the incubations of
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Fig.l. Production of T4 and 3,3'-T, from Ty by
rat hepatocytes. 1076 M “1:'4 was incubated with
monolayers of isclated rat hepatocytes in 8-fold
at 37C upto 16 h in culture medium with 10% FCS.

At 2, 4 and 16 h samples of the oculture medium

Fig.2. Influence of thiouracil on rTy
Ly hepatocytes.
bated zt 37C upto 60 min with 5 x 1079, 1078 ana

1077 M rTy in culture medium containing 10% FCS.

clearance

Hepatooyte monolayers were incu—

Parallel incubations were performed with 100 pl
TU (o). The culture media were analysed by RIA for
rTy content at the given times.

were analysed in duplicate by RIA for Ty and

3,3'~T, content, Values are given in nmol as The values are

means + SEM. expressed in nmol/l and represent means + SEM of
at least 4 different experiments. The pointsg
without SEM represent means of 3 experiments or

less.

1077 M rTy with or without 10% FC5. Fig.4 shows the remarkable small dJdiffer-

ences in the respective 3,3'-T, production curves. Since the non-protein-bound
fraction of XT3, for all concentrations used, amounted to 6.0 + 1.4%, the medium
substrate concentration, available for cellular uptake, might have been as much
as 15-times higher in the protein-free incubates. The production of 3,3'-'1‘2 in
relation to the clearance vate of 1078, 1077 and 107° M rTy is depicted in
Fig.5.

At the lowest concentration tested only a minor part (22%) of the rTy

clearad, reappeared in the medium as 3,3'-T,. This discrepancy became even wore
pronounced at higher rT3 concentrations when only 9% (1677 M) and 1.3% (107° M)

was recovered as 3,3'—T2.
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Fig.3. Producticn of 3,3'-Ty from rT3 by monola-

Cells were in—
cubated at 37C upto 60 min with 1078, 1077
10 M rT;.  In parallel experiments 100 1M TU
was added. The culture media from 8 parallel in-
cﬁbations

yvers of isolated rat liver cells.

or

in every experiment were analysed for
3,3'~T, content by RIA. Values are expressed in
nmol/l and represent means + SEM of at least 3

different experiments.
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Fig.4. Production of 3,3'-T, from Ty by hepato-

cytes in incubaticns with (o) or without (e) 10%
fetal calf serun. Monolayers of rat hepatocytes
were incibated at 37C for 3 h with 1077 M T,.
The producticn of 3,3'-T; was measured by RIA.
values are expressed as pnol/l and represent the

mean + SEM of 8 parallel incubations.

Table 1. Disappearance of 3,3'-T» from the culture medium. Influence of
thiouracil,
Thiouracil 3,3'—T2 DECREASE (% + SD)
rM n 30 min n 60 min
0 18 60 £ 7 15 80 = 7
10 7 51 & 8% 5 72 £ 11*
100 11 51 + 8" 8 73 ¢ 5%
Difference from control: * p<0.05
*p<0.0l
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Fig.5. Production of 3,3'-T, in relation to the
clearance rat of rTy; by isolated hepatocytes.
Monolayer rat hepatocytes were incubated at 37C
for 50 min with 1075, 1077 and 1078 M 1Ty in cul-
ture medium with 10% FCS. The media of 8 paral-
1el incubations per experiment were analysed for
rTy and 3,3'-T, content by RIA. Values
prezsed as

are ax-
rmol/1 and represent the means + SEM
When no SEM

is indicated the value is derived from means of

of at least 3 different experiments.

one or two experiments.

33T, metabolism

The metabolic rate of 3,3 -T, proved to be mach faster than that of rTj;.
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Fig.6 Thiouracil influence on 3,3'—T2 metabolism
by rat Monolayers of hepatocytes
were incubated at 37C for 1 h in the presence of
1077 M 3,3'-T, with {0} or without (e) 100 pM TU.
Media in 8 fold were analysed by RIA for 3,3'-T,
content.

liver cells.

The values are expressed as nmol/l and
represent. the means of at least 4 different ex—
periments.

At

an initial medium concentration of 1072 M, 3,3'-T, decreasad by 60 and 80% after

30 and 60 min, respectively (Fig.6).

In the presence of 10 or 100 pM  TU,

dif-

ferent from rTj3 again, only a small reduction of this fractional clearance was

observed (Table I).
be 12.9 + 2.2%.
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Diiscussion

These initial experments showed that rat hepatocyte monolayers can be used
as a model to study iodothyronine metabolism at the tissue level. We have fo-
cused our attention in this study on rT3 and 3,3'-T, metabolism. The higher me-
tabolic rate of these compounds allowed shorter incubation times than with T,.
Apart from this practical aspect, incertitudes avout cellular changes during
culture were thus avoided.

Both 1Ty and 3,3'-T, are rapidly cleared from the culture medium. Thelr
rate of disappearance, however, was not identical. At a substrate concentration
of 1078 M, 35% of rTy and 80% of 3,3'-T, disappeared within only 60 minutes of
incubation. This difference may, at least in part, be explained by the lower
non-protein-pound fraction of rT3 (6%) in comparison with 3,3'-T, {13%). The
relevance of the free substrate concentration in this model was demonstrated in
later experiments where a close correlation with the metabolic clearance rate
was observed (Section II:4). Of further interest is the influence of the pres—
ence of thiouracil on the medium clearance of rTy and 3,3'-T,. At 1078 M the
disappearance of 3,3'—T2 was only mildly affected by thicuracil, whereas rTy
clearance fell from 35 to 8%. These results have puzzled us for a long time,
especially when subsequent experiments showed that thicuracil actually did inhi-
bit outer ring deiodination of 3.[3'-«-1251]—T2. The phenomencn could later be
explained by the discovery that 3,3'-T, is first conjugated with sulfate before
it is subjected to accelerated outer ring deiodination. Irhibition of the
latter process, therefore, will result in the accunulatiocn of 3,3'-'1‘2 sulfate
(3,3'—T25) and this compound is not detected by the 3,3'-Ty radicimminoassay
(Section IT:5).

Simultanecusly, the notable reduction of rT5 clearance by thicuracil sug-
gests that for this metabolite no such intermediate metabolic step ccours and
that deiodination is a direct and quantitatively important degradative pathway.
This notion has later been supported by experiments with outer ring labeled re-
verse Tq. Chromatography of the medium on Sephadex LH-20 revealed no accumula-
tion of rTy conjugates in the presence of PIU. Also no reduction of YTy outer
ring deiodination was noted in sulfate depleted hepatocytes (Otten, unpubo-
lished).  Interestingly, the decreasing fracticnal clearance of T3 from the
culture medium with increasing substrate concentrations (Flg.2) suggests satura-
tion of the hepatic rTy deiodinating capacity. The concentration range in ques—
tion (10-100 nM} corresponds remarkably well with the apparent Ky value for in

vitro outer ring deiodination of rTy with rat liver microsomes, i.e. 0.06 pM
(14).
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In Chapter 4 (Section I) it is postulated that ¢T; is predominantly generat-—
ed in extra-hepatic tissues and cleared by the liver. BSince apparently hepatic
rTy metabolism largly depends on direct outer ring deiodination with little al-
ternative, degradative pathways, inhibition of deiodinase activity will inevit-
ably result in a reduction of the metabolic clearance rate of rT3. This accords
with the reduced ITq clearance rate during starvation (7) or systemic illness
(8-10), both conditions being associated with diminished liver deiodinase activ-
ity (11,12). The demonstrated lack of important alternative degradation of rTy
in the liver corroborates the concept that the raised serum rTy levels in the
above situations are explained by reduced outer ring deiodinase activity and un-
impeded rTy production.

If indeed hepatic outer ring deiodinaticn of rT3 is a direct major clearance
pathway, an equivalent production of 3,3'-T, would be expected, since 3,3'-T, is
a poor substrate for rat liver microsomal delodinase. However, only a very mod-
est 3,3'-T, production from rTy was noted. This "metabolic gap" is explained by
the excellent substrate properties of 3,3'-T, for rat liver sulfotransferase ac-
tivity (13) and the large sulfation capacity of the hepatocytes. Most of the
3,3'--T2 generated from rT4 will be conjugated immediately with sulfate and de—
icdinated in the outer ring pricr to cellular secretion. The rather constant
3,3'-T, production at higher rT, concentrations can be explained by the high ca-
pacity of the hepatic phencl sulfotransferases which is far from being saturated
at the 3,3'-T, concentrations measured (Section II:4).

More detailed information about the contribution of glucuronidation and sul-
fation to overall hepatic rTy metabolism and deiodination can be expected from
further incubations of labeled Ty with hepatocyte monolayvers and subseguent
chromatographic analysis of the culture media.
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Abstract. fn man and animals iodothyranines are metabolized by deiodination and
conjugation with glucuronic acid or sulfure. Uniil now these processes have been
regarded as independeni reactions. However, in the present study a close interaction
of these pathways was observed in the hepatic metabolism of 3,3'-diiodorhyronine
and 3,3'.5-rriiodothyronine. Sindies with rut hepatocytes and liver microsomes
Indicared that sulfation of the phenolic hydroxyl group facilitates the delodination of

these compatnds.

The thyroid gland secretes mainly thy-
roxine {3.3',5.5 -tetraiodothyronine. T4).
which is the precursor of the active form
of thyroid hormone, 33", 5-triiodothyro-
nine (T;). Some 80 percent of the total Ta
production originates from outer ring
deiodination of T, in peripheral tissues.
especially the liver. Inner ring deiodina-
tion of T4 yields 3.3",5 -triiodothyronine
(reverse Ti. rTy). a biologically inactive
compound. Both Ty and rT are further
delodinated  to  3.3'-diiodothyrenine
(3.3'-T,). A second important metabolic
pathway for iodothyronines is conjuga-
tion with either glucuronic acid or sul-
fate. These principal pathways. deiodi-

33-Tz2

Science 1983; 221 81.

PAPER 3

SULFATION PRECEDING DEIODINATION OF IODOTHYRONINES
IN RAT HEPATOCYTES

M.H. Otten, JA. Mo!l, T.J. Visser

layers. The medium was analyzed by
chromategraphy on Sephadex LH-20. A
good separation was obtained between
%[~ produced by outer ring deiodina-
tion, and 3.3'-T. sulfate {T35) and un-
processed 3.3"-T.. At substrate congen-
trations of 10 nM 3,3°-T; or less. iodide
was the principal product observed
(> 90 percent). At higher 3,3'-T; con-

nation and conjugation. have usually
been regarded as functionally distinct
processes, Here we present evidence for
a close association of these processes in
the hepatic metabolism of iodothyro-
nines.

The metabolism of 3.3'-T- and T, was
studied with monolayers of rat hepato-
cytes, prepared as described previously
(f}. Whereas hepatlic T; metabolism is
rather complex. 3,3'-T. metabolism is
easier 10 follow as it is subject only to
outer ring detodination and sulfation (2).

centrations or during coincubation with
t-propyl-2-thicuracil (PTU}. an inhibitor
of deiodination, increasing amounts of
T-S accumulated in the medium at the
expense of 17 formation (2). The rate of
outer ring deiodination of 3.3°-T; in rat
liver cells is similar to that of rTy ().
This is a surprising chservalion because
3.3"-Ta. in comparison o r'ls. is a poor
substrate for outer ring deiodination by
microsomal detodinase activity (4), We.
therefore, suspected that in intact hepa-
tocytes delodination of 3,3-T is preced-

Initialty.

Ta

5{ PTU SR
]

lodlde {®) and conjugates [©,0) produced
{pmole/ 10 calin)

PTU

T T
0 0.8 1.2 ]

0.5 1.0

Sulfate concentration {mM)

therefore., we focused on the
metabolism of 3.3°-T; by
3.[3-""IJT, with hepatocytes in mone-

3,8°-T, {v)and T; (A} matabolzed (pmoles/10% celis)

ed, and in effect accelerared. by sulfate
conjugation. If indeed sulfation precedes
deiodination of 3,3'-T,. inhibition of the

incubating

Fig. 1. Sulfate dependence of outer ring deiodination of 3.3°-T, and T,
by monolayers of isolated rat hepatocytes. Approximatety 2 x 109
hepatocytes were incubated for 60 minutes with sulfate- and protein-
free Dulbecco’s halanced salt solulion to reduce the cellular sulfate
coment (133, Hereafter. incubations were performed with 4 ml of
Duibecco™s medium containing 10 ndf unlabeled plus 2 pCi of '%)-
labeled 3.3'-T; or T and increasing sulfate concentrations. Identical
incubations were conducted in the presence of 100 pM PTU (lower
panels) to inhibit deiodination. The 3.3'-T; incubations contained 0.5
percent bovine serum albumin. After 30 minutes for 3.3'-T, and 180
minutes for Ty, 100-pl samples were taken from the medium. After
prolein precipitation with ethanol. the supernatants were evaporated.
The residues were dissoived in 001N HCl and chromatographed by
subsequent 0.1N HCl and 0.1N NaCH eluion on small (0.75 ml}
Sephadex LH-20 columns. By this method a good separation was
obtained between iodide and the conjugated and free iodothyromnes,
respectively. From the radicactivity in the various fractions. before
and after incubation. the respective production and clearance rates
were calculated. The results are expressed as picomoles produced or
metabolized by 10° cells. The conjugates of 3,3-T, and T, were
identified by hydrelysis with sulfatase or B-glucuronidase {Sigma).
Whereas 3.3'-T, was exclusively sulfated. T, was also glucuronidated.
1n the absence of PTU. T; glucuronide was the major conjugate. In
the prasence of PTU, the sulfate-dependent increment of T, conju-
gates represents accumulation of T8, Symbols: @. iodide: ¥,3.3"-Ty;
O, T,;5; &, T,. O, T, conjugates.
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former process will inevitably resultin a
reduction of dejodination.

Suifation in hepatocytes may be infiu-
enced by (i} reduction of the $O4°7 con-
centration in the medium and (ij) inhibi-
tion by compounds such as salicvlamide,
2.6-dichloro-4-nitrophenol (DCNP), or
pentachlorophenol (PCP) (5). We lested
both possibilities. Figure 1 shows that 17
production in the absence of PTU and
T.5 formation in the presence of this
inhibitor are remarkably similar func-
tions of the 80, concentration in the
medium. The disappearance of 3.3°-T,,
with or without PTU. also depends on
medium 80,77, Addition of 1{ pM sali-
cylamide, 100 pdf DCNP. or 100 wM
PCP reduced outer ring deiodination by
50, 48, and 70 percent. respectively. In
the presence of PTU. T,5 formation was
inhibited by these compounds (o similar
extents. that is, 60, 57, and 80 percent.
respectively. These reductions were
identical to the decrease of 1.3'-T; clear-
unce.

After incubation of hepatocytes with
[3'-1%1]T;. mewbolites were separated
on Sephadex LH-20 into three peaks.
that is, I7, Ty conjugates, and unreacted
Ty (Fig. 1). The conjugate pezk con-
tained both T, sulfate (T18)and Ty glucy-
ronide as revealed by enzymatic hydrol-
ysis. Glucurenidation was not alfected
by PTU or SO,/ 7. At low SO, levels

little Ta8 formation was observed. The
increase of the conjugate peak with in-
creasing S0,27. especially in the pres-
ence of PTU, reflects the accumulation
of T38. A similar S04~ dependence of
Ty deiodination was observed in the ab-
sence of PTU.

Delodination of Ty without PTU and
T;$ formation with PTU were inhibited
to simifar extents by 25 wf salicylamide,
10 pM DCNP. and | wM PCP. that is, 80,
83, and 75 percent. respectively. The
greater eflectiveness of DCNP and PCP
in this case is explained by the use of
alburmin-free medium. No effect of these
compounds on glucurenidation was not-
ed.

The second part of this study consist-
ed of the determination of the enzymatic
characteristics of guter ring deiodination
of 3.3'-T.. T.8. and rTy by rat liver
microsomes. This subcellular fraction is
the principal site of deiodinase activity in
rat liver (). Outer ring deiodination of
the three **l-labeled substrates was esti-
mated from the jodide production in in-
cubations with microsomes. Figure 2
shows the rate of detodination as a func-
tion of the substrate concentration. In
accardance with carlier work (4 rTa,
with a Michaelis constant {Ky)} of 0.1
WM. is the best substrate for outer ring
deiodination. The Ky of T25 (0.3 pdd) s
close to that of rTs, making it a much

140 500 -
-
2
&
R o
i
2s 70 250 b
: o
$E 0.01 0.01
T -
22 1/v 1fv
E
=] <
b /s 10 . 0 170 25
0 1 L " L. o L I
0 18 20 30 o 0,5 1.0 1.5 0 0.2 0.3 0.5
2,9°- Tz uM) T2 S i) RTy (M}

Fig. 2. Linear and double reciprocal (inset) plots of the rate of outer ring deiodination of 3.3'-T,.
T:S.and rT: by rat liver microsomes as a function of substrate concentration. Deiodination was
estimated according Lo the method of Leonard and Rosenberg (/4} by measuring the production
of ¥ in 200-u] reaction mixtures. The mixtures contained diluted ral liver microsomes and
adequats concentrations of outer ring '*-labeled 33715, TS, or ¢Tyin buffer (0154 sodium
phosphate (pH 7.2). 3 mM EDTA. and 5 mdf dithiothreitol. the cofuctor for deiodination).
Microsomal protein concentrations were 8.4 pgimi for rT, and T,8 and 336 pefml for 3,3-T,.
Afler incubation for 10 minutes (1T, and T,5) or 30 minutes ¢3.3°-T,} at 37°C the reaction was
stopped with 50 w of human serum centaining 5 mA?7 PTU. Protein-bound substrate was
precipitated by 330 pl of 10 perceni trichloroacetic acid. Jodide was separated from other
products in the supernatant by inn-exchange chromatography (Dowex 30W-X.). Defodination
rittes were caleulated from the increase of radioactivity inthe lodide fractions and expressed as
picomoles per minute per milligram of protein (L), The Ky, and V., values are given as mean
= standard deviation: 3.3-Ta, Ky 8.9 £ 3.9 pdf. Vi, 188 £ 64 U (N =4); TS, Ky
034 = 0407w, Voo 353 2 137 U (N = 300 0T, Ky 0010 £ 002 oM, Vi 445 = 88 )
(N = 4). Ta5 was prepared by biesyathesis: | pA 3.3°-To. 10 i of 3,437 100T5, and 100 i
PTU were incubaled in 4 mi of culture medium with rat hepatocytes at 37°C. After 2 hours
approximately 80 percent of both Jabeted and unlabeied 3.3°-T, was sulfated. T,5 was purified
by Sephadex LH-20 chromatography. and its vield was calculated from the recovery of added
radioactivity.
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better substrate for microsomal deio-
dinase than 3.3'-T; (K 9 pM). Several
compounds were tested as potential in-
hibitors of the deiodination of 0.01 pd
Ty or T:8. A close correlation (r = .99,
P < 0]) was observed between the de-
grees of inhibition of both reactions by
these compounds ar | pd (6). This ol-
servation is compatible with deiodina-
tion of 1Ty and T»8 by a single enzyme.

Our observations demonstrate thal al-
though 3,3'-T, and Ti are poor sub-
strates for deiodination by the micro-
somal fraction of rag liver, this process
readily takes place in rat hepatocytes.
Three lines of evidence support the view
that sultation of 3.3"-T. and T; in hepato-
cvtes yields conjugates which are highly
prone io deiodination. First, signmificant
amounts of the sulfate conjugates accu-
mulate only if deiodination is blocked
with PTU. Second. deiodination varies
with the sulfotransferase activity of the
cells. either by restriction of S0, in the
medium or by the additicn of inhibitors.
Of these, salicylamide is the most specif-
ic competitive inhibitor of phenolsulfo-
transferases (7). The metaholic inhibitors
PCP and DCNP may, in addition. inter-
fere with the synthesis of adenosine 3'-
phosphate-5'-phosphosulfate (7, while
PCP may also inhibit deiodination direct-
ly (6). The similar influence of the above
conditions on I~ production and on sul-
fate conjugation in the presence of PTU
strongly suggests that sulfation is the
rate-limiting step preceding deiodina-
tion. Third. T8 and T:;S ar¢ preferred
substrates for microsomal deiodinase ac-
tivity. This is iltustrated by the low Ky
of T25 (0.3 wAf) in comparison with 3.3"-
Ty (9 uM). For TiS we observed an
enhanced inner ring deiodination by rat
liver microsomes [Ky 4.6 pA . maximum
velocity (V) 1050 pmole per minute
per milligram of protein] compared with
T (K 10.7 wM. Vs 33 pmole/min-mg
protein). The TS generated is then rap-
idly deiodinated in the outer ring (8).

[t is not surprising that 3.3'-T, and T,
are sulfated in rat heparocytes. They
both are substrates for rat liver cytosolic
sulfotransferases (9). Howewver, the pref-
erential deiodination of iodothyronine
sulfates casts a new light on the process-
es involved with the peripheral metabo-
lism of thyroid hormone. It is interesting
that monkey hepatoma cells showed no
reduction of Ty inner ring deiodination
when sulfation was inhibited {/0). The
very different characteristics of inner
ring deiodination in hepatorna homoge-
nates (K 0.034 pM. V... 223 fmole/
min-mg protein) and the fack of inhibi-
tion by PTU (/) resemble the PTU-
insensitive deiodination of Ta in rat cere-
bral cortex (Ky €.021 uM, V., 320
fmole/min-mg protein) (/7). For this type



of deiodinase sulfation does not appear
to enhange delodination. It remains 1o be
established Lo what extent sulfation de-
termines the hepatic deiodination and
clearance of iodothyronines in vivo. Our
results suppart the concept that sulfation
is not merely a means to facilitate biliary
and urinary excretion of hydrophobic
aglycons (12},
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PAPER 4

METABOLISM OF 3,3-DIIODOTHYRONINE IN RAT HEPATOCYTES
Interaction of sulfation with deiodination

M.H. Otten, G. Hennemann, R. Docter, T.J. Visser

Abstract

pProduction of 3,3'-diicdothyronine (3,3'--T2} is an important step in the
peripheral metabolism of thyroid hoomone in man. The rapid clearance of 3,3'-T,
is accomplished to a large extent in the liver. We have studied in detail the
mechanigus of this process using monolayers of freshly isclated rat hepatocytes.
After incubation with 3,[3'—125I]—T2, chromatographic analysis of the medium re-
vealed +wo major metabolic routes: outer ring deiodination and sulfation. We
recently denonstrated that sulfate conjugation precedes and in effect acceler-
ates deiodination of 3,3'-T,. In media containing different serum concentra—
tions the cellular clearance rate was determined by the non-protein-tound frac-
tion of 3,3'-T,. Below 10_8 M substrate concentration [1251'_] iodide was the
main product cbserved. At higher concentrations deiodination became saturated,
while the sulfate ester of 3,3'-T, (T,S} accumalated in the medium. Saturation
of overall 3,3'-T, metabolism was found to occur only at very high (>/10"6 M)
substrate concentrations. The sulfating capacity of the cells exceeded that of
deicdination by at least 20-fold. Deiodination was coampletely irhibited by 1074
M PIU or thiouracil resulting in the accwmilation of T,S whereas clearance of
3,3'-T, was little affected. No effect was seen with methimazole. Hepatocytes
from 72 h fasted rats showed a significant reduction of deiodination but unim-
paired sulfation. Other Iiodethyronines interfered with 3,3'-T5 metabolism.
Deicdination was strongly inhibited by 2 pM Ty and zTy (80%) but little by Ty
(15%), whereas overall clearance was reduced by 25% (T4 and ITq) and 123% (T3).
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In the presence of PTU or at high substrate concentrations ( >1077 M) a third
metabolite was generated, most likely the acetic acid analogue of 3,3 -T,. It
is concluded that the rapid hepatic clearance of 3,3'-T, is determined by the
sulfate-transferring capacity of the liver cells. Subsequent outer ring deiodi-
nation of the intermediate T,S is inhibited by PTU and by fasting essentially

withcut affecting overall 3,3'-T, clearance.

Introduction

The study of the peripheral metabolisn of thyroid hormone in vivo is compli-
cated by the large numpber of successive metabolic reactions, and by the differ-
ent metabolic properties of the tissues. Best documented are the conversion of
the prohormone thyroxine (T4) to the blologically active 3,3',5-triicdothyronine
(T3) and the biologically inactive 3,3',5'-~triicdothyronine (rT3). A thorough
knowledge of the metabolic degradation of these and other iodothyronines is
likely to contribute to a better understanding of the changes in their serum
levels as induced by illness, drugs or fasting (1).

3,3'~Diiodothyronine (3,3'-T,) is a common deiodination product of Ty and
rTy. The production of 3,3'-T, in euthyroid subjects has been estimated between
38 and 76 nmol/day (2,3), compared with 115 mmol/day for T, (4). Production of
3,3'—’1‘2 is, therefore, an important step in the sequential deiodination of Ty
Nevertheless, serum levels of 3,3'—T2 are low, between 34 and 114 oM (2,3,5,6).
This is explained by its high metabolic clearance rate, with 560 to 1116 1/day
the Fastest of all iodothyronines (2,7). Aabout 50% of this clearance is attri-—
buted to hepatic extraction of plasma 3,3'-T, (8), underlining the important
role of the liver in iodothyronine metabolism.

We have studied the mechanisms of 3,3'—T2 metabolism in monolavers of fresh-
ly isolated rat hepatocytes. The advantages of this model for the study of thy-
roid hormone metabolism have been outlined by Sato and Robbins (8). Apart fram
practical aspects, the Iimportance of cellular integrity is illustrated by the
striking differences in 3,3'-T, metaboliam dbserved with hepatocytes or with
liver homogenates {9).

In the early stages of this study it appeared that 3,3'—T2 is metabolized in
liver cells mainly by outer ring or 3'-deiodination and by conjugation with sul-
fate (10}. These pathways were believed to be independent and to have different
metabolic functions. However, we recently demonstrated that in rat hepatocytes
sulfation is an essential step preceding and accelerating the deiodination of

3,3'-T, (9). similarly, sulfation facilitates the inner ring deiodination of Ty
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(9,11). Sulfation is, therefore, an important factor in the peripheral metabol-
ism of thyroid hormene.

We now present in detail the guantitative aspects of hepatic 3,3'-T, meta-
bolism and the crucial role of sulfate conjugation. In particular, conditions
were tested that are known to inhibit deiodinase activity, i.e. in vivo fasting

and in vitro addition of iodothyronine analogues cor thiouracil derivatives.

Materials and methods

3,3'-Diicdo-L~thyronine  (3,3'-T,),  3,3',5'-triiodo-L-thyronine {(rr3),
3,3, 5-triiodo-L~thyronine (T3) and L-thyroxine (T,) were purchased from Henning
Berlin GmbH, FRG. 3;[3'—12511—diiod0ﬂ1yronine with a specific activity of 3300
Ci/g was prepared as described earlier (5}. Before every experiment the tracer
was purified on Sephadex LH~20. Contamination with 1251 was less than 1.0%.
Sephadex IH-20 was oObtained from Pharmacia Fine Chemicals, Uppsala, Sweden. The
following materials were from Sigma Chemical Co., St. Louils, MO: 2-thiouracil,
&—propyl-2-thiouracil, methimazole, D-saccharic acid-l,4~lactone, sulfatase type
VIII, p —glucurcaidase type I¥, collagenase type I, L~amincacid oxidase, bovine
pancreas insulin, Pipes, Hepes and Bes. Fetal calf serum, newborn calf serum
{NBCS), penicillin and streptomycine sulfate were obtained from Flow Laborato—
ries, Irvine, UK. Ham's Fig nutrient mixture was purchased from Gibco Rurope,
Hocfddorp, The Netherlands.

Isolation of rat hepatocytes and in incubation procedures

Isolated rat hepatocytes were prepared essentially as previously described
(12). After successive perfusion of the liver with Ca?" free Harks' salt solu-
tion for 10 min and with the same medium containing 0.05% collagenase for 20 min
at @l 7.4 under 5% CO, and 25% O,, the liver was extirpated and minced. Cells
were separated from tissue debris by repeated centrifugation (50 x g) and resus-
pending until a clear supernatant was obtained. Immediately after the isclation
procedure cell viability, as estimated by trypan blue exclusion, was over 90%.
Culture medium (4 ml) containing ~~ 2 x 109 suspended cells was slowly infused
in sterile, plastic culture dishes, 5 cm in diameter (Costan, Canbridge, MA,
USA), The dishes were placed in a culture stove at 37C for 4 h under atmospher-
ic conditions. During this period the culture medium was composed of wunedified
Ham's FlO' 10.6 mM Pipes, 11.2 nM Bes, 8.9 mM Hepes (pH 7.4), 2 mM CaCly, 12
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mJ/1 insulin, 10 U/ml penicillin, 10 pg/ml streptomycin sulfate and 10% fetal
calf serun. After this preincubation the viable cells { > 85%) were firmly at-
tached to the culture dish. Subsequently, incubations were performed at 37C
under atmospheric conditions. The dishes were placed on a slightly angled,
slowly rotating plate to ascertain optimal cell-fluid interaction. In these in-
cubaticns the general composition of the culture medium was identical, except
that 10% newborn calf serum {NBCS) instead of fetal calf serum was used, and no
penicillin or streptomycin were added. This medium contains 0.6 M MgS0, which

ensures optimal 3,3'-T, sulfation (9).

Analytical procedures

Incubaticn media with unlabeled 3,3'-T, were analysed by a specific RIA (5}.
Incubation media with labeled 3,3'-T, were assayed by column chromatography.
For this purpose samples (100 pl) of the culture medium were extracted with 1.0
ml  ethanol containing 10~4 M PTU, and evaporated at 50C under a stream of Ns.
The residue was dissolved in 1 ml 0.1 N ECl and applied to small (0.75 ml bed
volume) Sephadex LH-20 colums. Good separation of 3,3'-T5 and its metabolites
was obtained by subsegquent elution with 1 ml fractions of 0.1 N HC1, 0.1 N NaoH
and ethanol. The free fraction of the variocus iodothyronines in the culture
medium was determined by equilibrium dialysis. In some experiments, the free
fraction was modified by changes of the NBCS content of the culture medium. The
nurber of cells in every experiment was estimated from the average DNA content
of 8 to 16 culture dishes and expressed as pg DNA per dish. DNA content was de-
termined according to the methcd of Burton (13}).

Analysis of 3,3-T, conjugates

The chromatographic fractions, expected to contain 3,3'«-’[‘2 conjugates, were
collected, neutralized and evaporated. The remaining material was dissolved in
the appropriate buffer for incubation with sulfatase or f-glucuronicase.
Approximately 10 nmol of 3,3'-T, conjugate was incubated at 37C overnight in 500
pl buffer with either enzyme at various concentrations (25 to 500 i.:g/ml) with or
without 5 nM D-saccharic acid-1,4-lactone, an inhibitor of 3 -glucuronidase. The
buffers used were 0.05 M sodium acetate {pH 5.0) for sulfatase and 0.05 M sodium
phosphate (pH 6.8} for B -glucuronidase. The mixtures, after extractign with
ethanol, were again chromatographed on Sephadex LE~20. Since 250 pg/ 1 sulfatase
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yvielded corplete hydrolysis of T,S, this concentration was routinely used.

3,3-T, metabolism by isolated rat hepatocyles

During the initial stages of this study various concentrations (10710 1o
1077 M) of unlabeld 3,3'-T, were incubated with the cells. Samples of the cul-
ture medium in 8 parallel incubations were taken from 0 to 60 min and analysed
for 3,3'-T, content by RIA. Similar experiments were performed in the presence
of 1072 and 1074 M PTU. In later experiments 0.5 }uCi 3,[3'—]'251:!--T2 was added
to enable chromatographic analysis of the culture medium on Sephadex TH-20. The
concentration range was extended from 10711 +5 107® M unlabelea 3,3'—T2.
Initially, time curves were produced; later on, sanples were taken at 0 and 30
or 6C min. The influence of thiouracil, PIU and methimazole was investigated by
addition of 107> and 1074 M of these substances to the incubations. Similarly,
interference of other icodothyronines with 3,3'-—T2 metabolism was studied by co-
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Fig.l. Chromatograpnic patterns of ethanol extracted culture media. Culture medium (4 ml) con-
taining 10% NBCS, 1078 M 3,3'-T,, 3,[3'-12°11-T,, and 0, 107> or 107% M thicuracil was incubated
with monolayers of isolated rat hepatocytes. Samples (100 pl) of the culture medium at 0, 30 or
60 min were extracted with ethancl and evaporated. Tne residue was dissclved in 1 ml 0.1 N HCL
and applied to small.BCl equilibrated Sephadex IH-20 colums. Elutiom was perfarmed by 1 ml
fractions with 0.1 ¥ HCl, 0.1 N NaOH and pure ethanol (E) respectively, as indicated by the hor—
izontal bar. The material eluting between iodide {I) and 3,3’ -T, was identified as the sulfate
ester of 3,3'-T, (Tzs) by hydrolysis with sulfatase. The elution profile after Tydrolysis is
depicted in the lower right panel. A metabolite that was tentatively identified as
3,3 dilodothyroacetic acid (diac, Ac} eluted in the ethanol fractions.
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incubation with 0.1-2 M Ty, T4 or 1Ty after 1 h preincubation period with these
hormones. To assess the influence of varying numbers of cells in the culture
dishes, monolayers were prepared with 25, 50, 100 and 200% of the usual murber
of cells. Cell number was verified by measuring the DNA content of the variocus
culture dishes (12,13). Cther experiments were conducted with ocells isolated
from 72 h fasted rats. Cell isolation, plating and experimental procedures were
otherwise unmodified. Conversicon rates were corrected for DNA content when

cells from fed and fasted rats were compared.

Determination of substrate in the cellular compariment

The amount of 3,3'—11‘2 in the cellular compartment during incubation was es—
timated by the decrease of total radicactivity in sequential 50 pl samples of

the culture medium. The decrease measured was corrected for changes in radicac-
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Fig.2. Elution profile of 3,3'-diiodothyrcacetic acid (diac) on Sechadex LE-20. Diac was syn-
thetized by incubation of 1070 M 3,3'-T, and 3,03'-12%1]-1, with L-amincacid cxidase (C) and
sonicated rat kidney mitochondria (D) (for conditlons see Materials and Methods). The mixtures
were extracted with ethanol, evaporated and dissolved in 1 ml 0.1 N HCL. ‘This sanple was ap—
plied to HC1 equilibrated Sephadex IH-20 columns and eluted with 1 ml fractions of 0.1 W HCL,
0.1 N NaOH and ethancl (E) respectively, as indicated by the horizontal bar. Profiles are shown
under C and D. Diac eluted in the same fractions as the unidentified material (U) found after
incubation of 1076 M 3,3'-T, with isolated rat hepatocytes (B). The elution profile of
3,[3'»—1251]—’1‘2 with a amall icdide (I) peak is shown in panel A.
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tivity in cell free culture dishes. The result, expressed as percentage of
total radicactivity, was assumed to represent the amount of 3,3'-T, in the cel-
lular compartment. At the end of the incubation, cells were dissolved in 1 ml
0.1 N NaDH and counted for radicactivity.

Oxidative deamination of 3,3-T,

In order to identify the elution pattern of 3,3'-diicdothyrocacetic acid
(diac) on Sephadex LH-20, this substance was synthetized by incubation of
3,3'-T, with both sonicated rat kidney mitochondria (14) or Lraminocacid oxidase
(15). Preparation of rat kidney mitochondria was done according to the method
of Nakano and Danowski (15). Sonicated mitochondria (1 mg protein/ml) were in-
cdbated for 3 h at 37C with 1070 ¥ 3,3'-7,, 0.02 pci 3,03'-1231]-,, and 1074 M
PTU in a 0.15 M sodium phosphate and 3 mM EDTA (pH 7.4) under 100% oxygen.
Similarly, IL-aminoacid oxidase (0.1 mg/ml) was incubated for 1 h at 37C with
identical amounts of 3,3'-Ty and PTU in 0.1 M sodium phosphate and 2 mM EDTA (pH

6.5). Both mixtures were extracted with ethanol and chromatographed on Sephadex
LH-20.

Results

As shown before (2,10), monolavers of freshly isolated rat hepatocytes are
very active in metabolizing 3.3‘—T2, Fig.l shows that radioicdide was the main
product formed in incubations with 1078 M outer ring labeled 3,3'-T, in the ab-
sence of thiocuracil. The second metabolite eluting in our chromatographic pro-
cedure was observed especially when deiocdination was inhibited with thicuracil.
This metabolite was identified as 3,3'-T, sulfate (T,8) by the complete hydro-
lysis with 0.25 mg/ml sulfatase, independent of the presence of saccharic acid
lactone. No substantial hydrolysis was observed with f-glucuronidase. Next to
iodide and T58 a third metabolite was generated in small amounts in the presence
of <thiocuracil but also at high substrate concentrations (see below). This com-
pound was tentatively identified as 3,3°-diiodothyroacetic acid {diac) by com
rarison with the elution profile in the two diac preparations obtained as des-
cribed under "Materials and Methods” (Fig.2). The greater adsorption of diac
orto Sephadex LH-20 campared with 3,3'-T5 is in keeping with its reduced polari-
ty due to the loss of the NH5-group. Increased lipophilicity has also been  obr
served for the acetic acid analogues of T, and Ty in reversed-phase ligquid chro—
matography {16).
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Table 1. Effect of thiouracil on the metabolism of 3,3'-T2 as measured by RIA and Sephadex LH-20
chromatography. Hepatocytes were incubated for 30 min with 10-8 M 3,3'-T,3,

Thiouracil % 3,3'—T2 metabolizedb Proportion of producis
(M) B formed (%P
n RIA n LH-20 | T3S "Diac"
- i5 58.0 % 2.3 18 60.3 + 1.7 92 + 2 g+ 2 -
‘EO_S 6 55.6 £ 2.7 7 50.9 + 3.0° 32 £ 5 66 = 6 31
10—11 3 50,7 * 9.2 11 56.6 * 4 51 93 £ 1 32

2 per experimental point chromatography was done in duplicate and RIA in 8-fold: n = number of
experiments

b Mean * SE
¢ Significant difference with controls by Student's t test, p<0.05;

d p<0.H



Table 1 compares the rate of 3,3'-T, metabolism as measured by RIA or by Se-
phadex chromatography. No significant difference between the two methods was
observed. Since T,5 is the main product in the presence of thiouracil, there is
apparently no important crossreactivity of the conjugate in the 3,3'-T, RIA.
This agress with the observation that 3,3'-T, is undetectable by RIA in urhydro-
lyzed assay mixtures with T3 sulfate (T48) or T,§ (11). Furthermore, it is
shown in Table 1 that deiodination of 3,3'-T,; is inhibited by thiouracil in a
dose—dependent manner, being virtually undetectable at 1074 M of the irhibitor.
In contrast, overall clearance of 3,3'—T2 was only reduced by 10%. Identical
results were cbtained with PTU, but 104 M methimazole had no effect. The reco-
very of radicactivity in the chromatographic analysis was 25-27% for the ethanol
extraction of the medium, and 99.7 + 2.3% (n=100) for the column chromatography.

Influence of substrate concentration on 3,3-T, metabolism
In a previous study (9) the metabolism of 3,3'-T; was tested at a single

substrate concentration (1078 M). Fig.3 shows the production of medium iodide
and T,S from varying concentrations of added 3,3'-T5. At low (< 1078 M) 3:.3'-Ty
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Fig.3. Influence of substrate concentration on 3,3'-T, metabolism by isolated rat hepatocytes.
Culture medium (4 ml) contaiming 1071 to 107 M 3,3'-1,, 3,03'-1?°11-T, and 10% KBCS was incu-
bated for 30 min at 37C with the cells. After incubation analysis of the composition of the
culture medium was made by Serhadex LH-20 colum chromatography. The radicactivity in the iod-
ide and T,$ fractions was expressed as percentage of the converted amount of 3,3'-1, {left hand
scale). The decrease of 3,3'-T, in the culture medium is depicted as percentage of the criginal
amount present before incubation {right hand scalie).
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concentrations little T,S formation was detected. However, if Jeiodination was
saturated at increasing 3,3'—T2 concentrations, acoumulation of T,S was ob-
served. The results indicate a higher sulfating than delodinating capacity of
the cells. This is further illustrated in Fig.4 that gives the molar amounts of
the metabolites produced during incubation of hepatocytes for 60 min with Jif-
ferent substrate concentrations. Especially at high 3,3'—T2 concentrations sub—
stantial quantities of "diac" were produced. A fourth possible metabolite,
3' -iodothyronine (3'—Tl) whether free or in the conjugate form, was never de-
tectaed in the culture medium either by chromatography or by RIA {17).

Another aspect of interest was the almost constant fractional c¢learance of
3,3'—T2 fram the culture mediun over a wide range of concentrations (Fig.3). In
spite of a 10%-fo1d increase in concentrations, the fraction of 3,3'-T, metabol-
ized only decreased from 69 + 5% (10711 M) to 59 + 3% (1077 M). At still higher
concentrations this percentage more rapidly declined to 49 + 4% (10~0 M) and 30
+ 4% (1073 M) irdicating saturation of the cellular 3,3'-T, metabolizing capaci-
ty. These results are not biased by difference in the non-prctein-bound sub-
strate fraction since this percentage, as assessed by ejuilibrium dialysis, was
identical (12.9 + 2.2%) for all concentrations used. The relevance of this free

fraction for hepatic 3,3'-T5 clearance was demonstrated in experiments where the

60 MIN o
INCUBATION / A

metaholites produced lmmof per 1600 ug DNAJ

9

8

10 e e e 1077 0 0w

concentration I, 3'--T2

Fig.4. Influence of substrate concentration on production of iodide (I7), T,S and a metabolite
that was tentatively identified as 3,3 —dilodothyroacetic acld (diaec) v isclated rat hepato—
cytes. Culture medium containing 10711 to 2072 M 3,3'-T,, 3,03'-1251]-1; and 10% MBCS was incu-
bated at 37C for 60 min with the cells. The molar production of the three metabolites, ex~
pressed as mmol per 100 pg DNA, was calculated from the radicactivity in the respective frac—
tions after column chromatography of extracted culture media.
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protein content of the culture mediun was varied. With increasing concentra-
tions of NBCS {10, 20 and 30%) the non-protein-bound fraction decreased from
12.1 to 10.7 and 9.7%, respectively, which correlated strongly with the dJdimin-
ishing 30 min fractional clearance of 3,3'-T,: 74.9, 56.3 and 40.3% (r=0.99,
r<0.01}. However, the decrease in 3,3'-T, clearance is greater than that in
the free fractions, indicating that in this model the relation between the two

parameters is not a simple one.

Substrate content of the cellular compartment

When corrected for non-specific binding to the culture dish, a maximm of
4.4% of added 3,3'-T, (1078 M) was estimated to be in the cellular compartment
(Fig.5). After 15 min this cell bound fraction declined as radiocactiwvity gradu-
ally appeared in the iodide fraction. Apparently the storage capacity of hepa-
tocytes for 3,3'--T2 is rather low. The amount of radicactivity recovered in the
cells at the end of the incubation corresponded well with that disappeared from
the medium.

CPY x ru3 PER S0ul, CLHLTURE AWEDIUM
T
0
PERCENTAGE DECREASE

'U ‘IIEI I‘D 5(‘]

MINUTES
Fig.5. Total radicactivity in culture medium during incubation of 3,3'-T, with 3,[3'-12°11-7,
in culture dishes with (e~——€)} and without (o~ —-0) isolated rat hepatocytes. Culture medium
{4 ml) containing 1078 M 3,3'-1,, 3.03'-*2%I]-7, (~ 0.5 uCi/ml) and 10% NBCS was incuvated for
60 min in culture dishes containing either no or approximately 2 x 10° cells. Sequential 50 pL
samples of the culture medium were taken at 0, 5, 10, 15, 30 and 60 min fram 6 different culture
dishes. Radicactivity of these samples is given as mean + SD. A significant difference
{p< 0.01) was noted for the 5 to 30 min samples as indicated by the asterisk. The right hand
scale gives the percentage decrease from the original amount of radicactivity in the culture
medivm.
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Fig.6. Influence of other iodothyronines on
3,3'-T, metabolism by rat hepatocytes. Cells
were preincubated at 37C for 60 min with the
indicated concentraticns of unlabeled Ty (o),
Ty (&) or Ty (a) in the presence of 10%
NBCS.  After this preincubation the culture
medium contained, in addition to the same am—
ount of the respective iodcthyronines, 1w
3,3'-T,, 3,03'-1?1]-T, and 108 NBCS.  After
30 min of incubation 100 pl of the culture
mediun was extracted with ethanol and chrama-
tographed on Sephadex LH-20. The production
of iodide {upper panel) and disappearance of
3,3'-T, (lower panel), expressed as pmol/30
min, were calculated from the radicactivity
in the respective fractions (left hand
scale). The decrease of iodide production
and 3,3 -T, clearance, induced by Tyr Ty and
rTy, is expressed as percentage of control
experiments on the right hand scale.
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Fig.7. Influence of varying cell nurber on
3,3'-T, metabolism by rat hepatocytes. Cell
isolation was performed as described in Ma-
terials and Methods. Before plating separate
cell suspensions were prepared containing 25,
50, 100 or 200% of the usual 2 x 10% cells.
The actual munber of cells was verified by
determination of the DNA content in the vari-
ous culture dishes. ALl other procedures
were waltered. Hereafter, culture medium (4
ml) containing 10°% u 3,3'-1,, 3,03 -12%1]-1,
and 10% NBCS was incubated for 60 min at 37C
with the varicus cell concentrations in du-
plicate. Sequential 100 pL samples were
drawm at the indicated times, extracted with
ethanol and chromatographed on  Sephadex
LE-20. 3,3'-T, decrease, expressed as per—
centage of originzl amount, as well as iodide
production (pmoles) were calculated from the
radicactivity in the respective fractions.



Effects of other iodothyronines on 3,3-T, metabolism

The effects of higher iodothyronines on 3,3'-T, metabolism were twofold.
Both deiodination and overall clearance were affected but not to the same ex-
tent. Fig.6 demonstrates that the reduction of deicdination was much more pro—
nounced than the reduction of overall clearance of 1078 M 3,3'-T,. Reverse Ty
proved to be the most powerful irhibitor of deiodination, affording 80% inhibi-
tion at 2 pM, vwhereas T4 only had a weak inhibitory potency, i.e. 15% inhibi-
tion at 2 pM. Inhibition of deiodination by rT3 and T, was accompanied by an
accumalation of T?_s. The clearance of 3,3'—T2 was decreased by 25% with 2 M T,
or rTy, and by 15% with 2 pM T3;. These differences were not caused by changes
in the non-protein-bound fraction of 3,3'-T, since it was not affected by the

other iodothyronines.

Effects of in vivo fasting on in vive 3,3-T, metabolism

The DNA corrected metabolic properties of hepatocytes of 72 h fasted rats
and of control animals are given in Teble 2. Two cbservations can be made from
these experiments. First, the total amount of 3,3'~'I‘2 metapbolized by the cells
in 30 min did not significantly differ in both groups. Second, deiodination was
reduced in cells from fasted animals resulting in the accunulation of T5S. This
reduction varied from 20 to 40% over the range of concentrations tested., Judged
from the deiodination rates at saturating substrate levels, the total deiodina-—
tive capacity of the fasted cells was reduced. Since overall clearance was not
diminished this suggested a decrease in the activity of the deiodinating enzyme.
The lack of significance at 1078 M 3,3'-Ty may be attributed to the small frac-
tion of substrate deiodinated at high concentrations, increasing the variation
between experiments. Mean values, however, corresponded well with those found
in the incubations containing 1077 M 3,3'-T,.

Influence of cell mumber

The dependence of 3,3'-T, clearance and deiodination on the mumber of hepa-
tocytes in  the culture dishes is given in Fig.7. Cell nurber amounted to 0.5,
1, 2 and 4 x 10° cells per dish. The DMA content varied accordingly: 9 +1, 19
+ 2, 44 4+ 9 and 92 + 6 g DNA. In this experiment a concentration of 1070 M

3,3'-Ty was used in order to study the maximal deicdinative capacity of the
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Table 2.

METABOLISM OF 3,3'-T2 BY RAT HEPATOCYTES. INFLUENCES OF 72h IN VIVO FASTING
BEFORE CELL ISOLATION ON 3,3-T2 METABOLIC RATE AND PRODUCTION OF IODIDE.

3,3-T» 3,3"-T2 metabolized iodide produced decrease

N . of iodide

(M) control fasted P controi fasted P production
{(pmol/100 pg DNA + SD) (pmol/100 ng PNA + SD) %
TO_H 06.056 * 0.006 ( 2) 0.040 * 0,011 (2) NS 0.056 * 0.006 0.037 £ 0.008 <0.05 34
10_10 0.5t =+ 0.05 ( 5} 0.43 * 06,17 (3) NS 0.51 % 0.04 0.41 + 0.08 <0.05 20
10_9 5.1 + 0.4 ( 5) B.2 + 0.9 {3} NS 5.0 0.4 3.8 + 0.6 <0.05 24
10—8 46 + 15 {18} 43 + 15 {8) NS 43 + 13 27 + 8 <0.05 37
10~7 539 + 96 { 5) 399 + 91 {3) NS 254 + 73 153 + 41 <0, 05 40
10*6 3624 + 1191 ( 8) 3614 + 902 (3} NS 238 T 146 183 + 162 NS 24

* Number of experiment in parentheses. Statistical analysis was

performed using the Student t test.



cells. Production of iodide appearsd to be linear with the nudber of cells but

the disappearance of 3,3'-T, was not.

Discussion

Obviously, isolated hepatocytes provide a more physiological system to study
iodothyronine metabolism than liver homogenates or subcellular fractions.
Deicdination of 3,3'-T, by hepatocytes is much faster than deiodination by mi-
crosomes  (10,18). This has been explained by the initial sulfation of 3,3'——T2
in hepatocytes that facilitates subsequent deiodination {2). It was demonstrat-
ed that in rat liver cells both 3,3'-T, and T3 have to be conjugated with sul-
fate pefore any substantial deiodination occurs (9). Both T,S and TS appeared
tc be muach better substrates for deiodination by rat liver microsomes than the
non-sulfated compounds as indicated by the me/Km ratio's. This ratio amounted
to 1038 for T,8 and 21 for 3,3'-T, (9), and 228 for T3S and 3 for Ty (11).

It was demonstrated in the present study that the total capacity of 3,3‘—'1‘2
sulfation in hepatocytes is at least 20 times higher than their deiodinating po-
tential. On the other hand, there is litle accumalation of TS at low (< 1077
M) substrate concentrations, indicating that under these conditions sulfation is
the rate-limiting step. This notion is supported by the fact that irhibition of
sulfation reduces overall 3,3'-T, clearance (2), whereas irhibition of deiodina-
tion by, for instance, thicuracil dces not affect 3,3'—T2 clearance (Table 1).
The observed rapid clearance of 3,3' —T, by our hepatocytes agrees with studies
using isolated, perfused rat livers (19,20). In one of these, Flock et al {19)
identified iodide as the principal product at a perfusate concentration of 8 x
1078 M 3,3'-1,.

Sulfation is the crucial step in the hepatic metabolism of both 3,3'-T, and
T (9). The latter 1s not as good a substrate for phenol sulfotransferases as
3,3'-T, (21), explaining at least in part the slower hepatic Ty clearance
(2,192,20).

Another factor influencing 3,3' -To metabolism appeared to  be  the
non-protein-bound fraction of this compound in the medium. Similar observations
have been made concerning the metabolism of T3 by hepatocytes (22). However,
also in our case there is not a simple 1:1 relationship between the free 3,3'-T,
fraction and the extent of its degradation with increasing serum concentraticns
in the medium. Cellular storage, on the other hand, does not contribute signi-
ficantly to the 3,3'-T, disappearance, since no more than 5% of added radicac—
tivity was at any time associated with the cells. A similar low percentage up-
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take of 3,3'-T, was abserved by Flock et al (12) in the perfused rat liver.

Finally, the disappearance of medium 3,3'-T, depended on the mumber of
cells. The clearance of 3,3'--T2 was not linearly related to the mumber of cells
in contrast to iodide production. A likely explanation for this phenomenon may
be foumd in the different capacities of the sulfating and deiodinating systems
of the hepatocyte. At the high 3,3'-T, concentrations used (10'"6 M) deiodina-
tion is saturated, whereas sulfation, which determines the 3,3'-T, clearance, is
not (Fig.4). Interestingly, Faber et al {23) noted in euthyroid and hyperthyro-
id human subjects an identical 40% hepatic 3,3'-T, clearance in spite of the
greatly elevated levels in the latter group. This may reflect the constant
3,3'-Ty clearance over a wide range of concentrations cbserved by us.

Oxidative deamination is a minor pathway for the elimination of iodothyron-
ines (24}, Roche et al observed generation of diac from 3,3'-T4 in rat kidneys
(25). Especially at high substrate concentrations we found that the hepatocytes
produced a compound with chramatographic properties that are compatible with
diac. However, definitive identification would require the demonstration of co-
elution in more refined chramatographic systems such as HPIC. It is of interest
that tetrac is only detected in rat bile after administration of a high dose of
T, (16).

The occurence of inner ring deiodination of 3,3'-T, or T,8 in hepatocytes is
unlikely since no formation of 3'~Tl or its sulfate was observed. This is not
due to the subseguent metabolism of these compounds by rapid outer ring deicdi-
nation since both 3'-T, and its sulfate proved to be poor substrates for micro—
somal deiodination (Otten and Visser, unpublished observations).

It is important to realize that the conditions used in our experiments do
not reflect the actual in vivo situation. The concentrations 3,3'-T, are very
high in comparison with those found in sera of rat and man (5), while the pro-
tein content of the culture mediur is considerably lower. However, this experi-—
mental design, by its simplicity, provides a suitable model for studying the
miltiple processes involved in hepatic icdothyronine handling. We have investi-
gated apart from substrate concentraticns, the influences of thiourea deriva-
tives, fasting and other icdothyronines on 3,3'—'1‘2 metabolism in these cells.
PTU and thiouracil proved to be potent inhibitors of T4S deicdination in cells
as well as with rat liver microsomes (9). A rapid cellular uptake and metabolic
availability of these compounds is suggested by the immediate onset of irhibi-
tion without preincubation. With the highest concentration tested (10_4 M PTU)
no deiodination could be demonstrated. A similar irhibition was noted for outer
ring deicdination of T, in hepatocytes (8). Since this concentration is in the
range of therapeutic serum levels of PTU-treated patients {8,26) it is remark-
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able that peripheral Ty production from Ty still occurs in PTU-treated and
Ty-substituted hypothyroid patients (27) or thyroidectomized rats (28). This is
compatible with an extra-hepatic deiodination by a less PTU~sensitive deiodinase
(28).

The experiments with hepatocytes from 72 h fasted rats are in agreement with
dbservations by others, that in the fasted state the hepatic deiodinase activity
is reduced. The reduction in our study (20-40%) was somewhat lower than gener-
ally found in the literature {(29-31). This may be explained by partial restora-—
tion of the fasted state during the 4 h preincubation with fully supplenented
culture medium. Clearance of 3,3'-T, in these cells was not reduced. This ac-
cords with a recent report on unirhibited sulfation in starved rats {32).

In contrast to fasting, other icodothyronines did interfere with 3,3'-«T2
clearance. Disappearance of 3,3‘~-‘I‘2 from the medium was affected Lo a lesser
extent than deiodination. Whereas delodination is probeably irhibited by compet-
ition for deiodinase activity, the reduced clearance might theoretically be
caused by competition either for cellular uptake or for intracellular conjuga-
tion. At present, it is not possible to distinguish between these alternatives.
It is also a matter of future interest whether the iodothyronines themselves or
their respecitve oconjugates caused the inhibition of deiodination. The fact
that the inhibition was enhanced by preincubation with the respective iodothy-
ronines does not answer this question.

The demonstration of the importance of sulfation in the hepatic metabolism
of iodothyronines (9,11, this paper) revives the interest in earlier work on
this subject. Following the initial reports by Roche et al (33,34) on the in
vivo generation of T45 in rats, conjugation of iodothyranines with sulfate has
received little attention. 'This is intelligible in the light of the small quan-
tities of ilcdothyronine sulfates in human plasma (35), urine (36) and rat bile
{16), giving the impression that sulfation is a minor metabolic pathway. The
low levels of sulfated iodothyronines in bile can now be explained by the find-
ing that these conjugates are highly susceptible to deiodination before they are
released. Significant secretion of sulfates is only expected when deicdination
is inhibited. Indeed, increased amounts of T,5 have been observed in the bile
of thiouracil-treated rats (37}. The augmented biliary excretion of radicactiv-—
ity after PTU administration to rats equilibrated with labeled Ty or T4 (38) may
be based on the same phenomenon.

In conclusion, the present study shows that the clearance of 3,3'—T2 by rat
hepatocytes 1is determined by the large sulfate~transferring capacity of the
cells. This ensures a constant fractional clearance of 3,3'—T2 by the liver,

independent of factors that affect deicdinase activity such as PIU or fasting.
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The T,5 generated normally undergoes rapid outer ring deicdination before it is
released. This process is inhibited by thiouracil, PTU, fasting and other iodo-
thyronines, but not by methimazole. Only when deiodination is inhibited, accu-

mulation of To5 is observed.
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PAPER 5

RAPID DEIODINATION OF TRIIODOTHYRONINE SULFATE
BY RAT LIVER MICROSOMAL FRACTION
T.J. Visser, J.A. Mol, M.H. Otten

Transmitted by Michael M. Kaplan on January 7, 1983

ABSTRACT: Triicdothyronine sulfate {T3S) was synthetized chemically, and reacted at 37 C and pH 7.2 with rat
liver microsomes and 5 mM dithiethreitol (DTT). The preduction of 3,3'-dijodothyronine sulfate {3,3'-T28) from
unlabeled T35 was measured after hydrolysis with a specific 3,3'-Tp radioimmuncassay, and the production of
radicactive I° from outer ring-labeled T3S by ion-exchange chromatography. Production of both 3,3'-TpS and I-
was DTT dependent, strongly inhibited by 6-propyl-2-thiouracil (PTU), and abolished after heat-inactivation of
the microsomes. The time sequence and enzyme dependence of product Tormation suggested that mest if not all I
was produced via 3,3'-TpS. Inner ring defodination of T3S was two orders of magnitude faster than that of Ty

as the result of a lower apparent Ky (4.6 vs 10.7 uM) and a markedly increased Vpay (1050 vs 33 pmol/mg pratein-

min), It is postulated that T35 is a key intermediate

in the metabolism of Tj.

Deiodination and conjugation with sulfate or
giucuronic acid are major pathways in the metabolism
of -iodothyronines. In rats equilibrated with outer
ring radipicdine-labeled T3 or T4, roughly half of
the radicactivity appears in the urine as I7. The
other half, which is excreted with the feces, presu-
mably reflects biliary excretion of conjugates (1).
If in these rats deiodination is blocked by PTU
treatment, urinary excretion decreases and fecal ex-
cretion increases before plasma radicactivity chan-
ges (1}, Similarly, during incubation of iodothyro-
nines with rat kidney slices {2) or isclated hepato~
cytes (3.,4) conjugates accumulate if deiedination is
inhibited (&.g. by PTU) or saturated.

A possible explanation is that a large fraction
of jodethyronines is conjugated first and defodina-
ted subsequently, implying that the cenjugates are
more prone to deiodination than the parent compounds.
We recently obtained evidence in suppert of this
hypothesis, as it was observed that ocuter ring deio-
dination of 3,3'-Tz in rat hepatocytes was strictly
correlated with the sulfotransferase activity of
these cells!. This indicated that sulfate conjuga-~
tion was the rate-limiting step preceding deiodina-
tion. Consamantly, 3,3'-T2S was rapidly deiodinated
by rat liver microsomes?.

We now report that the inner ring deiodination of
T35 by rat liver micresomes is extremely rapid com-
pared with that of T3.

MATERIALS AND METHODS

T3 was obtained from Henning, and E"lzsl T3
{» 1200 yCifug} from Amersham. T3S was synthétized
by a modification of a previous method {5). In
short, mixtures of efther 0.5 umol Ty and 0.1 wCi

91-Tq, or 5 nmol Ty and 10 pCi 1251-Ty, were pre-
pared, the solvent was evaporated, and the residues
were reacted for 1 h at -5 C with 100 pl concentra-
ted HzS04. After dilution with water of 0 C, the re-
action products I, T3S and T3 were separated on
Sephadex LH-20 by successive elution with 0.1 N HCI,
water and 0.1 N NaOH-ethanol (1:1). The yield of

1) M.H. Otten, J.A. Mol, and T.J. Visser, submitted
for publication

poth Tabeled (Z mCi/umol) and "unlabeled" (0.2 pCi/
pmol) T35 was 40%, The identity of T35 was demon-
strated by acid and sulfatase hydrolysis, resulting
in the guantitative liberation of T3 as analyzed by
chromatography and radioimmonocassay.

Rat liver microsomes were prepared as described
{6). Deiodination was studied by measurement of A)
the release of radivcactive I7 from outer ring-
labeled T3S, and B} the production of "unlabeled”
3,3'-TgS from T35 of Tow specific radioactivity.
Reaction mixtures contained microsomes and T3S at
the indicated concentrations in 0.1-0.2 ml 0.1 M
sodium phosphate (pH 7.2}, 2 mM EOTA and 5 mM DTT.
Incubation was dong at 37 C under air. In assay A the
reaction was stopped by the addition of 50 pl 50%
human serum containing 5 mM PTU. After pratein preci-
pitation with trichloroacetic acid, 17 was measured
in the supernatant by ion-exchange chromatography
{7). To assay B was added 1 ml 1 N HCl followed by
reaction for 1 h at 80 C to hydrolyze 3,3'-T25. The
pH was neutralized with 1 mi 1 N NaOM, and 3,3'-Tp
was measured in duplicate in 50 pl aliquots by RIA
(6.
fach experimental point was determined in tripii-
cate and corrected fer non-enzymatic deiodination as
estimated in control incubations without microsomes.
In the controls less than 1% of added radipactivity
was recovered as I7, and 3,3'-Tp$ formation was less
than 10% of that in complete mixtures. After hydro-
Tysis recovery of 3,3'-Ty from added 3,3'-TpS, pre-
pared similarly as T3S, was 93%. 3,3'-Tg was un-
detectable if hydrolysis of assay mixtures with added
T3S or 3,3'-TeS was omitted.

RESULTS AND DISCUSSION

Fig. 1 depicts the production of 3,3'-TpS and 1°
from 0.5 u T35 as a function of reaction time and
microsomal protein concentration. In both instances
there is an initial increase in the accumulation of
3,3'-T2S with Tittie production of I7. In a second
phase the concentration of 3,3'-T25 formed reaches a
plateau, while I” formation becomes more prominent
and roughly linear with time and protein concentra-
tion. This suggests that T3S first undergoes inner
ring deiodination, and that I” arises mainly from the
subsequent outer ring deiodination of 3,3'-Tz5. The
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Fig. 1. Production of 3,3'-T2S (o} or radicactive
- Eg% uring incubations of 0.5 uM “unlabeled" or
'-1e30] T35, respectively, for 5-60 min with 42 ug
microsdma | protein per ml (left), or for 1& min with
16.8-166 ug protein per ml {right}. The amounts of
3,3'-T2S and I° produced were estimated as described
under "Materials and Methods", and expressed as per-
centage of added T35, The results are the means of
two closely agreeing experiments, each performed
with twe different preparations of labeled and un-
Tabeled T45.

high rate of 3,3'-T2S deiodination this implies was
confirmed by the measurement of I- generation from
added 3,3'-T»S '. The intermediate formatien of
3'-T1 & appears unlikely, as this compound is a poor
substrate for microsomal defodinase activity .

Production of 3,3'~-TpS and I~ was not detectable
when microsomes were preheated for 30 min at 80 C,
ar when incubations were done in the absence of DTT.
The effects of potential inhibitors on 3,3'-T2S pro-
duction were tested in incubations of 0.5 uM T35 for
5 min with 8.4 ug microsomal protein per mi. I7 for-
mation was assayed in 15 min incubations with 42 ug
protein per ml. One pM Tq, T3, fopanoic acid and DIT
inhibited 3,3'-T25 production by 58, 14, 25 and 0%,
and [= production by 56, 10, 31 and 0%, respectively.
As rTq is rapidly converted to 3,3'-T2, its effect
an 3,%'—T25 formation could not be assessed, but
1L uM rT3 was found to decrease [” generation by S0%.
Tne order of potency of these compounds resembles
their effects on the deiodination of nonconjugated
iodothyronines (6,811 . This analogy also holds for
PTU, which at 10 uM lowered 3,3'-T2S production hy
82, and 17 production by 97%.

The kinetics of T3S inner ring deiodination were
measyred under conditions of initial reaction rates,
i.e. short reaction time (5 min) and low protein con-
centration (8.4 pg/ml}. Parallel experiments with
outer ring-Tabeled T3S demonstrated that 1”7 produc-
tion was less than 10% of 3,3'-T2S productisn. This
fndicates not only that further defodination of
3,3'-Tp5 95 negligible under these circumstances but
also that direct outer ring deiodination of T3S is,
if anything, & minor pathway. The results are shown
in Fig. 2, and compared with the inner ring dejodi-
natien of T3. At Tow substrate concentrations
[£1 ) deiodination of T3S is two orders of magni-
tude faster than the deiedination of T3. Lineweaver-
Burk ptots reveal for T3S an apparent Kmof 4.6 + 1.3
WM and VYmay of 1050 + 190 pmol/mg protein-min (mean
+ 50, n=4), and for T3 10.7 uM and 33 pmol/mg
protein+min, respectively, The Tatter values are very
similar to those previousTy reported {6). The enhan-
cement af the inner ring deiodination of T3 by sulfa-
tion, therefore, appears to result primarily from an
increase in Ymayx rather than a decrease in Km. [t is
likely, however, that Tower Kmand Vmax values will
be measured at reduced DTT levels (7}

Recent stydies have suggested that defodination of
both rings of iodothyronines is catalyzed by a single
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Fig. 2. Linear and double-recipracal {inset) plots

of the production of 3,3'-T2 during incubation of
varying concentrations of “unlabeled" T3 for 5 min
with 8.4 ug microsomal protein per ml {1eft), or the
production of 3,3'-Ty during incubation of T3 for

15 min with 84 ug protein per ml (right). In both
cases 3,3°-Tp immunoreactivity wes measured after
acid treatment, as described under "Materials and
Methods*.

deiodinase in rat liver microsomes (9,10}. The simi-
lar effects of inhibitors on the inner ring defodina-
tion of T3$ and outer ring deiodination of 3,3'-Tp5 1
as on the defodination of nonconjugated fadothyro-
nines (6,8) are compatible with this notjon, and
suggest that the sulfate conjugates are also sub-
strates for this enzyme.

The facilitated deiodination of sulfates is unex-
pected, considering that the deiodinase is in a lipid
envirenment in the membrane, whereas such conjugates
are less lipid soluble than the nonconjugated jodo-
thyronines. Neither would sulfation of the phenolic
hydroxyl group be expected to affect the binding
strength of the iodines to the inmer ring. The mecha-
nism of this facilitated deiodination, therefore, re-
mains obscure but may be related to the deiodinase
being a basic protein [11).

The physiological relevance of our pbsarvations
depends on the extent to which this mechanism oper-
ates in vivo, At least they indicate that T35 is not
an end stage in the metabolism of T3. The demenstra-
tion of & rapid increase in the biliary excretion of
T3 conjugates in rats treated with PTU (1) would tend
to support the hypothesis that 1ittle T3 deiodination
takes place without prior sulfate conjugation. Pre-
timinary experiments in our laboratoery indicate that
deiodination of Ty by rat hepatocytes depends on the
sulfate cancentration in the medium, but much further
work i1s needed to test the above hypothesis. The
gquestion fs egually intriguing whether deiodination
of Tp is similarly facilitated by sulfation of glucu-
ronidation.
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PAPER 6

3,3,5-TRIIODOTHYRONINE METABOLISM IN RAT HEPATOCYTES

The significance of sulfation for metabolic clearance and deiodination

M_.H. Otten, G. Hennemann, R. Docter, T.J. Visser

Abstract

It was recently demonstrated by us that deiodination of the biclogical ac-
tive thyroid hormone 3,3',5-triiodothyronine (T3) and of 3,3'-diiodothyronine
(3,3'—T2) in rat hepatocytes only occurs after conjugation with sulfate.
Sulfation of these iodothyronines accelerates their deiodination by rat liver
microsomes. In the light of the increasing interest in tissue-specific iocdothy-
ronine handling, we have investigated in detail the multiple processes involved
in hepatic Ty metaboliam with monolayers of freshly isolated rat hepatocytes.
After incubation of the cells with 1078 M Ty and [3‘—12511T3 for 3 h at 37C co-
lumn chromatography of the medium revealed besides unprocessed Tg three labeled
metabolites: 60% iodide {I), 30% Ty glucuronide (T3G) and 10% Ty sulfate ('1‘38).
Propylthicuracil (PTU) inhibited deicdination effectively in a dose—dependent
manner. This inhibition resulted in a reciprocal increase of the intermediate
T45. Glucuronidation was affected only at Thigh concentrations  PTU.
Interference with sulfotransferase activity by medium SO%" depletion lowered
Ty clearance and iodide production but also TyS generation when deiodination was
blocked by PIU. Inhibitors of sulfation, e.g. salicylamide, dichloronitrophe-—
nol and pentachlorcphenol, induced an irhibition of iodide formation which cor-
related strongly with the effect on 735 production in the presence of PIU.
Under the conditions used, overall T4 metabolism showed ro saturation at concen-

trations up to 10 pM vhile the apparent K, for glucuronidation appeared lower
than for sulfation.
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In conjunction with previous findings, it is concluded that hepatic delcodi-
nation of Ty involves 3 consecutive metabolic steps: sulfation, inner ring de-
iodination and finally outer ring deicdination of the 3,3'-T, sulfate generated.
PTU (10 pM) effectively blocks both deicdinating reactions leaving T, disappear-
ance essentially intact. Hepatic Tg metabolism and clearance capacity is pre-
dominantly determined by sulfation and glucurconidation. Deiodination of Ty ap-
pears not to ke enhanced by conjugation with glucuronic acid.

Introduction

In euthyroid subjects 3,3',5,5'—tetraiodcthyronine (thyroxine, T,) is the
predominant secretion product of the thyroid gland. To exert the required bico—
logical action Ty has to be converted +to 3,3',5-triiodothyronine (T3).  This
process takes place by cuter ring or 5'-deicdination of T, in many extrathyroi-
dal tissues. However, the contribution of plasma Ty or local Ty generation to
the nuclear T; occupancy varies per tissue, indicating tissue specific thyroid
hormone metabolism (1,2,3).  The metabolic kinetics of multiple iodothyronines
have been extensively studied in vivo in both man and rat (4,5). However, the
use of these serum sampling techniques do not allow the estimate of the actual
contribution of the respective tissues to overall metabolism. Moreover the
rapid succession of intracellular metakbolic processes may remain undetected.
Therefore, detailed studies of thyroid hormone metabolism in isolated tissues
may contribute to a better integrated understanding.

We have studied the metabolism of both 3,3'-diiodothyronine (3,3‘—-‘1‘2) and T,
in monolayers of freshly isolated rat hepatocytes. By these experiments a hith-
erto unrecognized metabolic pathway of iodothyronines was disclosed. Whnereas
formerly deiodination and conjugation with either glucuronic acid or sulfate
were considered to have different metabolic functions it was demonstrated by us
that sulfation of 3,3'—T2 and Ty considerably facilitates their rate of deiodi-
nation in hepatocytes (6). Moreover, sulfation with its large capacity, ap-
pearad to be a major rate-determing factor in the overall hepatic clearance of
these iodothyronines. In comparison with 3,3'-T,, which is mainly subjected to
sulfation and subsequent outer ring deiodination (7), Ty metabolism is more com-
plex. Wext to sulfation, this hormone is also conjugated with glucuronic acid.
Furthermore, T, is metabolized through primary deiodination in the inner ring
(5-deiocdination) with subseguent outer ring or 3'-deicdination of the 3,3'—T2
sulfate (TZS) generated (8). In this paper we describe the quantitative contri-
buticns of these pathways to overall Ty metabolism in rat hepatocytes as well as
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the effects of several compounds that interfere with sulfation, glucuronidation

and deiodination.

Materials and methods

3,3',5-Triicdo-L-thyronine was obtained from Hemning Berlin GrbH, Berlin,
FRG. [3'-—125]'4]T3 with a specific activity of 1200 Ci/g was purchased from
Amersham, UK. The following materials were from Sigma Chemical Co., St. Louis,
MO.:  G-propyl-2-thiouracil, L-ascorbic acid, d-saccharic acid-1,4-lactone, bo-
vine pancreas insulin, collagenase type I, sulfatase type VIIL, j -glucuronidase
type IX, Hepes, piperazine-N,N'-bis (2-ethanesulfonic acid) {(Pipes}, W,N-bis
(2-hydroxylethyl)-2-aminoethane sulfonic acid (Bes). Sephadex IH-20 came from
Pharmacia Fine Chemicals, Uppsala, Sweden. Salicylamide,
2,6—dichloronitrophenol and pentachlorophenol were purchased from Riedel—de Haen
A.G., Hannover, FRG. Fetal calf serum, penicillin and streptomycine sulfate
were cbtained from Flow Laboratories, Irvine, UK. Hams' Fpjj nutrient mixture
was provided by Gibco Burope, The Netherlands. Hanks balanced salt solution (9)
and Dulbecco phosphate buffered saline (10) were prepared in our own laboratory.

Hepatocyte monolayer preparation and incubarion procedures

Hepatocytes were isolated according to the method of Berry and Friend (11)
with minor modifications as described earlier (12). Livers of male Wistar rats,
weidhing 300 g, were first perfused for 10 min with Ca?" free Harks' salt solu-
tion and additionally for 20 min with the same medium containing 0.05% collage—
nase. The perfusion mediun was Kept at 37C and pH 7.4 under 5% CO5 and 95%  G,.
After mincing of the liver the cells were washed by repeated centrifugation and
resuspending. Thersupon the cells were suspended in culture medium to yield 10°%
cells per 2 ml. This suspension was slowly infused in plastic culture dishes
(1.8 #, Greiner, Nirtingen, FRG) and placed for 4 h at 37C in a culture
stove under atmospheric conditions. At this stage the culture medium was com-
posed of unmodified Ham's Fip: 10.6 m Pipes, 11.2 »M Bes, 8.9 oM Hepes, 2 1M
CaCl,, 12 niJ/1 insulin, 10 U/1 penicillin, 10 pg/ml streptomycin sulfate and 10%
fetal bovine serum at pH 7.4. Cell viability as estimated oy trypan blue exclu-
sion at the end of the 4 h incubation period as well as after the experiments,
wag over 85%. Subsequently, the incubations were initiated and performed at 37C
under atmospheric conditions. For the incubations 2 ml Dulbecco balanced salt
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medium with 1.0 md MgSO, was used, containing 10719 to 1075 M T3 and 0.2 pCi
[3‘—125I]T3. To test the influence of inhibited sulfation on Ty metabolism, es-—
sentially two methods have been used: a) reduction of the sulfate availability
in the culture mediun {13} and b) addition of compounds known to interfere with
sulfotransferase activity. To reduce the intracellular sulfate concentration
hepatocytes were preincubated for one hour in SO%— free Dulbecco medium, prior
to incubation with Ty and variable amounts of MgSO,. As inhibitors of sulfo-
transferase activity have been tested the competitive irhibitor salicylamide
(14) and the selective inhibitors 2,6-dichloro—4-nitrophencl (DNP) and penta—
chlorophenol (pCP) (15). In other experiments the influence of
6-propyl-2-thiouracil (PTU)}, as irhibitor of deiodination, has been investigat-
ed. In all incubations 1 mM L-ascorbic acid was added to prevent non-specific
deicdination. All experiments were performed in triplicate. The data presented
in the Zfigures are expressed as the triplicate mean and representative of at

least three different experiments.

Analysis of culture medium

After incubation, 0.5 ml samples of the culture medium were prepared for
chromatographic analysis by acidification with an equal volume of I N HCL, The
mixure was applied to small (1 ml) Sephadex LHE-20 colums equilibrated in 0.1 N
HCI. The colums were eluted subsequently with serial 1 ml fractions of 0.1 N
HCL, 0.1 M sodium acetate at pH 4.0, Hzo and ethancl. This new cdhramatographic
method provided a good separation of icdide, T4y glucuronide (T3G), T3S and unre-
acted T,, respectively.

T4 clearance and metabolite production were calculated from the radiocactivi-
ty in the respective fractions. Due to the inconsistent adsorption of T3 to the
culture dishes and uptake in the cellular compartment this amount was omitted
from the calculations. Analysis of the nature of the conjugates was accom-
plished by hydrolysis with g —glucuronidase and sulfatase with or without sac-
charic acid lactone and subsequent chromatography on Sephadex LH-20 as described
above., Furthemore, the composition of iodothyronine conjugates in the culture
mediun was verified by a newly developed high performance liquid chromatography
{HPLC) technique using a reversed phase C18 Bondapak colum (Waters) and elution
with a 1.5 ml/min flow of a 70% 0.01 M KH POy and 30% acetonitrile (v/v) mixture

at pH 2.1. Good separation was obtained for respectively eluting iodide, T58,
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Analysis of radioactivity in the cellular compariment

The amount of total 12°1 radicactivity with the cellular compartment was es-—

timated Ty the decrease of radicactivity in sequential 100 ul samples from the

medium in the same culture dish with or without hepatocytes. These experiments
were carried out in the presence of lO“lO, 1078 or 107% M unlabeled Ty and 0.4

pci [3‘—-1251’]T3. The composition of the radicactivity in the cells was deter—

mined in ethanol extracts by chromatographic analysis on Sephadex LH-20 as des-—

cribed above.
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Fig.l. Chromatograghy of culture medium be-
fore and 3 h after incubation of 1078 Ty
and [3'-12°I]T,; with isolated rat hepato-
cytes (upper panel). Parallel incubates
contained 1 or 100 pM PTU (lower panel).
Culture medium {500 pl} was acidified by ad-
dition of 300 pl 1 N'HCl and directly ap-
plied to smll (1 ml bed volume), 0.1 N HCL
equilibrated Sephadex LH-20 colums. Serial
elution was performed with 1 mi fractions of
0.1 N 4, 0.1 M sodium acetate at pH 4.0
(NaAc), H,0 and ethancl (E) as indicated by
the horizontal bars. The respective frac-
tions contained: iodide (I), Ty glucuronide
(@), T3 sutfate (S5} and unreacted Ty,
Tdentification of the radicactive material G
and S was obtained by hydrolysis
with p—glucoronidase and sulfatase.
Chromatography of the hydrolysates yielded
exclusively T; as liberated compound.
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Fig.2. Disappearance of T4 and simaltanecus
production of Ty metabolites during 3 h in-
cwpation of 1078 M Ty with (3'-12513T,.
Isolated rat hepatocyhbes (2 x 108 cells)
were incubated for 3 h at 37C in larger than
usual culture dishes (5 om @), Costan, Cam~
bridge, MA, USA} with 4 ml instead of 2 ml
protein-free Dulbecco medium. This was done
in order to reduce the influence of serial
(100 }.\1) sampling on total T4 content of the
culture medium. By this fashion only 12.5%
of the incubation medium was removed. The
samples were chromatographed as described in
Fig.1 and the conversion rates calculated
from the radicactivity in the various frac-
tions. No other products but iodide (I}, Ty
glucurcnide {T3G) and Ty sulfate (T3S) were
detected.
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Results

T, metabolism in rar hepatocytes

Column chromatography of the culture medium on  Sephadex I1H-20 before and

after 3 h incubation of rat hepatocytes with 1078 u T4 in the presence of

[3'—12511‘1’ revealed 3 distinet radicactive products. The 1257~ produced by
3

outar ring deiodination eluted in the BC1 fractions., The sodium acetate and Hy0

fractions contained the respective T; conjugates with glucuronic acid (T3G) and

sulfate (T3S) {Fig.1). Identification of T3G and T38 was accomplished by hydro-
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Fig.3. Influence of substrate concentration
and PTU on T3 metabolisn by rat hepatocytes.
Monolayers of isolated hepatocytes were in-
cubated for 3 h at 37C with protein-free
Dulbecco medium containing 16710 to 1073 M
Ty and [3' 25131, with or without 10 M
PTU. Culture medium was amlysed by colum
chromatography on  Sephadex IH-20 as des—
cribed in Fig.l. T, metabolism, expressed
as fractional c¢learance, is shown on the
right hand scale. The distribution of Ty
metabolites, i.e. iodide (I}, Ty glucuro—
nide (T4G} and Ty sulfate (T38} expressed as
percentage of total metabolite production,
is depicted on the left hand scale.
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Fig.4. Influence of PTU on hepatic T; meta-
bolism. Isolated rat hepatocytes were incu-
bated for 3 h at 37C with Dulbecco medium
containing 107, 1078 or 1077 M T, with
[3'-12%1]1; and either ro or 1077 to 2073 N
PTU. The left hand panels depict the dis-
tribution of the Ty metabolites, e.q.
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nels show the calculated amowunts in
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the production of its metabolites.



lysis of the radicactive material in the respective fractions with either
~-glucuronidase or sulfatase. T4G was completely hydrolysed by g-glucuronidase,
Tut not in the presence of its inhibitor, saccharic acid lactone. T35 was Thy-
drolysed by sulfatase, irrespective of the presence of 5 mM saccharic acid lac~
tone. Chromatography of these incubates revealed no other liberated radicactive
material but Ty. Fig.l also shows the chromatograms of Ty incubations in the
presence of 1.0 and 100 pM PTU. The decreased iodide production and increased
formaticon of T4S is presented in greater detail below. Analysis of 50 Fl UNpro—
cessed culture medium by HPLC demonstrated an identical composition of icodide,
T4S and TyG as obtained by the Sephadex chramatography. No T,8 or T,G were de-
tected irrespective of the presence of PIU during the incubations.

The disappearance of 1078 M Ty, as well as the production of T3 metabolites
over a 3 h pericd, are depicted in Fig.2. Todide constituted the principal me—
tabolite (60%), but T3G formation (30%) predominated over the appearance of T3S
(10%) in the culture medium.

The influence of increasing Ty concentrations with or without 10 M PTU is
given in Fig.3. Over a concentration range from 10710 to 107° M the fraction of
Ty cleared in 3 h remained fairly constant, i.e. 45 to 55 percent of medium Ty
(right hand scale). This was somewhat less in the presence of PTU (lower
panel). Similarly, the relative T5G formation with 30-40% of total metabolite
production {(left hand scale) was little affected by either substrate concentra-
tion or PTU. However, with increasing T, concentrations the proportion of icd-

ide formation decreased while T3S production showed a reciprocal rise. In the
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Fig.5. Total 1251 radicactivity in culture medium during incubation of [3'—125}:]’1‘3 and unla-
beled Tg with (e———e) or without (o----0) hepatocytes. Dulbecco medium {4 ml) containing 0.5
pei [3'-1251375 with 10710, 1078 or 107% M wnlabeled T, was incubated for 3 h at 37C in the
large culture dishes described in Fig.2, with or without 2% 10° isclated ret hepatocytes.
Serial 100 pl samples were taken from the medium up to 3 h. The amount of radicactivity (cpm
per 100 pl) is given as mean + SD of 6 parallel incubates.
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presence of 10 M PTU little iodide was generated. Instead, T4S appeared as the
major metabolite.

The dose-~response curves of PTU influence on '1"3 metabolism are given in
Fig.4. The left hand panels show the distribution of Ty metabclites, expressed
as percentages of total metabolite production for the 3 concentrations tested,
i.e. 10“9, 108 ana 1077 M T3. The right hand panels depict the production
rates of the three metabolites in relation to the amount of T3 metabolized.
Deiodination was maximally blocked by 10 pM PTU whereas T5 clearance was not yet
affected to the extent. that occured at higher PTU concentrations. Therefore, 10
1M PTU was used for inhibition of deiodination in other experiments. T4G forma-
tion from 107° M Ty was slightly increased at moderate PIU concentrations.
However, at the highest PTU concentrations tested T,G production invariably de-
clined in all experiments, thus contributing to the observed reduction of Ty
c¢learance, The generation of T3S was again inversly proportional to that of
iodide, but tended to decline at higher PTU concentrations. During initial ex-—
periments no complete inhibition of iodide production could be achieved Ly PTU.
This PTU-insensitive deiodination, which was not saturable at 10 pM Tg, Was as—
cribed to oxidizing compounds in the protein-free culture medium, possibly li-
berated from lyscsomes of degraded cells. Non-specific delcdination was almost

completely prevented by addition of 1 mM L-ascorbic acid which per se, did not
affect hepatic T4 metabolisam.
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Fig.6. Influence of medium SO%' concentration on hepatic Ty metabolismm. Rat hepatocytes were
preincubated at 37C for 1 h with 503~ depleted Dulbecco medium to reduce the cellular SO§
content, Subsequently 2 ml Dulbecco containing 108 1 T3 [3‘—12SI]T3 with or without 10 yM PTU
and increasing amounts uptc 1.0 oM MgSO, was Incubated for 3 h at 27C with 10% isolated cells.
The calculated amounts in pool/ 10% ceills/3 h of T, metabolized are depicted on the right hand
scale as a function of the medium sofi‘ concentration. The producticn of the Ty metabolites
e.g. iodide (T), T3 glucuronide {T3G) and T3 sulfate (T5S) is shown on the left hand scale.
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T, In the cellular compartment

The amount of Ty associated with the cellular compartment and the surface of
the plastic culture dish was approximated by measuring the decrease of radiocac—
tivity in the culture medium with or without hepatocytes.  Equilibrium between
medium and the cells was reached within 30 to 60 min incubation. The medium ra-
dicactivity in the dishes with hepatocytes showed a remarkably similar decrease
of approximately 50% for the three concentrations tested e.q. lO_lO, 10_8 and
1070 M T5 (Fig.5}. On the other hand, the decline in culture medium radicactiv-
ity without hepatocytes tended to diminish at higher Ty concentrations, suggest-
ing saturated adsorption to the culture dish., The radicactivity in the cellular
compartment  as  determined by chramatography, consisted for over 85% of Ty, the
remaining being distributed over iodide, T4G and T3S,

Influence of inhibited sulfation on T, merabolism

The effects of culture medium SOL%" concentration on Ty metabolism are dep—
icted in Fig.6. Without SO,_ZI“ the rate of deiodination as well as Ty clearance
was low but increased rapidly when small amounts of MgS0, were added. In the
presence of 10 pM PTU deiodination remained low but instead a progressive SO%_
dependent accumilation of T48 was cbserved. The production curves of iodide in

the absence and T3S in the presence of PTU, showed a distinct resemblance in
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Fig.7. Influence of salicylamide on Ty metabolism in isolated rat hepatocytes. Monolayers {108
cells per dish} were incubated for 3 h at 37C with 2 ml Dulbecco medium containing 1078 1 T3,
03 -12%107, with or withont 10 pM PTU and various amounts, upto 100 p, salicylamide.
Production of Ty metabolites , iodide (1}, Ty glucurcnide (T3G} and Ty sulfate (TSS) is given in
mol/3 h as a function of the salicylamide concentration.
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Fig.8. DOP and PCP influence on hepatic T4 metabolism. Isolated rat hepatocytes were incubat-
ed for 3 h at 37C with 2 ml Dulbecco mediun containing 107 M Ty, [3' 125131, with or witheut 10
MM PTU and variable amounts of 2,6-didhloro-4-nitrophenol (DANP) or pentachlorophenol (PCP).
The production of Ty metabolites e.g. iodide {I), T3 glucurcnide (T3G} and T3 sulfate (T55) is
expressed in prol/3 h as a function of the DXONP or PCP concentration.

their sulfate dependence. 'The generaticn of TyG tended to decline at Thigher
soﬁ‘ concentrations. As depicted in Fig.7, the competitive inhibitor of sul-

fotransferase activity, salicylamide greatly reduced deiodination as well as the
accumilation of T35 in the presence of 10 uM PTU. The inhibition of the former
proved to be somewhat less pronounced than that of the latter if.e. 70 and 94%
at 100 pM salicylamide (Table I). However, a strong correlation between the de-
grees of inhibition was found (r=0.99, p<0.01). The cbserved reduction of T4G
production is in agreement with competitive inhibition of glucurconidation at
high concentrations of salicylamide (16). The influences of DONP and PCP on Ty
metabolism are depicted in Fig.8. PCP proved to be the more powerful irhibitor
of T, sulfation, as judged by the respective percentages irhibition of delodina-
tion and that of T3S production in the presence of 10 M PTU (Table I}. Similar
to salicylamide a strong correlation was found for the inhibition of deicdina-
tion and Ty sulfation by D2 and PCP. Ty glucurcnidation was only affected at
high levels of these compounds.
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Table |I. Reduction of T3 deiodination and T35 production in the presence
of 10 uM PTVY in rat hepatocytes by salicylamide, DCNP and PCP.*

Compound Concentration Production inhibition (%) correlation
1M lodide T35 coefficient
Salicylamide 5 7 17
10 25 36
25 52 82 0.99, p<0.01
50 62 92
100 70 ay
DCNP ’ 0.1 2 0.3
1.0 15 40
10 68 79 0.96, p<0.01
50 96 9k
PCP 0.1 22 9
1.0 51 49
10 81 on 0.99, p<0.01
50 96 28

®
DCNP: 2,6-dichloro-4-nitrophenol; PCP: pentachiorophenol

Discussion

Wnen our monolayers of isolated rat hepatocytes were incubated with
serum—free medium, containing [12SI]'I'3 and unlabeled T3, we noted in 30 to 60
min a 50% decrease of medium radicactivity. A similar percentage has been found
for T4 after 60 min incubation with cultured monkey hepatocarcinoma cells (17).
The 50% decrease occured irrespective of a 10.000 fold difference in T; concen—
trations, illustrating the large cytosolic and probably non-specific binding ca-
pacity for T, of rat liver cells (18~21). The radicactivity in the cellular
compartment consisted for over 85% of unchanged T;. As T metabolism progressed
with time, giving rise to hydrophylic metabolites, the radicactivity gradually
reappeared in the culture wedium in a similar fashion for the 3 concentrations
tested, This is in close agreement with earlier observations in monkey hepatoma
cells (17) and Ty-perfused rat liver (22). At the same time however, we noted
an important non-specific but saturable T3 binding to cell-free culture dishes,
undertining the complexities of metabolic studies with this wodel (17,23). T
absorption by the cellular compartment and the culture dishes, varied per exper-
iment and in the time, and was further influenced bw added compounds as PTU and
salicylamide. This sequestration of T3 reduced the actual T3 medium concentra-
tion by an inconsistent factor. Therefore, the varicus metabolic conversion

rates calculated frae the original Ty concentration, arve somewhat overestimated.
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This, however, does not affect the conclusion made from this study.

Indications for the crucial role of sulfation in hepatic iodothyronine meta-
boliem have recently been obtained in this laboratory. Although both 3,3'-T,
and T4 are poor substrates for rat liver microsomal deicdinase activity (24),
deiodination of these substrates occured with surprising rapidity in isclated
hepatocytes. It appeared that both iodothyronines had to be conjugated first
with sulfate before any substantial deiodination occured (6). This was expla-
ined by the observation that the sulfate esters of 3,3'-T, and Tj ('2‘25 and T3S)
are very good substrates for rat liver microsomal deiodinase. For outer ring
deiodination of T55 the K, is 0.34 M with a Vi, of 353 pmol/mg protein.min
(U}, whereas the vrespective values for 3,3'-T; are 8.9 pM and 183 U. For T8
the primary step of degradation is immer ring deiodination (8). Interestingly,
this reaction is predominantly accelerated by an increase in Viax (30 vs 1050
U), whereas the K, was only moderately lowered (10.7 vs 4.6 }]M}- The production
of iodide from Ty in our model therefore is a reflection of 3 successive meta-
bolic steps: sulfation, imner ring or 5-deicdination and finally the removal of
1251~ from the 3'—position.

According to this concept, hepatic T3 metabolism and clearance capacity is
mainly determined by the combined rate of sulfation and glucuronidation. This
notion is further supported by the findings in the present study. Reduction of
sulfation by either SO;E' depletion or sulfotransferase inhibitors invariably
led to a decrease of Ty clearance from the medim. On the other hand, inhibi-~
tion of deicdination by increasing PIU concentrations gradually decreased iodide
formation but increased T48 acaumulation. No Ty8 was detected. Therefore in
accordance with microsomal incubations (8), PTU apparently also in cells effec-
tively inhibits inner ring deiodination of T4S. This contrasts with the less
PTU-sensitive T; and T, 5-deiodinase activity cbserved by Sato and Robbins in
cultured rat hepatocytes {25). Purthermore, both overall Ty clearance and the
formation of T3 glucuronide were reduced at high (103 M) PTU concentrations.
Since PTU is known to be a substrate for UDP-glucuronyltransferase {26), compet-
ition with Ty for glucuronidation may well contribute to the observed reduction
of Ty metabolism. However, sulfation appears to be the major determinant of the
Ty clearance rate. The experiments with decreasing amounts of SO%" in the
medium shew a rapid decline in T3 disappearance and iodide production below 0.5
mM 807 . The lack of complete inhibition of deiodination without added 507~
may reflect incomplete depletion of the cellular SO;”-;“ content. TIncomplete in-
hikition in the absence of 30421_ has also been cobserved for sulfation of sali-
cylamide in isolated rat hepatocytes (14). Since in these cells the

cystein&oxidizing pathway 1is well preserved (27,28) sulfate neogenesis from
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sul fur-containing protein residues is also feasible {14,27).

Glucuronidation, on the other hand, appears not to be of major significance
for deiodination of iodothyronines. Whereas deiodination of T3 is clearly in-
versely proportional to the production of T,S with increasing PTU concentrations
{Fig.4), no such relation was found for T4G. Alsoc contrasting with T48, no rise
in T46 formation was cbserved with increasing and deiodination saturating Ty
concentrations (Fig.3). Furthermore, after preincubation of the cells for 30
min with 25 rM galactosamine, a compound that inhibits glucuronidation by cell
depletion of UDP—glucuronic acid (29), iodide production remained unchanged
while T4G generation was abolished (Otten and Visser, npublished).

In recent years multiple reports mentioned elevations of Ty serum levels in
rats fed a diet deficient in protein or essential amincacids (30-32). In these
studies, guite opposite to the fasted state {33-37), a normal T, 5'-deiodinase
activity and T; production rate appeared to exist. Instead, a reduced metabolic
clearance rate and distribiation volume of Ty was found and tentatively explained
by a decrease in cellular T, uptake {31). The data on free Ty concentration in
these studies are controversial: either low, normal {32) or high (31). In rats
fed a comparable low protein diet (8% casein), serum 8042}_ was lowered from 0.9
to 0.15 oM, resulting in decreased sulfation of the xencbiotic compound harmol
(38). Identical low sulfate concentrations resulted in a marked reducticn of Tq
clearance and deicdination in our hepatocytes. Therefore, it is tempting to
speculate that the reduced T, clearance in the protein malncurished rats, at
least in part, might be due to diminished hepatic sulfation of T3. Ina similar
way, the mach better substrate properties of 3,3'-T; for rat hepatic sulfotrans-
ferases in comparison with T3 (39} might, in part, explain the differences in
their respective metabolic clearance rates (40-43).

The sequential metabolism of Ty with sulfation preceding deiodination, is
further illustrated by the effects of DANP, PCP and salicylamide. DCNP and PCP
selectively inhibit sulfation with respect to glucuronidation (13,15,44).
Moreover, a c¢lose correlation was found between the dose—dependent inhibition of
deiodination and that of sulfation in the presence of PIU {Table I).
Glucuronidation of T, however, is also affected at very high concentrations of
these compounds. Which is somewhat surprising since 100 pM DONP did not  influ-
ence in vitro glucurcnidation of harmol (44). This may be due to the heterogen—
eity of glucuronyl transferases (45). However, DCNP and PCP are also inhibitors
of mitochondrial oxydative phosphorylation (46). Thus, by reducing the cellular
ATP content these compounds might well inhibit the energy-dependent generation
of the vrespective co-substrates, i.e. activated sulfate (adenosine

3'~phosphate 5'-sulfatophosphate, PAPS) and glucuronic acid (UDP-glucuronate)
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{47). Furthermore, PFCP was found to irhibit deiodination directly (6).
Salicylamide, on the other hand, is known to interfere by substrate competition
especially with sulfation but also with glucuronidation (14,15). This is in
agreement with our observation that Ty sulfation was more rapidly reduced than
glucurcnidation. The lack of complete inhibition of deiodination at the highest
concentration salicylamide is not completely understood. Since T4 is processed
by maltiple sulfotransferases (39), it may be speculated that these enzymes are
not irhibited to the same degree by salicylamide. At the same time PIU, as po—
tential irhibitor of sulfation (Fig.4), might abolish the remaining sulfotrans-
ferase activity thus preventing the expected generation of T;5. However, this
inconsistency leaves open the possibility of some sulfation-independent. Ty de-
iodination.

Of further interest is the remarkable constant disappearance rate of Ty
(40-50%) in spite of a substrate concentration range from 10710 10 10° 1
(Fig.3). Due to the long incubation time and absence of medium albumin in these
experiments the contribution of the recently demonstrated active uptake sgystem
for Ty in rat hepatocytes (48) will ramain undetected. In the presence of PIU
the sulfation/glucuronidation ratio of T4 is constant upto 1 pM and increases at
10 pM, suggesting that the apparent X, of T4 for sulfation is higher than for
glucuronidation, the latter being in the M range. A theorstical kinetic model
for this type of metabolism has recently been presented (49). The lower K, of
Ty glucurcnidation in comparison with sulfation seems controversial since for
phenolic compounds usually the reverse is found (13,15). However, this ghenome-
non may be understood since iodine substitution of phenol in the para—position,
("[‘3 has iodine in the ortho-position), appears to lower the K, for glucuronida-
tion 30-fold {13).

Finally, we were intrigued by the differences in Ty metabolism found by Sato
and Robbins (26) in 2 day-cultured rat hepatocytes in comparison with our re-
sults using freshly isclated cells. Apart from the mentioned difference in PTU
sensitivity of 5-deiodination another aspect deserves comment. A much higher 3
h proportional clearance rate of T, {85%) was observed by Sato and Robbins upto
a concentration of 1077 M declining to 35% at 105 M. The higher clearance rate
may be explained by a larger cell number {2 vs 1 x 10% cells used by us) but the
reduction of this fractional clearance suggests saturation of the metakolic ca-
pacity not ccouring with the freshly isolated cells. Secondly, virtually no
glucuronidation of Ty was found with the cultured hepatocytes, whereas we noted
3C to 40% Ty glucuronide. Expression of fetal phenotype has been reported to
occur in  cultured rat Thepatocytes (50}, At the same time, hepatic
UDP~glucuronyltransferase activity is known to be low at perinatal age whereas
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sulfation 1is present early in fetal development (15). Alsc a rapid 50% decline
in gqlucuronidation of phenolsulfonphtalein in 2 days cultured hepatocytes has
been described {51). Therefore, the lack of T; glucuronidation found by Sato
and Robbins may be due to dedifferentation of the cultured cells. Since glucu-
ronidation is Xnown to be an active metabolic pathway of T3 in vivo (52,53)
freshly isolated hepatocytes would seem to be the preferred model for studying
in vitro hepatic iodothyronine metabolism.

It is concluded from the present study that there are two primary metabolic
pattways for Ty in freshly isolated rat hepatocytes: sulfation and glucurcnida-
tion, Whereas T4G seems not to be subjected to important deiodination, sulfa-
tion of T3 gives rise to a substrate that is rapidly degraded by subsequent
inner ring and outer ring deiodination. In spite of some indirect evidence, the
physiclogic significance of this metabolic property awaits further in wvivo in-

vestigation of Ty kinetics in relation to body sulfotransferase activity.
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1. INTRODUCTION

In man and animal many endogenous and
xenobiotic compounds are conjugated in the liver
and other tissues with either glucurcnic acid or
suifate. Conjugation, apart from other aspects, in-
creases the molecular polarity of the aglycon
thereby facilitating its biliary excretion. However,
when biliary conjugates reach the gut lumen they
may be hydrolysed by bacterial S-glucuronidase or
sulfatase. This deconjugation promotes intestinal
reabsorption of the original compound. thus creat-
ing an enterohepatic circulation. ‘Bacterial §-
glucuronidase activity in the gut contents is known
to be very active. Much less information exists
about the hydrolytic activity of gut bacteria to-
wards sulfate esters. Thyroid hormones are secreted
in the bile both as sulfates and glucuronides. Thev
probabiy are subjected to an enterohepaltic circula-
tion, of which the exact magnitude has never been
documented [1].

We have investigated the sulfatase activity of
rat gui bacteria for the sulfate ester of 3.3'-di-
iodothyronine (3,3'-T,). This is a direct metabolite
of the biologically active hormone tri-
iodothyrenine [T;). Simultanecusly a preliminary
identification of the nature of two sulfatase con-
taining bacterial strains was obtained.

2. MATERIALS AND METHODS

2.1, Production of the sulfate ester of 3,3'-T, (T.5}
and determination of i1s deconjugation

T,5 is not commercially available. It was pre-
pared by biosynthesis by incubating 1 uM 3.3°-T,
plus 20 pCi 3[3-'2*[JT, with primary cultures of
isolated rat hepatocytes. After an incubation period
of 2h at 37°C in the presence of 100 uM pro-
pylthiouracil (te inhibit deiodination) over 80% of
the original 3,3-T, was sulfated [2]. After extrac-
tion of the incubation medium with ethanol, the
extract was evaporated and chromatographed on
Sephadex LH-20 columns. By this method T,S
could be isolated with > 90% purity. The molar
mass was calculated from the amount of radioac-
tivity present in the isolated material.

To determine the amount of T,S deconjugation
by various bacterial strains the same chromato-
graphic procedure was used. After ethanol extrac-
tion and evaporation of the bacterial cullure
medium, the remaining material was chromato-
graphed on Sephadex LH-20 by elution with 0.1 M
HCI and 0.1 M NaOH, respectively. A good sep-
araticn was obtained for iodide, T,S and 3,3'-T;.

Sulfatase hydrolysis of T,S was estimated from
the decrease of radioactivity in the T,S fraction
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and its reappearance in the 3,3'-T, fraction. Cor-
rection was made for nonspecific deiodination.

2.2, Incubation of T,8 with bacteria from rat intesti-
naf flora

Diluted caecal contents from rats were cultured
on a nonselective medium (Schaedler Broth, Oxoid,
Basingstoke, U.K.) solidified with 2% agar in
anaerobic cultures flasks [3]. Isolated bacteria were
subcultured on the same medium with 0.3% agar
in tubes. Caecal contents, anaerobic bacteria or
bacterial strains and 10 nM T,S with tracer activ-
ity were incubated in 10 ml broth at 37°C covered
with paraffin for anaerobic conditions. After inoc-
ulation 1-ml samples were taken from the incubate
at 0, 6, 10, 14, 18, 24 and 34 h and analysed for
desulfation of T,S. Control incubates of TS in
broth were performed without bacteria. At 30 h
samples from the incubate with and without T,S
were subcultured and the number of colony-form-
ing units was determined. To evaluate a possible
substrate induction of sulfatase activity, bacieria
were preincubated with 10 nM uniabelled T,S for
30 h prior to the incubation with labelled T,S. For
the incubation of T,S with Escherichia cofi and
Streptococcus aerobic conditions were used.

3. RESULTS

Preliminary anaerobic incubatiens of rat caecal
contents with T, S resulted in its partial desulfation
in 24 h. The subcultured anaerobic part of the
intestinal flora also showed hydrolytic activity.
Therefore, more detailed studies were performed
using strictly anaerobic strains. Two anaerobic,
Gram-positive strains from the intestinal flora of
rats were found to actively desuifate T,S. Both
strains {A and B) hydrolysed within 18 h 80% of
the 10 pmol/ml T,S originally present in the
medium (Fig. 1} Bacterial growth was not
markedly influenced by the presence of T,S. After
30 h of incubation with or without T,S the num-
bers of bacteria for strain A amounted to 1.8 and
1.4+ 10° bacteria,/ml, respectively. For strain B
these numbers were 4.6 and 4.1 - 10* bacteria/mlL
The deconjugating potential of strain A was higher
since it performed the same rate of T,S hydrolysis
in spite of a bundred fold lower number of
bacteria/ml (Fig. 1).

Examples of the chromatographic patterns of
T,S containing incubates with the anaerobic strain
A, the aerobic strain C (£ coli} and without
bacteria, before and after incubation are given in
Fig. 2. No desulfation was noted with strain C or
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in control incubates. but 3.4% aspecific deiodina-
tion occurred. Other strains of bacteria isolated
from the intestinal flora of rats (Bacteroides,
Escherichia and  Streptococcus species) had no
deconjugating activity towards T,S. No substrate
induction of sulfatase activity by preincubation
with unlabelled T,S was observed.

4. DISCUSSION

Sulfatase activity of anaerobic rat intestinal flora
has been documented in vitro for sulfate esters of
bile acids [4] and steroids [5]. The actual presence
of sulfatase activity of the intestinal microfiora in
vivo is suggested by the increased excretion of
orally administered oestrone [**S}suifate in the
facces of rais after treatment with antibiotics [6].
The role of bacterial sulfatase activity in relation
to a possible enterohepatic circulation has recently
been reviewed [7]. We have isolated from rat in-
testinal microflora 2 strictly anaerobic. gram posi-
tive bacterial strains, which show sulfatase activity
for the sulfate ester of 3,3-T, in vitro. Sulfatase
activity in mixed cultures of rat faecal prepara-
tions has also been demonstrated for the sulfate
ester of T, [8]. However, these incubations were
done under aerobic conditions and therefore are
different from the actual in vivo situation. Com-
parison of hydrolytic activity with our study can
not be made since the baclerial concentration in
the incubates is not given. The 24 h needed for
80% desulfation of T,S corresponds well with our
study. A similar time has been documented for
complete hydrolysis of **S-labelled lithocholate
sulfate by P. aeruginosa from human faeces [9]. No
sulfatase activity was demonstrated for £ coli,
Bacterioides species, Streprococcus species and bi-
fidobacteria. Contrary to other experiments, which
showed a substrate induction of glycosulfatase ac-
tivity in mixed faecal cultures [7], we were unable
to demonstrate such induction in our anaerobic
strains with a low concentration of T,S. Since
anaerobic conditions prevail in the intestinal lu-
men and the two anaerobic strains isolated by us

from rat intestinal contents are very active in
hydrolysing T,§ it is reasonable to assume that
desulfation of biliary secreted sulfated iodothy-
ronines does actually take place in the rat gut. As
jodothyronines are much better absorbed from the
gastro-intestinal tract when they are in the free,
that 1s the unconjugated form [10], this bacterial
sulfatase activity therefore may actually enhance
the enterohepatic circulation of iodothyronines.
Depending on the turnover rate of such an enter-
ohepatic circulation, disturbance of the normal
bowel function (e.g.. diarrhoea. intestinal opera-
tion or malabsorption) may alter thyreid hormone
disposal and bioavailability. However, the actual
contribution of the gut bacteria to this process
awaits further studies.
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SUMMARY

Peripheral thyroid hormone metabolism is the denomination for the multitude
of biochemical reactions and feedback mechanisms involved in maintaining the eu-
thyroid state of the body. The aim of the research presented in this thesis has
been to contribute to a better understanding of some aspects of this broad field
of investigation. The manuscript consists of two sections. Section T attempts
to integrate the current knowledge of peripheral thyroid hormone metabolism with
the most relevant cbservations from ocur research. In Section II the factual
data of this work are presented as separate papers, which have either been pub-
lished or are submitted for publication.

In essence, three different lines of investigation have been followed. The
first line studied the influences of dietary composition on iodothyronine serum
levels in four healthy, non-cbese subjects. The results suggested an active
role of dietary fat in the regulation of these serum levels. A diet composed of
100% fat induced a similar decrease of 3,3',5-triiodothyronine (T3) and increase
of 3,3',5'—triiodcthyronine (reverse T3) as total starvation. Fat also antagon-
ized the ’I‘3—stabilizing action of carbohydrates in hypocaloric nutrition. For
the influence of food on thyroid hormone metabolism the dietary composition ap-
pears to be more important than the total amount of calories.

Kinetic studies with labeled iodothyronines in human beings and animals give
information about the respective production and metabolic clearance rates.
However, the individual contribution of the various tissues to overall metabol-
iam remains obscure, and rapid successive intracellular reactions cannot be de—
tected. Since the liver plays a central role in peripheral thyroid hormone me-
tabolism, *he second line of research dealt with iodothyronine metabolism at the
tissue-level with the use of isolated rat hepatocytes. For this purpose hepato-
cyte monolayers were incubated with thyroxine, Ty, reverse Ty and
3,3' -dlicdothyronine {3,3'-T,).

Hepatic processing of reverse T4 appeared to be quite different from that of
3,3'-Ty and T4. Reverse T3 is rapidly degraded by 1liver cells threough direct
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deiodination in the outer ring yielding iodide and 3,3'-T,. Only little conju-
gation, presumably with glucuronic acid, occurs. This contrasts with 3,3'-T,
and T4, for which conjugation appeared to be the first and principal metabolic
process. 3,3'-T, is exclusively sulfated, whereas T4 can alsc be conjugated
with glucuronic acid. Sulfation considerably enhanced the inner ring deiodina-—
tion of Ty and the outer ring deiodination of 3,3'-T,. Inhibition of sulfation
virtually abolished deiodination. It was concliuded that hepatic clearance and
deiodination of 3,3'-T, and T4 largely depends on the sulfate transferring capa-—
city of the liver cells.

Todothyronines preferentially appear in bile as conjugates. Hydrolysis of
these conjugates by the intestinal microflora might enhance enteral reabscrption
of the aglycons, thereby promoting an enterchepatic circulation. The third line
of research has investigated the hydrolytic potential of rat gut bacteria to-
wards iodothyronine sulfates., From rat cecal contents 2  anaerobic bacterial
strains were isclated that actively hydrolysed 3,3'-T, sulfate.

In Section I of this thesis special attention is given to the recent recog-
nition of two tissue-specific pathways for iodothyronine deiodination. By this
distinction the body tissues can be subdivided in having deiodinase activity
which 1is either inhibited, or unaffected by propylthiouracil (PTU). Instigated
by this notion and cur own results a tentative model is proposed, postulating a
close metabolic interaction of the two tissue types in the modulation of iodo—
thyronine serum levels. It is conceived that the serum levels of a number of
icdothyronines are determined by production in the one type of tissue and by de-
gradation in the other. Support for this hypothesis was found in our prelimina-
ry observation that human brains (PTU-insensitive) may be an important site of

3,3'-T, production, whereas the liver (PTU-sensitive) very efficiently extracts
this compound from the blood.
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SAMENVATTING

Fen allesamvattende definitie van wat er onder het perifere metabolisme wvan
schildklierhormoon verstaan wordt, is niet eenvoudig te geven. De belangrijkste
furktie van schildklierhormoon lijkt te ziin de regulatie van een gelijkmatige
basale stofwisseling in het lichaam. De basale stofwisseling draagt zorg voor
een bepaalde grond-snelheid van veel intracellulaire processen en bilochemische
reacties. Hierdoor ontstaat er een zekere uitgangs—toestand, waarop alle
specifieke funkties van het lichaam, ieder met zijn eigen behoefte en regulatie,
ultgevoerd kunnen worden. In grote lijnen kan men stellen, dat hoe meer
(minder) schildklierhormoon in het lichaam aanwezig is, hoe hoger (lager) het

basaal metabclisme zal zijn afgesteld.

De totale hoeveelheid scnildklierhormoon in het lichaam wordt bepaald door
twee faktoren: de produktie en de afbrask ervan. Door deze individueel of
gelijktijdig te veranderen heeft het lichaam de mogelijkheid het basaal
metabolisme te reguleren. De produktie van schildklierhormoon vindt plaats in
de schildklier, terwijl de afbrask in buiten de schildklier gelegen of

"verifere" weefsels geschiedt.

Het voormaamste produkt van de schildklier, het thyroxine, bestaat uit een
moleculair skelet met 4 jodium atomen. Hiervan stamt de voor thyroxine veel
gebruikte afkorting "T,". Deze stof heeft =zelf geen biclogische aktiviteit,
maar moet om deze te verkrijgen een omzetting ondergaan. Bij deze omzetting
wordt een van de 4 jodium-atcmen van het basis-skelet afgesplitst, waardcor een
molecuul ontstaat met 3 Jjodium-atomen en grote biologische aktiviteit, het
zogenaamde trijodothyronine of T;. Dit amzettingsproces (dejodering) wordt
uitgevoerd deor verschillende enzymen in de "perifere" weefsels. Ock de overige
3 jodium-atoren kunnen op hun beurt gedejodeerd worden, waardoor een hele reeks
metabolieten (stofwisselingsprodukten) ontstaat (zie Fig.l, pagina 18). Een van
de metabolieten die de laatste jaren veel aandacht heeft gekregen is het reverse

Ty (rT3) - Dit jodothyronine heeft net als T4 3 jodium atomen maar met een
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andere verdeling op het basis-skelet waardoor het iedere biologische aktitiveit
mist.

Naast deze dejoderings~reakties kunnen de metabolieten of jodothyronines ook
nog een koppeling ondergaan met glucuronzuur (glucuronidatie) of sulfaat
(sulfatering). Hierdoor veranderen de biochemische eigenschappen wvan de
jodothyronines en kumnen ze bijvoorbeeld gemakkelijker wvia gal of urine
uitgescheiden worden. Van alle weefsels die bij deze processen betrckken =zijn
neemt de lever een centrale plaats in.

Het is al geruime tijd bekend, dat ziekte, geneesmiddelen of verandering in
dieet~samenstelling het perifere metabolisme wvan schildklierhormoon kunnen
beinvloeden. De meest opvallende verandering is een verminderde omzetting, in
onder andere de lever, van het inaktieve T, naar het aktieve Ty. Hierbij daalt
de bloedspiegel van T3 en secmdair hieraan het basaal metabolisme. Men
speculeert dat dit een energie-besparende aanpassing van het lichaam is in
stress-situaties of tijdens voedselschaarste. Een interessante waarneming onder
deze omstandigheden is de wvrijwel reciprcke stijging van reverse Ty in het
bload. Terwiil de daling wvan Ty veroorzaskt wordt door een verminderde
produktis, komt de stijging van rT5 tot stand door een afname van de klaring.

De in dit proefschrift beschreven experimenten hebben tot doel gehad meer
inzicht te wverkrijgen in deze stofwisselingsprocessen van jodothyronines. In
totaal zijn drie onderzoekslijnen te onderscheiden.

1) De bestudering van de invioced van vet in het voedsel op het perifere
metabolisme wvan schildklierhormoon. Uit dieetproeven met gezonde vrijwilligers
kon worden opgemaalkt dat vet een aktieve rol speelt bij de samenstelling van de
jodothyronines in het bloed. Opvallend was hierbiq dat een dieet bestaande uit
1500 KCal 100% vet, dezelfde veranderingen induceerde als volledig vasten.

2) T, en zijn metabolieten worden voornamelifk ultgescheiden in de gal als
conjugaten wvan glucuronzuur of sulfaat. In de darm worden de conjugaten slecht
geresorbeerd terwijl dit voor de ongeconjugeerde of vrije jodothyronines Juist
gemakkelidk geschiedt. Onderzocht werd in hoeverre dambacteriefn in staat
zijn om de jodothyronines los te maken van hun conjugaten. Door incubaties wvan
uit rattefaeces gelsoleerde bacterie¥n met de conjugaten kon inderdaad
aangetoond worden dat bepaalde bacterie-soorten tot deze ontkoppeling in staat
zijn. Hiermee 1is de mogelijkheld wvan het uit de darm terugwinnen van reeds
uitgescheiden schildklierhormoon {de entero-hepatische circulatie) aannemelifjker
geworden. Dit mechanisme =zou vooral van betekenis kunnen ziin in tijden van
hormoon-schaarste zoals voorkomt bij een te langzaam werkende schildklier.

3) De derde lijn bestond uit gedetailleerd onderzoek naar het metabolisme
van Jodothyronines in de lever. Als model werd daarbij gebruik gemaskt van
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gekweekte rattelevercellen. Verschillende jodothyronines werden gedurende enigs
tijd met de celcultures geincubeerd, waarna het Jweekmedium onderzocht werd op
gevormde produkten. Hierbij bleek dat er veor 3,3'-T,, een direkte metaboliet
van het aktieve Ty (Fig.l, pagina 18), 2 stofwisselingsprocessen bestaan in de
lever: 1) dejodering en 2) sulfatering. Het wekte verbazing dat de dejodering
van 3,3'-T, zo gemakkelijk verliep in gekweekte levercellen, omdat uit vroeger
onderzoek bekend was, dat 3,3'-T, zeer slecht gedejodeerd wordt door het uit
rattelever geisoleerde enzym dejodase. Op grond hiervan werd gepostuleerd dat
3,3'-T, eerst gesulfateerd en pas daarna gedejodeerd zou worden.

Een belangriik deel van het proefschrift wordt gevormd door de experimenten
die de juistheid van deze hypothese aarmemelijk gemaakt hebben. De essentie van
de bewijsvoering wordt gevormd door drie waamemingen: a) selektieve remming
van de sulfatering in rattelevercellen vercorzaakt odk remming van de
dejodering b) daarentegen geeft remming van de dejodering juist ophoping wvan
het met sulfaat geconjugeerde 3,3'-T, (T,S) ¢ T,8 bleek, in tegenstelling tot
het oorspronkeliijke 3,3'~-T, heel goed gedejodeerd te worden door  Thet
lever—de jodase.

Op identieke wijze Xon aangetoond worden, dat dejodering van het biologisch
aktieve Ty eveneens slechts optreedt na voorafgaande sulfatering van het T,
molecuul. Vooral deze laatste waarneming trekt de aandacht omdat hiermee
sulfatering in de lever een essentiele en snelheids—bepalende stap blijkt te
zijn in de afbraak wan het enige biclocgisch aktieve schildklierhormoon.
Hierdoor wordt het begrijpelitk waarom het lichaams—T3‘ {en dus het basaal
metabolisme) tijdens ziekte of vasten kan dalen: de produktie van Ty uit T4 in
de lever vermindert onder deze omstandigheden, terwijl de klaring (afbraak) van
Ty via sulfatering gelijk blijft.

Daarnaast hebben incubatie experimenten van de levercellen met reverse T3
aangetoond dat  de klaring van deze inaktieve metaboliet wel door rechtstreekse
dejodering tot stand komt, d.w.z. =zonder dat voorafgaande sulfatering hoeft
plaats te wvinden. Dit lijkt dan ook de verklaring waarom onder omstandigheden
van verminderde dejodase-aktiviteit 1in de lever {ziekte, wvasten} er een
verminderde klaring en stijging van het serumn ITy optresdt.

Terwijl door deze experimenten een beter inzicht wverkregen werd in de
mechanismen wvan het Jjodothyronine metabolisme kan de betekenis van deze
waarnemingen voor ziekteprocessen, vermagering of geneesmiddelen—gebruik nog

niet exakt gedefinieerd worden. Hiervoor is nader onderzoek vereist.
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NAWOORD
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onontbeerlijke ontwikkeling van een kritische instelling ten opzichte wvan met
name elgen waarnemingen als ocdk die van anderen, komt de besluitvorming en het

klinisch inzicht van de medicus ten goede.

Het totstandkeomen van een dissertatie is van veel mensen en een aantal
onvoorspelbare faktoren afharkelijk. Op deze plaats wil ik graag miin dank
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Het is Theo Visser geweest die vanaf miin eerste orwennige begin in Thet
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onderzoek. Zijn kemnis van zaken, heldere manier van denken en goede ideedn
zijn veor mij een bron van inspiratie geweest. Ook van de vrijheid die hij mij

liet bij de experimentele uitvoering helb ik veel geleerd.
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het uitwerken van de talloze chroamatografiedn.
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wijze de vaak gecompliceerde experimenten en massale chramatografiefn verzorgd.
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