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SCOPE OF THE THESIS

Thyroid hormone plays an important role in the development and in the regulation
of metabolic processes in vertebrates. The hormone is produced by the thyroid, mainly
as the biologically inactive product thyroxine (T4). Only 20% of the biologically active
form of thyroid hormone, 3,3’ 5-triiodothyronine (T3), is produced by the thyroid, the
remaining 80% stems from the peripheral deiodination of T4 to Tz. In the latter
conversion process, the deiodinase located in the liver plays an important role. Organs,
ike the brain, the pituitary and brown adipose tissue, produce T3 from T4 locally to
meet (part of) their needs of active hormone. In contrast, muscle, and also liver, largely
depends on plasma T3 for biologic action (This means that most of the T3 produced
in the liver from T4 is first secreted into the plasma before part of it is internalized
again). Because the deiodinases are located in the endoplasmic reticuium, it is clear that
T4 has to cross the plasma membrane as a first and imporiant step in its activatiorn.
Furthermore, plasma membrane transport of T3 is necessary before it can regulate gene
expression by binding t¢ nuclear receptors found in a wide variety of cells and tissues,
or before it can be degraded. Chapter II describes the general knowledge about thyroid
hormone transport and metabolism accumulated by others and curselves predominantly
during the last decade.

In this thesis the relevance of the plasma and plasmamembrane transport of thyroid
hormone in its activation and metabolism is described. All early studies in our
laboratory on transport of thyroid hormone over the plasma membrane were performed
with rat hepatocytes in primary culture, with 2 medium containing only 0.5 or 1%
albumin, in fact in no way comparable with plasma or interstitial fluid, the physiological
medium. Plasma contains three thyroid hormone binding proteins, which bind more
than 99.97% of the circulating T4. About 75% of this T4 is bound to thyroxine binding
globulin, 15% to thyroxine binding preaibumin and 10% to albumin. Because there
existed {and still exists) a controversy in literature whether different concentrations of
binding proteins influence uptake of hormone into tissue cells, we have tried to resolve

this problem by comparing the results of tracer kinetic studies in subjects with an

12



autosomal dominant inherited elevated binding of T4 to serum proteins with similar
data obtained in normals. In chapter I it was shown that z strongly elevated binding
of T4 in seram does not lead to a change in free hormone concentration or a change
in disposal rate of T4, which finding makes a role of these binding proteins in the
tissue upfake of thyroid hormone unlikely. Furthermore, it was shown that this
biochemical syndrome, originally described by us, is caused by albumin with high affinity
for T4, and that this albumin is also present in low concentrations in normals. In later
studies in the literature this syndrome is known as “"familial dysalbuminemic
hyperthyroxinemiza" (FDH).

Other questions addressed in this thesis are: Is the thyroid hormone uptake system,
present in rat hepatocytes, also operative in human celis (Chapters IV and VII); Is the
efflux of thyroid hormone out of the cell an active, carrier mediated process (Chapter
V); Does inhibition of the uptake of hormone results in a diminished metabolism
(Chapters VI and VII) or occupancy of the nuclear T3 receptor (Chapter V); and
finally, Does normal albumin play 2 role in cellular transport of iodothyromines
{Chapter IX).

In chapter IV it is demonstrated that human erythrocytes, an easily obtainable human
cell type, contain a carrier mediated transport system for T'3, which system is, in contrast
to rat hepatocytes, not energy (ATP) dependent and canmot be inhibited by ouabain,
Therefore, this system is not comparable to the energy dependent transport system of
rat hepatocytes. On the other hand, chapter VI shows that human cultured fibroblasts
contain both a high and a low affinity transport system, completely comparable to that
of rat hepatocytes.

Under equilibrium conditions it can be argued that the intracellular free hormone
conceniration is only dependent on the extracellular free hormone concentration, the
activity of the uptake system tranmsporting hormone inte the cells, and the effiux
processes transporting hormone out of the cells, regardless the amount of intracellular
binding proteins. As it was shown in chapter V that efflux of thyroid hormone out of
the cell is a passive mechanism, probably driven by the free hormone concentration

gradient, the intracellular free hormone concentration is therefore (apart from the rate
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of the metabolic processes) probably only dependent on the activity of the uptake
process. This implies that inhibition of this process will lead to a lower free hormone
concentration inside the cells and thus to a lower nuclear receptor occupancy and lower
substrate availability to the deiodinating and conjugating enzymes, and consequently to
a lower metabolism. We could actually show this sequence of events, both in the case
of the occupancy of the nuclear receptor by T3 {chapter V) and in the case of
diminished metabolism when uptake of thyroid hormone is inhibited, irrespective of the
type of inhibition, either by cuabain, or 2 moneclonal antibody (chapter VI) or by
chemical modification of the carrier protein (chapter VIII).

In 2 number of publications Pardridge et al. claimed that only hormone bound to
albumin is available for transport into the liver. From this finding they conclude that
cellular transport into the liver is dependent on the albumin concentration in plasma.
With a recirculating liver perfusion technique we could demonstrate that total transport
of Tz to the liver is indeed dependent on the albumin concentration (chapter IX).
However, it could also be shown that mot all T3 transported to the liver is being
translocated to the cellular compartment and subsequently metabolized, but part is
bound outside the cellular compartment. Only transport to this latter pool of T3 is
dependent on the albumin concentration in the medium. The amount of T3 transported
imto the cells for further metabolism is solely determined by the free T3 concentration

and is independent of total T3 or albumin concentration in the medium.
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Chapter I1

Plasma membrane transport of thyroid hormones
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1. INTRODUCTION

Thyroxine (T4), the principal secretory product of the thyroid gland, has little
intrinsic biological activity (1). Production of the actual hormone 3,3",5-riiodothyro-
nine (T3) involves enzymatic deiodination of the phenolic ring of T4 (1). It is also
possible that the tyrosyl ring of T4 is delodinated, in which case 3,3’,5-triiodothy-
ronine (rT3) is formed with complete loss of thyromimetic activity (1). Deiodinases,
which act not only on T4 but also on its derivatives, are present in various tissues
(2). Prominent among these is the liver deiodinase, or type I deicdinase (2), the liver
being the major source of peripheral T3 production from T4 (3). This enzyme
catalyzes both deiodination of the outer- or phenolic-ring, in which case T4 is
converted to Tz, or rT3 to 3,3To, as well as the deiodination of the immer- or
tyrosyl-ring, producing T3 from T4, or 3,3T2 from T3 (fig. 1). Normally deicdinati-
on of T4 accounts for 80% of total T3 production and an even greater fraction of
rT3 production in humans and in rats {4,5). Because the deiodinases are located
inside the cell in the endoplasmic reticulurm, both in the Hver (6) and in the pituitary
{7), it is clear that transport of T4 over the plasma membrane is 2 first and tmpor-
tant step in its actvation. Furthermore there exists abundant evidence suggesting that
T3 regulates gene expression by binding to nuclear receptors found in a wide variety
of cells and tissues (8,9). The majority of cells predominantly relies on plasma T3 for
their supply of hormene (10,11), although there are some notable exceptions as for
instance rat brain, in which > 50% of Tz is obtained from local conversion of T4
(10). In rat Yver about 40% of T3 is produced by local conversion {10), except for
nuclear T3 which is for 80% or more derived from plasma (11,12). It is therefore
clear that T3 has to be transported over the plasma membrane too, as a first step
before it can exert its activity, or before it can be degraded. It has been postulated
that thyroid hormomes enter the cell by passive diffusion (13,14), based on the
lipophilicity of the hormones, which would therefore easily pass the lipid bilayer of
the plasma membrane.

However since 1976 a large body of evidence has been presented from different
laboratories, that thyroid hormones are transported from the extracellular compart-

ment through the plasma membrane into the cell by an energy-dependent, saturable
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Figure 1.

Pathways of thyroxine (Ty4) deiodination.
1 = outerring deiodination, producing 3,3, 5-triiodothyronine (T3) from T4 or 3,3-diiodothyronine (3,3%T5)
from 3,3, 5-triiodothyronine, or reverse tiiodothyronine (rT3). 2 = innerring deiodination, producing rT3
from Ty or 33T from T3 Both reactions are catalyzed by the type I deiodinase as present in liver and
Kidney. Type II deiodinase as present in pituitary, brain and brown adipose tissue, catalyzes only reaction I,
while type III deiodinase present in brain, skin, and placenta only catalizes reaction IT (2).

process (15-3C).
2. INFLUENCE OF PLASMA BINDING ON MEMBRANE TRANSPORT

In euthyroid humans differences in the sizes of the extracellular pools of thyroid
hormones are encountered, due to variations in serum binding proteins. Normally
over 99% of the hormones are bound to plasma proteins. The three major carriers
are thyroxine-binding globulin (TBG), thyroxine-binding prealbumin (TBPA) and
albumin. In pormal serum TBG binds 78%, TBPA 11.5% and albumin 10.3% of
circulating T4 (31[chapter III}). According to "the free hormone hypothesis” as
criginally proposed by Robbins and Rall (32}, the free hormone concentration in

17



serum governs hormonal delivery to the cell and ultimately regulates hormonal
action. It can be calculated that in the human liver the rate of dissociation of Ta
from TBG, TBPA and albumin together is more than one order of magnitude larger
than the unidirectional removal of T4 from the plasma during a single pass (31[chap-
ter XII],33-35; see Table 1). Because in equilibrium the efflux from the cells is almost
as large as the influx, the net removal of T4 is three orders of magnitude smalier
than the combined dissociation rates of T4 from its binding proteins. Thus in this
model the intracapillary free hormone concentration is maintained at a constant
level. Similar calculations show that TBPA, the major carrier protein in rats (36,37),

liberates T4 at a faster rate than required for tissue entry during 2 single capillary

Table 1
Bound hormone Free hormone Liver disposal
T4 -TBG —_—
t1/2 = 39 sec 1588

<——_u_

FT, 542 Pool T4 > 3.0

T4-TBPA —_— —— —_—
tisz = 7.4 sec 1230 2.5 e 539 nmol

Lo 534.8

pmol ]

T4-A1b —_ 1
tizg < 1 sec > 7810 Ty, —> T3

T conversion

< 4.3

T3-TBG —_—> |
tiyz = 4.2 sec 266 i

<~—

FT3 33.6 Pool T3 2.7

T3-TBPA ——— ——— —
t1s2 = 1 sec 30 0.4 < £.8 nmol

L < 55.2

pmol

T3-Alb _—
12 < 1 sec > 285

<—nw—-——-._

Hormone fluxes (pmol/10 sec) in the cuthyroid human liver durisg onc capillary transit (10 sec, 123
ml plasma (33)). ty : balllife of dissociation of the hormone from the protein at 37 C (34). Distribution
of T4 over its bindmg proteins from (31), and of Ty (TBG: 77 + 4.5%, TBPA: 21 + 1.1%, Albumin:
202 + 42% (mean £ SD, n=20) estimated with the method deseribed in (31)). All other data are
taken from (35). FT4 and FTy extracellular amount of frec hormone in pmol/123 ml. Values between
the first and second column indicate dissociation of hormone in pmol/10 sec at 37 C based on normal
total hormone comcentrations. Values between the second and third column indicate tramsport of
hormone from the free hormone pool into the liver and vice versa.
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pass. However, the actual sitnatior may be more complicated by molecular events
occuring in the microcirculation such as intracapillary diffusion and capillary wall
perfusion (38,39).

In contrast with Robbins and Rall, Tait and Burstein (40), in their studies on
transport of steroid hormones into the liver put forward the concept that only the
free hormone pool is available for transport imto the liver during a single pass of
blood through the organ. However, from Table 1 it is clear that this cannot be the
case in tramsport of thyroid hormones, because the unidirectionmal removal of
hormone greatly exceeds the free hormone pool. Therefore, Pardridge and coworkers
have extended this concept in a number of presentations (see ref. (41) for a review)
in such a way that besides the free hormene pool also the hormone bound to
albumin is available for transport. To elaborate this model these authors have used a
single pass injection technique (42). In this technique tracer hormone is injected
together with tritiated water, a freely diffusable substance, in various media into the
portal vein. After one pass through the liver, cellular uptake of thyroid hormone is
calculated from the difference between the amount of tritiated water and thyroid
hormone retained by the liver. However, besides large methodological problems,
which are discussed elswhere (43,44), it is clear that this method measures the
unidirectional flux to the liver, which is two orders of magnitude greater than the net
removal of hormone in an equilibrium sitnation (Table 1). Because it is clear from
the data presented in Table 1 that albumin is able to deliver the largest amount of
hormone by dissociation, the authors conclude that only hormone bound to albumin
can be transported into the liver. To explain the large difference between the size of
the intravascular free hormone pool and the amount of hormone transported into the
liver, they postulate that T4 in plasma enters tissues by protein-mediated transport or
enhanced dissociation from plasma-binding proteins (45). This leads to the conclusi-
on that all T4 uptake in the rat occurs via the pool of albumin bound Ty (45),
because in the same article the authors conclude that T4 bound to TBPA in rat
serum is not available for transport. But recently it was shown (46) that transport of
Ty into the rapidly exchangable pool (REP), which is mainly composed of liver and
kidney (47,48), and the size of the REP in analbuminemic rats is indistinguishable

from normal rats. This finding makes a special role for albumin in T4 transport in
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the rat very unlikely.

According to Pardridge et al. (45) T4 bound to human TBPA is highly transpor-
table in liver as is T4 bound to human albumin (42). Therefore one would expect
that T4 bound to albumin present in subjects with familial disalbuminemic hyperthy-
roxinemia {FDH) is also transportable in liver, becaunse the affinity constant of this
modified albumin (K, 0.7 - 1.0 x 107 1/mol) (31,49[chapter III}) is in between that of
TBPA (K, = 108 i/mol) (31[chapter IIi]), and albumin (K, = 10% 1/mol) (31{chap-
ter III]). FDH is an autosomal dominant biochernical syndrome, which is characteri-
zed by elevated total T4 concentrations, normal free T4 levels, normal total T3
concentrations and an euthyroid clinical status {(50[chapter II],51,52). Originally it
was claimed by Pardridge and coworkers (53} that T4 bound te FDH albumin was
freely transportable in rat liver, leading to a hyperthyroid liver with increased plasma
concentrations of sex hormone binding globulin (SHBG) in many subjects with FDH,
similar to the increased concentrations of SHBG in patients with hyperthyroidism
(54). These findings were presented in extended form in a later study by a number
of the same authors (55). In the original description of the FDH syndreme (50[chap-
ter HI]) it was found that T4 tunover was normal in affected subjects, and subse-
quently, Mendel and Cavalieri (56) showed that the absolute rate of Ty flux into the
rapidly exchangeable cellular compartment, the intracellular T4 pool size, and the
T4 disposal rate are all normal in FDH, consistent with the normal serum concentra-
tions of free T4 and the eumetabolic state of these individuals. In a following paper
of Pardridge and coworkers (57) it was shown that the bicavailability of T4 bound to
FDH albumin was low, in contrast to their original study (53) and a later study of 2
number of the same authors (55), but in accordance with the findings of Hennemann
et al. (30[{chapter III]), Mendel and Cavalieri (56) and Sarne and Weinberg (58). The
issue was reopened by Bianchi et al. (59), who showed, using a three compartmental
model of hormene distribution and metabolism (47,48), that T4 disposal rate was
significantly increased (by 42%) in subjects with FDH as compared to controls, while
there was no change in subjects with TBG excess, a condition with comparable
serum T4 elevations as FDH. T4 and Tz distribution volumes and T3 clearance rate
were unchanged. Ty peripheral production was increased by 24% in FDH subjects.

From these data the authors conclude that T4 bound to FDH albumin is more
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available to tissues than T4 carried by TBG, thus suggesting an important role of
albumin in T4 availability t¢ peripheral tissues. However, close inspection of the data
presented {59) revealed that the mean free T4 concentration in the FDH group was
40% higher than in the normal group or the group with TBG elevation. Therefore,
the raised T4 dispesal in the FDH group could be easily explained by this higher
free T4 concentration on the basis of the free hormone hypothesis of Robbins and
Rall (32).

Finally, it was shown in a recent study (60) that cellular uptake of T4 by human
hepatoma (Hep G2) cells from media containing serum from normals, subjects with
FDH, or subjects with TBG excess, reflects the free T4 concentration and is not
influenced by the fraction or amount of T4 bound to TBG or to the variant albumin
of FDH. Therefore, it can be concluded from the data presented that most probably
there is no special role for albumin in the transport of thyroid hormones into the
intracellular compartment, and that transport of thyroid hormones is governed by the
free hormone concentration, if the membrane carrier processes are unchanged, which

is clearly not always the case (vide infra).

3. IN VIVO STUBRIES

Clinical conditions such as nonthyroidal illness, starvationm, surgery, or use of
coméounds such as x-ray contrast agents, dexamethasone, propranocliol or propylthiou-
racil (PTU) induce a "low T3 syndrome" (61}, which is characterized by decreased
serum T3 concentrations and elevated T3 levels, while serum total T4 concentrati-
ons are usuvally normal. Kinetic studies of the turnover of the hormones have
revealed that the production of T3 is decreased, but its clearance is unchanged,
whereas production of rT3 is unchanged, but its clearance is diminished (Fig. 2)
{1,61). One explanation could be a reduced 5-deiodinase tissue activity, resulting in
a decreased T3 production from T4 and a reduced breakdown of T3 (61). Another
explanation, however, could be a change in transport of thyroid hormone across the
plasma membrane leading to a reduced substrate availability for the type I deiodina-
se in the tissues, which will also lead to a reduced production of T3 from T4 and
breakdown of rT3.
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Figure 2.

Effects of various clinical conditions such as nonthyroidal illness, starvation, surgery, or use of
compounds such as x-ray contrast agents, dexamethasone, propranolol or propylthiouracil (PTU) on serum
levels, metabolic clearance rate (MCR), and production rate (FR) of T3 and rT3 (expressed as % of
control).

3.1 T4 kinetics

Most of the kinetic studies mentioned above have been performed with the
non-compartmental analysis as first applied to thyroid hormones by Oppenheimer et
al. (62). This calculation technique yields values for total body hormone pool sizes,
fractional clearance rates and total body production rates. Howevér, it is not possible
to estimate tissue pool sizes or fluxes into tissues (63). These data can be obtained
using a three compartmental model of thyroid hormone distribution and metabolism.
This model consists of a central plasma pool in equilibrivn with a rapidly equilibra-
ting tissue pool (REP) and a slowly equilibrating tissue pool (SEP). It is assumed
that disposal of hormone only occurs in the tissue pools. Since the original publicati-
ons of DiStefanc et al. (47,48) on the use of this three compartmental kinetic model
of T3 and T4 metabolism, 2 large number of reports has appeared using this model.
It can be argued that the REP in this model is mainly composed of liver and kidney
(47). Because the size of the liver pool is quantitatively the most important, mass
transport to this REP can be equated to hormone transport t¢ the liver. With this
method we showed that transpori of T4 to the REP was diminished during caloric
restriction (35), a condition leading to a low T3 syndrome as indicated by low serum

T3 and raised serum rT3 concentrations, and to a decrease in size of the rapidly
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equilibrating T4 pool, i.e. liver compartment (35) (Table 2). This finding could
indicate a lower substrate availability for the type I deiodinase, the enzyme responsi-
ble for T3 production (64,65) and T3 breakdown (33,66) in the liver, leading to a
lower production rate and serum concentration of T3 with an unaltered metabolic
clearance rafe of T3 (35). On the other hand, induction of a low T3 syndrome with
d-propranolel (67) is not associated with an altered transport of T4 into the liver,
nor o a smaller REP (Table 2). Therefore, it seems that in this case the lower T3
production and rT3 degradation has to be explained on the basis of an inhibition of
the type I deiodinase.

In the normal and low-T4 states of nonthyroidal illnesses the fractional rate of Ty
transport from serum to tissues is reduced to one-half of the normal value (Table 2).
There are indications that a similar alteration is present in the high-T4 state induced
by illness (68} and with acute amiodarone administration (69). This decrement in
fractional rate of T4 transport is not related to the serum levels of total or free Ty
(70-75; Table 2). On the other hand the fractional rate of T4 transport is reduced in
high TBG states (76) or FDH (56), and increased in low TBG states (71,75,76) in
healthy subjects. This results in 2 normal mass transport of T4 to the tissues.
Because in illness the reduction in the fractional rate of T4 transport from serum to
tissues cannot be attributed to alterations in serum T4 binding, other causes such as
an impairment of transport into tissues must be assumed. However, this is not always
the explanation for the occurrence of a low T3 syndrome, as was shown in subjects
after ingestion of d-propranolol (67), suggesting that the changes in T4 handling were
restricted t¢ the type I deiodinase. This is probably also the case in patients with a
low T3 syndrome caused by chronic renal faflure {(CRF). In two studies by Kaptein
et al. (73,74) a diminished fractional rate of T4 transport in CRF was found, while in
a later study the same authors did not find any change in transport of T4 as
compared to normals {77) (Table 2). This latter finding is in accordance with Faber
et al. (78) who reported a strongly reduced serum T4, a normal FT4 with an
elevated metabolic clearance rate in CRF, leading to a normal Tz tansport and
disposal. These findings can be explained on the basis of normal Ty production with
diminished serum binding of T4. However, T3 production is diminished (78}, which

indicates a diminished T4 to T3 conversion, and be cause transport of T4 seems not
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Table 2

Kinetic data of thyroxine tramsport, and tissuc concentrations in nonthyroidal illnesses, and other
conditions causing a low T3 syndrome.

Tz content

fractional mass e
transfer transport All REP
Diagnesis T, Fla rate rate tissues reference

(% of normal mean values)

Liver disease 105 - 45 48 - - (70)
Liver disease 99 174 41 46 42a - (7L)
Cirrhosis - - 38 - 54 72)
Chronic renal 112 119 48 54 84 75 {73,74)
failiure

Critical illmess 25 56 54 29 24 21 {75,74)
Chronic renal 99 93 99 116 128 149 (77}
failure

Caloric g8 125 68 69 72 80 (35)
deprivation

D-propranclel 114 113 98 112 11 123 (67)
treatment

4) 78% present in the liver (as estimated by liver biopsy)

to be changed, this can be explained by an altered type I deiodinase activity.

3.2 T3 kinetics

In normal subjects 20% of the T3 production stems from thyroidal secretion and
80 % from peripheral deiodination of T4. In nonthyroidal illness thyroidal production
of T3 is normal (79), but the peripheral production of T3 Is decreased, which
diminution is responsible for the low serum T3 levels. In fact, a direct correlation
between the serum T3 concentrations and the production rates of T3 can be found in
patients with nonthyroidal illnesses (80), because usually the metabolic clearance rate
of T3 is not different from normal (35,67,80). Thus, a decreased serum T3 concentra-
tion is indicative for 2 diminished production of T3, because production rate is equal
to the product of metabolic clearance rate and serum concentration (62). The
fractional rate of transport of T3 to tissues is not significantly altered in patients with
liver cirrhosis (72), critically ill patients (75) or during caloric deprivation (35). Since
these patients have a marked reduction in their serum T3 binding, one would expect
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Tabile 3

Thyroid hormone binding to plasma membranes of various tissues

Dissociation constants (Kg) (m)

Source of membranes Ty T3 rTy reference
Ko Ka2 X1 Kg2  Kg1 Kap
Rat liver - 3.2 220 - {85)
0.6 23 6.0 300 - (86)
0.6 23 9.7 237 - (87}
0.6 Ly 200 1) & Ly (s
6.6 DL - - (89)
9.8 - - - (92)
Rat spleen NM M - (87)
Rat kidney 4.5 127 16 270 - {87}
Rat testis 28 286 2.7 - (87)
Rat thymocytes - 1.0 25 - {(80)
Human placenta - 2.0 18500 - (9L

- second class of binding sites present; - = not tested;
= not measurable

§§1 = high affinity; Kqo = low affinity;

M

an increase in the fractional rate of transport of T3 to tissues as is seen in patients
with low TBG (81). The finding of 2 normal fractional rate of transport of T3 to

tissues in these patients is suggestive of the presence of a tissue transport defect of
T3 too.

3.3 1Tz kinetics

rT3 serum concentrations are increased and metabolic clearance rates are
decreased in patients with nonthyroidal illness (67,75,82-84), and both are about
normal in those with renal disease (73,78). This results in normal production rates in
both groups of patients. Data on the fractional rate of transport of rT5 to tissues are
scarce. We have shown (67) that during d-propranolol treatment rT3 transport to the
tissues is normal, as was also found for Ta. This is in accordance with the finding
that in rat hepatocytes 113 and T4 are transported by the same mechanism (19-21),
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whick would imply that inhibition of transport of T4 to the liver, as in caloric
deprivation (35), will be accompanied by a diminished transport of T3 to the Liver.
Because the liver is the main site of disposal of T3 (33), this will lead to a diminis-
hed metabolic clearance rate of 1T3. Production however is not altered (75,82-84),
and therefore serum concentration of rT3 is elevated. This has been actually found
(35), but whether the sequence of events as outlined here is the cause of this

elevation remains to be proven experimentally.

4. IN VITRO STUDIES

4.1 Thyroid hormoene binding to purified plasma membranes

Plasma membrane preparations of rat liver, kidoey, testis and thymocytes contain
two sets of binding sites for T4, T3, and 1Ty (85-92; see Table 3 for an overview),
although not all authors tested all three compounds. In purified plasma membranes
of rat spleen no binding sites were detectable (87). Because spleen respomse to
thyroid hormone is limited (93), there may be a relationship between the presence of
membrane binding sites and the sensitivity to thyroid hormone in different tissues
(87). High-affinity binding of T4 and T3 occurs to different sites (87), as deduced
from mutual displacement experiments. Furthermore, it has been snggested that
these binding sites are involved in transport of thyrcid hormone over the plasma
membrane {85,87).

42 Thyroid hormone uptake into isolated cells

4.2.1 Triodothyronine

Kinetic studies of the imitial uptake of T3 into rat liver parenchymal cells in
primary culture have shown the presence of two saturable sites, one with a low Xy
or high-affinity site (FAS), and the second with a ugh Ky, or low-affinity site (LAS),
respectively (see table 4). Similar findings were reported by other authors for a
pumber of different cell types, such as rat hepatocytes (15,27,94), human cultured
fibroblasts {22,26[chapter VII),95), culured GHz cells (96), human Hep G2 hepato-
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carcinoma cells (28), human cultured lymphocytes (18), mouse thymocytes (30}, and
mouse neuroblastoma cells (97).

The HAS is {partially) blocked when cells are preincubated with metabolic
inhibitors such as KCN, dinitrophenol (DNP) or oligomycin, indicating the ener-
gy-dependency of the system (Table 4). This was also found in other cell types (97).
The HAS is also strongly influenced by changes in temperature. An increase im
incubation temperature leads to an increase in the apparent Michaelis constant (Kpp)
(Table 4) and maximal velocity (Vmgy) of this high-affinity system (19). This
dependence on both temperature and energy strongly suggests that the HAS of T3
represents an active trapsport process. Uptake of T3 by the HAS at 21 C can be
inhibited competitively by high concentrations of T4, with a Kj of 46 nM (19}, a
much higher value than the Ky for the HAS of T4 {1.2 nM; Table 5). Furthermore,
the HAS is inhibited by ouabain, a specific inhibitor of Na¥ K*-ATPase, which
could imply that a sodium gradient over the plasma membrane is of importance in
this transport process. This sodium-dependence of the T3 uptake was also found in
rat skeletal muscle (98). It is however clear that the HAS and the Na+ K*-ATPase
are not identical, because a recently developed monoclonal antibody, which inhibits
uptake of T3 by rat hepatocytes, does not influence the transport of Rb* imto these
cells (99}, in contrast to ouabain which strongly inhibits this transport (99). On the

Table 4

Characteristics of mitial uptake of 3,3, 5-trifodothyronine by different cell types.

Cell type temp. Kp1 Kpo Inhibitors of reference
°C nM low Ky system

Rat hepatocytes 0 NM 1500 KCN 2 mM (17,19,20,99)
21 21 1800 DNP 2 mM
37 61 2800 Oligomycin .1 mM
Ouabain OomM

Monoclonal antibody

Human fibroblasts 37 29 646 KCN 1o (26)
Ouabain 2 mM

Human erythrocytes 37 128 NM not energy dependent (103}

Kl = low ¥, (high affinity) system; Kpp = high K, (low affinity) system;
NM = not measurable
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other hand, the LAS of T3 does not show an important temperature- or energy-de-
pendence (19; Table 4). On this and other evidence, like the fact that the Vigax of
the LAS of T3 but not of the HAS is lowered by washing the monolayers with
medium containing a T3-binding protein after the 1 min incubations with tracer T3,
it has been suggested that this LAS represents binding of T3 to the outer surface of
the cell (17,100).

It has been shown that transport of T3 into rat skeletal muscle is saturable,
stereospecific and energy dependent (25,98,101). Similar findings have been reported
for rat skeletal myoblasts in cuiture {102}, This transport is dependent on an intact
sodium gradient over the plasma membrane, because diminution of this gradienmt
either by replacement of extracellular Na* by choline or lithium, or by inhition of
Na*t /KT-ATPase with ouabain, reduced the specific (saturable) uptake component
(98). However, T4 uptake was not affected by changes in extracellular Na* (98).
Insulin stimulated specific T3 uptake more than two-fold (101). The effect could be
blocked by addition of 10 M T3 tc the medium or by substitution of extracellular
sodium with lithium. In contrast, T4 uptake is insensitive 10 insulin (101).

Uptake of T3 by human erythrocytes on the other hand involves only one
saturable process, which is not energy-dependent and cannct be inhibited by ouabain
(103[chapter IV]). This has also been found for tadpole, frog {104), and rat erythro-
cytes (105,1C4), and recently it has been shown that transport of T3 into rat erythro-
cytes follows a so-called simple pore model (106).

422 Thyroxine

Similar to T3 it has been shown with T4 tracer kinetic studies that initial uptake
of T4 into cultured rat hepatocytes (19,20,99,107) and human cultured fibroblasts
(26[chapter VII]) comsists of two saturable uptake systems: a high-affinity system
(HAS) and a low-affinity system (LAS) (see Table 5). In hepatocytes the Vipay of
the HAS is dependent on temperature; i.e., an increase in temperature leads to an
increase in the Vay (107). Analogous to T3 the HAS of T4 is energy-dependent
and ouabain-sensitive, which findings suggest a transport function, while the LAS of
T4 is neither dependent on energy nor on ouabain, both in hepatocytes (107) and in
fibroblasts (26[chapter VII}). Uptake of T4 by the HAS at 21 C is inhibited competi-
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Table 5

Characteristics of initial uptake of thyroxine and 3,3, -trilodothyronine by different cell types.

Cell type temp. Kpp ) Inhibitors of reference
°¢ e S low K system
Tq
Rat hepatocytes 21 1.2 1900 KCN 2 mM (19,20,99,107)
37 1.4 ) Oligomyecin .1 mM
Ouabain S5 omM
Monoclonal antibody
Human fibroblasts 37 1.9 141 KCN .1 mM (26)
Ouabzin 2 mM
T3
rat hepatocytes 37 6.0 1y Quabain .5 mM (20,99)

Monoclonal antibody

B Lo (P FEARY e ST e K (o sffinien) syscen
tively (by high concentrations of) T3 with a Kj of 90 oM (19), a much higher value
than the Kmy, for the HAS of T3 (21 nM; Table 4). Because a similar difference was
found between the K;j of inhibition of T3 uptake by T4 and the Ky, of the HAS of
T4 (vide supra), it was concluded that T3 and Ta uptake proceed via different
systems.

T4 uptake by freshly isolated rat hepatocytes in suspension has been reported to
take place by a saturable, sodium-independent, low-affinity system (27), comparable
to the LAS mentioned above, or by simple diffusion (108). Simple diffusion as the
mechanism of T4 uptake has also been reported for rat skeletal muscle (98,101) and
rat liver slices (109). This may be explained by the fact that in freshly isolated
hepatocytes the intracellular ATP concentration is only 25 nmol ATP/35 pg DNA,
which figure corresponds well with published data (< 40 nmol ATP/35 pg DNA)
(110), while im cultured hepatocytes ATP concentration is much higher (64 nmol
ATP/35 ug DNA (20); see legend to Fig. 3). Active uptake of T4 by the HAS is
strongly dependent on this intracellnlar ATP concentration (Fig. 3). It is therefore
possible that mainly the LAS has been measured in the hepatocyte suspensions,
which system is not energy-dependent or inhibited by ouabain (19).

In the studies with rat skeletal muscle (98,101), isolated intact muscles were
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Figure 3.

Active transport (in % of control) of iodothyronines into rat hepatocytes in primary culture (4 hours
after isolation) as a function of cellular ATP content (in % of control). Values from incubations with 6.7
mM glucose are expressed as 100%. The absolute control values amounted to 0.67 Ty 36 T3 38 T3
pmol/35 ug DNA/min and 64 nmol ATF/35 g DNA. ATP content was varied by preexposure of the
cells (during 30 min) to the indicated concentrations of glucose or fructose. Thereafter, the monolayers were
exposed to the following free hormone concentrations for 1 min at 37 C: 0.1 nM Ty 9 nM T3 and 1.2 nM
rT3. Each uptake value represents the mean + SEM of > 6 experiments (in quadruplicate) and ATP values
are from > 16 experiments (at least in duplicate). Statistical evaluation on T3 and Ty transport with
Student’s t-test results in -) p<0.005; "} p<0.025: ¥) p=0.025. Reproduced from (20).

incubated in medium, and it is conceivable that Op supply is less than optimal in
these circumstances compared to the in vivo situation, leading to 2 less than optimal
ATP concentration in the incubated tissues. In the swudies with rat liver slices (109)
tissue was incubated with mucromolar concentrations of T4, orders of magnitude
above the Kp, of the high-affinity (emergy-dependent} uptake system, in an atmosp-
here of mitrogen, which will result in low cellular ATP concentrations. For these two
reasons it is clear that in this case the uptake of T4 will follow diffusion kinetics.
More studies under optimal conditions are necessary before firm conclusions can be

drawn concerning T4 uptake in different cell systems.
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4.23 Reverse triiodothyronine

Initial uptake of rT3 into rat hepatocytes in primary culture occurs by an ener-
gy-dependent, high-affinity system, similar to T3 and T4 {Table 5). This uptake can
be inhibited (at least partially) by a monoclonal antibody and ouabain (19,9%). On
the basis of a similar dependence of the rT3 and the T4 uptake into cultured rat
hepatocytes on intracellular ATP (Fig. 3), it was postulated that these two iodothy-
ropines share a common pathway of transport into the cell (19). No studies have
been performed to show the existence of a low-affinity system or a temperature

effect on rT'3 transport.

424 Influence of albumin on transport

With 1 g/1 or less albumin in the medium no active uptake of T3 can be measu-
red inte rat hepatocytes in monolayer culture (100). This finding can be explained by
assuming that in this case the diffusion over the unstirred waterlayer around the cell
is rate limiting in uptake. With increasing albumin in the medium the T3 concentra-
tion around the cell in this unstired waterlayer will be stabilized. Measurement of
initial uptake velocities of T3 into rat hepatocytes in media containing in creasing
concentrations of albumin (5-20 g/1} results in a linear increase of the Viay of both
the HAS and the LAS of T3, without 2 change in the respective Kpy’s (100). It has
been shown that = 0.3% of added albumin remains associated with the cells after
washing the monolayers with medinm without albumin (200). This indicates that with
increasing amounts of albumin in the incubation medium, more albumin remains at
the outer cellular surface, or in the unstirred waterlayer, which could be an explana-
tion for the increase in the Vipgy of the LAS of T3 (100). The finding of an
increase in the Viax of the HAS of T3 suggests a positive function of albumin in
the transport mechanism of T3 (100). Albumin has been shown to bind specifically to
saturable binding sites on rat liver cells (111). The putative receptor appeared to
mediate uptake of albumin-bound fatty acids (112), by binding the albumin-ligand
complexes and catalyzing their dissociation. Albumin-mediated uptake has also been
described for rose bengal (113,114), sulfobromophthalein (115}, bilirubin (115) and
iopanoic acid (115; for a review see (117}). However, it is unclear how albumin

stimulates uptake, the more because the presence of a specific albumin-binding site
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on the plasma membrane of hepatocytes has been challenged (118,119). Albu-
min-bound ligands are rapidly transferred to affinity chromatography columns
composed of albumin-agarcse beads (120), indicating that direct exchange of bound
ligand between albumin in solution and albumin bound to the column takes place.
Thus, it is possibie that the albumin receptor effect may derive, not from an albumin
receptor, but from the direct exchange of ligands between albumin in the plasma and
membrane proteins with high affinities for these ligands on the sinusoidal liver cell
membrane. Such high-affinity binding proteins, with the function of transport
proteins, have been shown to exdst for fatty acids (121), for bilirubin and sulfobro-
mophthalein (122) and for iodothyronines (19). Transport of ligand by these proteins
into the cells can be inhibited by specific poly- or monocional antibodies directed
against the respective transport proteins (121-123[chapter VI]). Furthermore, a model
has been proposed, which explains the rapid uptake of albumin-bound substances by
hepatocytes without the inferrence of a specific albumin receptor (124). Ancther
argument against the existence of a special role for albumin in the uptake of these
compounds into the liver is the finding that in analbuminemic humans and rats mass
transport of these compounds to the liver is normal despite a comsiderable larger
volume of distribution and plasma clearance rate due to the diminished serum
binding (125), in agreement with the normal transport of T4 to the REP in analbu-
minemic rats (46). Furthermore, it has been shown in rat liver perfusion studies that
the presence of albumin is necessary to c¢btain a uniform distribution of T4 over the
Liver cells, while in the case of perfusion without any binding protein in the medium
virtually all of the T4 is taken up by the periportal cells (126). It was also shown that
the same effect could be obtained by the addition of TBG or TBPA to the perfusion
medium. Therefore it appears that in these liver perfusion studies the stabilisation of
the free hormone concentration in the perfusate is the common denominztor om
which the effect depends.

Finally, we bave recently shown (127[chapter IX]) that in perfused rat livers
transport of thyroid hormone to the intracellular compartment is only dependent on
the free hormone concentration in the medium, and not on the albumin concentrati-
on. This makes a special role for albumin in the uptake of thyroid hormone into the
biver unlikely,
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4.2.5 Importance of intracellular ATP in the uptake of thyroid hormone

Preincubation of monolayers of rat hepatocytes with increasing amounts of T3
during 4 hours leads to a progressive decrease in intracellular ATP (128). In 2
subsequent incubation, initial T3 uptake was found to be progressively decreased,
and a positive and linear correlation was found between T3 transport and intracel-
Iular ATP content (128). Similar results were obtained, when the decrease of
intracellular ATP was induced by incubation of the monolayers with varying concen-
trations of glucose or fructose (20,128; Fig. 3). On the other hand, similar experi-
ments with T4 and rT3 reveals not a linear but a curved relationship between
uptake and ATP concentrations (20; Fig. 3). A decrease in intracellular ATP content
of 50% results in a statistically significant greater inhibition of T4 or rT3 transport
than of T3 transport (Fig. 3). Furthermore, it seems that T4 and rT3 transport are in
2 similar way dependent on ATP, which is different from that of T3 transport (Fig.
3). This is compatible with different pathways for T4 and rT3 on one hand and for
T3 on the other hand.

43 Thyroid hormone release from isolated cells

The intracellular bioavailability of thyroid hormone is the net result of uptake,
intracellular production, intracellular breakdown and efflux from the cells. Particu-
larly in the liver, this bioavailability is mainly governed by uptake and efflux rates,
because intracellular production and degradation rates are small in comparison with
influx and efflux rates (35,67; Fig 2). Only limited data are available on the mode of
efflux of thyroid hormones from cells. It has been shown that cell- associated T3
was released from rat liver cells into the medium with an half-life of about 100 sec
(129). However, no evidence has been provided that this rapid process represented
transmembrane movement of T3. In fact evidence bas been presented (130[chapter
V]) that this process represents efflux of hormone bound to the outside of the cells.
Efflux of both T4 as T3 from the intracellular compartment of rat hepatocytes
proceeds with a half-life of about 7 to § min (130[chapter V]). Dimipishing the
cellular ATP content with 40%, or loading the cells using very high free T3 concen-
trations (0.5 or 54 nM) did not affect this efflux, indicating the absence of energy

dependency and saturation of the system with unlabeled hormone at these concentra-
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tions {130[chapter V]). However loading the cells with 5 pM free T3 leads 10 a
partial saturation { = 409%) of the efflux (RD, EPK unpublished observations),
which could indicate that the efflux process is carrier mediated too, although it is
clear that under physiological conditions efflux will follow diffusion kinetics. Variati-
ons in albumin concentrations in the efflux medium have an influence Ty efflux. The
haif-life values decreased with increasing albumin concentrations from 0 to 1 g/l
and remained constant thereafter. This shows that albumin has a permissive effect on
the efflux of thyroid hormone, probably by facilitating the diffusion of thyroid
hormone through the unstirred waterlayer around the cell (130[chapter V).

It has been shown (106) that both influx and efflux of T3 from rat erythrocytes is
inhibited by high intracellular as well as high extracellular T3 concentrations.
Therefore, it was concluded that the transport mechznism of erythrocytes was
compatible with a carrier-mediated diffusion following a simple pore moedel (106).

Because the uptake process of T3 intc hepatocytes is an active energy-dependent
process, while efflux seems to proceed passively, it is very likely that there exists a
gradient of free hormone over the plasma membrane, as the driving force of this
diffusion process. In fact the ratio of free cytosolic/free plasma concentrations for
1-T3 has been shown to be about 2.8 (131) in vivo, indicating that the free T3
concentration in the cytosol is higher than in the plasma. Surprisingly encugh, these
authors also found a much greater gradient from cytosol o nucleus, A free nuclear/
free cytosolic ratio for L-T3 of 58.2 was found for rat liver (131). This was unexpec-
ted, because it has been shown that there exists large pores in the nuclear envelope
(5.6-5.9 om), allowing the free diffusion of macromolecules as large as 19.5 kDa, and
excloding dextrans with a mol wt of > 62 kDDa (132). In another study (133) it was
shown that the nuclear envelope is very permeable to inulin (mel wt = 535 kDa),
with a resistance to the passage of inulin similar t¢ that of cytosol. Therefore, it
seems that the nuclear envelope plays a negligible role in regulating the nucleoplas-
mic movement of solutes smaller then macromolecules (133). However, inulin
concentrates in the nucleus to four times its cytoplasmic level, which is attributed to
solute exclusion from cytoplasmic water (133), a purely physicochemical passive
process. Thus, it is difficult to explain that such a large gradient as reported (131)

exists for T3 over the nuclear envelope, because the mol wt of T3 is only 651 Da.
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In contrast to the free T3 gradient from plasma to cytosol found in vivo, the
same group of authors found a lesser gradient of 1.65 in GHj cells (134} and could
not find a free T3 gradient from medium to cytosol after incubation of freshly
isolated rat hepatocytes with 1251.T3 and various concentrations unlabeled T3 (135).
However, in view of the results discussed here this is not unexpected. Firstly, they
performed the incubations without any protein in the incubation media, and it has
been shown that in these circumstances uptake of T3 into hepatocytes follows
diffusion kinetics, because the diffusion through the unstirred waterlayer around the
cell is rate limiting (100). Secondly, ATP concentrations in freshly isolated hepatocy-
tes are low (vide supra) and are restored to normal after 4 h culture (20). Because it
has been shown that T3 uptake into hepatocytes is linearly related to ATP (Fig. 3), it
can be argued that a possibly existent gradient is diminished with a similar factor as
the ATP concentration, e.g. 2.5 times as compared to 4 h cultured hepatocytes.
However, it seems that even in these cells active transport is present, because 2 mM

KCN inhibited T3 uptake significantly with a further 24% (133).
5. STUDIES WITH LIVER PERFUSION TECHNIQUES

No change in the rate of conversion of T4 to T3 was observed in perfused livers
of fasted rats, as compared to controls. However fasting resulted in a progressive
decrease in hepatic T4 uptake to 42% of control levels by the third day of fasting,
accompanied by a proportionate decrease in T3 production (136). A similar decrease
in hepatic uptake of T4 (41%) after 2 days fasting was found in another study (167).
When T4 uptake in 2 days fasted rat livers was raised to levels found in fed rats by
increasing the perfusate Ty concentration, T3 production returned to normal (136).
However, restoration of serum T4 levels in fasted rats, which are low during fasting,
failed to correct the decrease in hepatic T4 uptake or T3 production during the
subsequent perfusion (137). It was hypothesized that decreased hepatic uptake was
caused by loss of intracellular T4-binding proteins. Another explanation can be that
the active uptake is decreased due to a diminished intracellular ATP concentration,
which is shown to be decreased in livers from fasted rats (138,139). This role of ATP

can also be concluded from the f{inding that early hepatic T4 upteke is diminished
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when rat livers are perfused with fructose, a compound known to elecit a transient
depletion of liver ATP, while after 20 min of perfusion this inhibition has disappea-
red {167). On the other hand, in other studies no change in T4 uptake from the
medium could be demonstrated during perfusion of livers from dizbetic rats (137),
hypo- or hyperthyroid rats (140), dexamethasone treated rats (141), or when PTU
was added to the perfusion medium (136). All changes in T3 production from T4
should therefore be explained in these cases by changes in 5’deiodinase activity.

Recent investigations have shown that uptake of T3 by the perfused rat liver is
inhibited in livers of rats fasted for 2 days (168,169). This conclusion was drawn from
the finding that the relative amounts of T3 glucuronide, Tz sulfate and iodide
produced from T3 was not changed, only the total amount of T3 metabolized (168),
indicating that intracellular metabolism was not affected by fasting. The inhibition
could be completely normalized by a preperfusion of the livers with a combination
of insulin, cortisol and glucose (168). Transport into livers of hypothyroid amimals
was not altered as compared to euthyroid rats, while uptake by perfused livers of
hyperthyroid rats was significantly lower (169). However due to the fact that
intracellular metabolism was raised in livers from hyperthyroid rats, the total
efficiency of T3 metabolism was not different from euthyroid rats (169).

In two studies with perfused livers (42,136) no saturability of thyroid hormone
uptake could be demonstrated, which is in contrast to the findings with isolated cells
in a large number of papers from different laboratories (15-30). However, in the first
study (136), the maximal free T4 concentration used to saturate the uptake system
was < 04 aM (60 pg/dl in 3% bovine serum albumin (dialysable fraction < 0.05%)
with 15% human erythrocytes), far below the apparent Ky, of T4 transport into rat
hepatocytes (table 5), and therefore not sufficient to detect saturation of uptake.
Lack of saturation in the second study (42) is probably inherent to the technique
used. As discussed previously, the authors have used a single pass injection techni-
que, which method measures the unidirectional flux to the liver, and allows only a
very short period of time for hormone-tissue interactions. This time interval is
probably too short for hormone transport over the cell membrane, and therefore
only reflects binding to the outer cell surface, which has a very high X (17,100 and

table 4 & 5). We have recently shown that these extracellular pools are also present
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in the perfused rat liver (127[chapter IX]). It was concluded that not all T3 is
transported to metabolic active pools in the liver, but that part is bound outside the
cellular compartment. This latter pool of T3 is dependent on the albumin concentra-
tion in the medium. The amount of T3 metabolized is solely determined by the free
T3 concentration, rather than by the total T3 or albumin concentration in the
medium (127[chapter IX] and Fig. 4). Due to the presence of these large extracelln-
lar hormone binding pools, it is clear that it is not possible t¢ measure uptake of
hormone into liver cells with this single pass injection techmique (42). Injected
hormone will for the greater part spread over these extracellular pools, and not enter
the cells. Therefore uptake seems to follow diffusion kinetics in this system, because
binding of hormone to these pools is linearly related to the free hormone concen-
tration (127[chapter IX]).It is thus impossible to distinguish between hormone bound
to the cell surface and intracellularly located hormoene. In addition, it has been
shown (100) that it is impossible with the concentration of BSA (0.19) used in this
liver perfusion study (42) to measure saturable uptake in rat hepatocytes in primary
culture.

6. EFFECTS OF ALTERED MEMBRANE TRANSPORT ON METABOLISM

If the active transport system for thyroid hormones has physiclogical significance,
then it is toc be expected that blockade of this uptake system would result in
decreased intracellular concentration and metabolism of T3 and notably attenuated
occupancy of the nuclear receptor by hormone. Indeed, it has been found that ATP
depleted rat hepatocytes in monolayer show a diminished content of T4 (13C[chapter
VY, Table 6). Inhibition of uptake by ouabain, a substance which does not affect
intracellular ATP concentration, nuclear receptor affinity or maximal binding
capacity, effects a decrease in total uptake of T3 of = 30% after 1 and 2 hours
incubation with tracer T3. Moreover, a more substantial decrease with regard to
nuclear binding is seen, amounting to 50 and 41% after 1 and 2 hours, respectively
(Table 6). The decrease in total uptake is less than for nuclear uptake and may be
explained by the fact that ouabain does not affect the binding of thyroid hormone to

the outer cell surface (19). Another observation also indicated that inhibition of
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Figure 4.

Influence of various concentrations of albumin and free T3 on T3 ransport and metabolism during 60
min in a recirculating rac liver perfusion system. Closed bars: 1% afbumin, mean FT3 89 + 1.16 pmol/l
during the perfusion. Open bars: 4% albumin, mean FT3 47 + 0.97 pmol/l. Hatched bars: 4% albumin,
mean FI3 20.6 + 2.12 pmol/l. Upper left panel: total amount of Ty metabolized. Upper right panel: total
amount of hormone transported to the liver, and inie the celis, respectively. Lower panels: the same
parameters, but corrected for differences in FTy values were adjusted to a mean FT3 of 4.7 pmol/L
Raising the albumin concentration from I to 4%, without a change in total added T3 leads to a fall in
mear: FT3 from 8.9 10 4.7 pmol/l, with a concomitant diminution of T3 metabolized (upper left panel:
closed bars versus open bars; p < 0.001). However, total transport 1o the liver increases significantly (p <
0.001) despite the lower FT3 concentration, while transport into the cells diminishes in parallel with the free
hormone concentration. After correction for the differences in FT3 (lower panel} i appears that the amount
of T3 metabolised and
fransported into the cells
is not significanily diffe- 1.00 10
rent in the experiments
with 1% and 4% albumin
in the medium and there- 0.80
fore not dependent on the
albumin  concentration in
the medium, but total
transport to the liver is
raised more than two-fold,
when the albumin concen-
rration in the medium is
increased from 1 to 4%. 0.20
This indicates that the
major part of the hormo-
ne transported to the liver 6.00
does not enter the eell, matabolized to liver into cells
put is sequestered in a T3 TE transported
metabolically inert pool,
probably located outside
the cell. Transport to this
pool Is dependent orn both
the free hormone and the
alpumin concentration in
the medium, in contrast to
transport of hormone into
the cells, whick is only
dependent on the FI3
concentration in the medi-
um. Similar conclusions
can be drawn from the
results with 4% albumin
and a high FT3 concen- 0
fration in the mediun metabolized to liver inte cells
{hatched bars). Redrawn T2 T8 transported
from data presented in
(127).
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uptake of T3 will lead to lower occupancy of the nuclear T3 receptor. Rats on a
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nutritionally deficient diet with normal iodine intake displayed markedly elevated
serum free T3 levels but showed no increase in oxygen comsumption. This was
associated with greatly reduced hepatic cellular and nuclear 125I-T3 10 serum
125115 ratios following administration of the labeled hormone. Kinetic data showed
that cellular uptake of T3 was decreased. The lack of metabolic effect of the
elevated serum T3 levels was attributed to the reduced availability of serom T3 to
tissue nuclear receptor sites (142)2. Finally, it has been shown in GHj cells that
monodansylcadavarine, an endocytosis inhibitor, which also inhibits T3 uptake in
fibroblasts (22), blocked virtually all of the cellular uptake of T3 and the accumula-
tion of T3 in the nucleus (23), while it was shown that this compound does not
inhibit T3 binding to the nuclear receptor itself. Similar findings have also been
reported by other authors, for ¢ytochalasin B (24), dansylcadavarine (24), chloroquine
(24), and 5,5-diphenylbydantoin (143). The latter compound also inhibits T3 binding
to isolated nuclei (144), although to a much lesser extent than the overall effect on
whole cells, both in vivoe in rat anterior pituitary cells and in vitro in cuitured GC
cells (143).

The decrease in T3 medium clearance caused by inhibition of uptake by ouabain
or by monoclonal antibody ER-22 {99) will also lead to a diminished metabolism of
the hormone (123[chapter VI],145[chapter VIII]; Fig. 5) to I and conjugates. This
indicates that imiracellular metabolism is altered if transport of T3 over the plasma

Table 6

Percent inhibition of thyroid hormonc uptake in rat hepatocytes by 0.5 mM ouabam or 45% ATP
depletion (mean + SEM)

Condition incubation hormone 4 inhibition
time (h)
total uptake nuclear uptake
n=4 n =4
ATF depletion 0.5 Ty 20 + 7P -
Ouabain 1 Ty 29 + 3.5b 50 + 4.4P
Ouabain 2 T3 30 £ 7.42 41 % 5.2b

Difference versus contrel: 2) p < 0.05, P) p < 0.005
Data from (130)
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membrane is inhibited. If 6-propyl-thicuracil (PTU), a known inhibitor of liver
deiodinase both in homogenates (146) and in cultured hepatocytes (147), is included
in the incubation medium, no significant change in the disappearance of T3 is
observed, but now mainly conjugates are formed (Fig. 5) instead of I. This is in
accordance with the recent finding that sulfation facilitates hepatic T3 deiodination
{147,148). It appears, therefore, that production of iodide from T3 can be inhibited
by diminution of uptake of T3 by hepatocytes, for instance by ouabain or a monoclo-
nal antibody, or by inhibition of deiodinase using PTU, and that both processes can
be influenced independently. In a similar way it has been shown that inhibition of

1T3 and Ty transport into rat hepatocytes will lead to a diminished breakdown of

Control [___] Ouabain ER-22 PTU
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-
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T3 metabolized Conjugates lodide formed
formed
Figure 5.

Uptake and metabolism of T3 in monolayers of rat liver cells, after incubation with 125175 during 20
h at 37 C. Resuls are expressed as % T3 metabolized. In control experiments 60 % of the T3 was
rnetabolized, with iodide as the main product (50%), while about 10% was conjugated. FProduction of
iodide was diminished after inhibition of uptake by the monocional antibody ER-22 or by ouabain, without
@ rise in conjugate fraction. Inhibition of deiodination by G-propyl-thiouracil (PTU) leads to an accumulati-
on of T3 conjugates in the medium, without @ change in disappearance of T3 Drawn from data reported
in refs. (123{chapter VI], 145 [chapter VIII]).
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1T3 and production of T3 from T4 during longterm incubation (123[chapter VI]). It
is therefore apparent that changes in the uptake of iodothyronines into cells have an

important effect on their bioavalability and metabolism.

7. IMPLICATIONS OF ALTERED MEMBRANE TRANSPORT ON THYROID
HORMONE METABOLISM IN PATHOPHYSIOLOGICAL SITUATIONS

Different diagnostic and therapeutic agents have been shown t¢ interfere with the
transport of T3 and T4 into hepatocytes (107) and other cell types. Among these are
nonsteroidal antiinflammatory drugs (29), phloretin (28), cytochalasin B (24),
dansylcadavarine (24), chloroquine (24), 35,5-diphenylhydantoin (143), iodinated
substances such as radio contrast agents (107) and amiodarone (107). The latter are
structural analogues of thyroid hormone and probably compete for binding te the
membrane transport protein (107). Inhibitory effects have also been observed with
propracolol but this is thought 1o be due to a decrease in ATP content of the
cultured hepatocytes which probably does not occur in vivo (107). It has been shown
that tramsport of thyroid hormomnes into the tissues in vivo is not inhibited by
d-propranolol (67), although T3 production and T3z degradation are diminished,
leading to the so-called "low T3 syndrome". This indicates that in this case the most
likely explanation is inhibition of type I deiodinase in the liver (67) (Fig. 6), which
inhibition can cnly be reproduced in virrp with propranolol concentrations (149),
which are three orders of magnitude higher than the therapeutic concentrations in
humans (150).

Of special interest is the observation that plasma of patients with severe non-thy-
roidal iliness (NTI) contains a factor that inhibits the binding of T3 to plasma
proteins (151,152) as well as its uptake by rat hepatocytes (151) and human hepato-
carcinoma (Hep G2) cells (153), although it is not known from these studies if
besides cellelar binding, transport is inhibited too. Recent findings from our labora-
tory show that the latter is indeed the case as well (166). NTI and a number of the
afore~-mentioned compounds elicit a low T3 syndrome, and it is tempting to suppose
that inhibition of the uptake of T4 and T3, which share the same uptake system
(107), into the liver is causual in the diminished T3 production and rT3 breakdown
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{Fig. 6), apart from any possible inhibition of the type I deiodinase in the liver as
well. Indeed, it has been shown in T4-substituted humans, that serum T4 concentra-
tions, which were elevated during starvation, decreased significantly during refeeding,

suggesting normalization of T4 transport into tissues when adequate caloric intake

PTU-sensitive tissue PTU-insensitive tissue

Figure 6.
Model of the peripheral metabolism of thyroid hormone in normal humans.

Production of plasma T3 and clearance of rT3 is placed predominantly in tissues with PTU-sensitive, type I
deiodinase activity, e.g. the liver, although contribution of the idneys is not excluded (33,162). Because T3
is not a good substrate for the type I deiodinase, breakdown of T3 in the liver is slow, unless Ty is sulfated
Jirst (T3S). In a similar way, deiodination of Ty occurs only after sulfution, because T3S is a much better
subsirate for the type I deiodinase than T itself.Clearance of plasrma T3 and production of plasma rT3 is
located mainly in tissues such as brain and perhaps skin with PTU-insensitive, type IIl deiodinase aciivity.
The model suggests that type II deiodination of Ty does not contribute significantly to the production of
Plesma T3 in euthyroid subjects. However, this does rot negate the important function of the type I
enzyme as a local source of intracellular T3 in, for instance, brain end pituitary but also as a major
producer of plasma T3 in hypothyroidism (163). For a discussion of intracellular metabolisrn of thyroid
hormones see (164). T4 and rT3 share the same uptake systern (depicted as a square in the diagram),
while T3 is transported into the liver by a different system (19,20,21) (represented as a circle). Reproduced
from (165).
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was resumed (154), In another study of tracer Tq and T3 kinetics it has been found
(35) that during caloric restriction mass transfer rates of T4 to both the rapidly
equilibrating pool (REP, composed mainly of liver and kiduey (47)) and the slowly
equilibrating pool (SEP) diminished significantly, despite an increase in free T4. This
led to significantly smaller tissue T4 pools, lower T3 production rates and serum
total and free T3 (35). The lower T3 production rate was explained by the smailer
T4 pool in the REP, leading t0 a diminished substrate availability to the deiodinating
enzymes. From the inhibition of T4 transport into the liver one would expect that
rI’3 production would be diminished as well. Smdies in humans with the low T3
syndrome due to liver cirrhosis have shown, however, that rT3 production is normal
(4). This would suggest that plasma rT3 production takes place mainly ouiside the
liver. Many arguments are in fact in favor of an extrahepatic origin of plasma rT3
and that the liver is the site of degradation of plasma T35 (33,66).

There are other indications of alterations in thyroid hormone transport in vivo. In
Ty4-substituted rats, serum T4 Increased and plasma disappearance of labeled Ty
decreased during fasting (155). In other reports however, no effects of dietary
manipulation on serum Ty levels in T4-substituted rats are observed (156,157). In
humans, it has been shown that prednisone slows the acute disappearance of injected
labeled T4 (158) from plasma and decreases the hepatic T4 pool. A similar effect on
the rapid phase of plasma disappearance of Tq (table 2) and T3 (75) has been
reported in patients with severe NTL In a number of situations, such as fasting,
diabetes, and dexamethasone treatment, liver deiodinase activity in rats is decreased
as tested in tissue homogenates (159-161). But it is not clear to what extent this
decrease contributes to the low T3 syndrome, because it is unknown whether the
deiodination reaction is the rate-limiting step in the tissue conversion of iodothyromni-
nes. Further investigations should learn us more about the precise role of inhibition
of transport 2nd of deiodination of thyroid hormones in the generation of the low T3
syndrome. The study of mechanisms that lead to lowered T3 production is conside-
red to be important. T3 is an energy-consuming hormone and a decrease of T3
production is seen as an energy-saving mechanism in situations of stress, starvation

or illness.
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RAISED TOTAL THYROXINE AND FREE THYROXINE INDEX BUT
NORMAL FREE THYROXINE
A Serum Abnormality due to Inherited Increased Affinity of Iodothyronines for
Serum Binding Protein

G. Hemnemann, R. Docter, EP. Krenning, G. Bos, M. Otten, T.J. Visser.

Department of Interpal Medicine 1T and Clinical Endecrinology, Medical Faculty,
Erasmus University, Rotterdam, Netherlands

Lancet 1975, i, 639-642

Summary 2 people from different families had high

levels of serum-thyroxine (T4) and a
high free T4 (FT4) index but a normal serum triiode-
thyronine (T3) and serum-reverse-T3 (rT3). The abnor-
mal serum thyroid hormone profile appeared to be in-
herited in an autosomal dominant manner. Serum-FT4
in affected relatives was normal. The increases in ser-
um-T4 and FT4 index are explained on the basis of an
observed increase in affinity of T4 for thyroxine-binding
globulin, thyroxine-binding prealbumin, and albumin.
The FT4 index did not reflect the true concentration of
circulating free T4 in these cases. Thyroid functon in
the propositi was normal and the results of T4, T3, and
r'T3 kinetic studies accorded with increased binding of
T4 by serum proteins and normal binding of the other
iodo-thyronines. This “euthyroid high total T4, normal
T3 syndrome™ should be kept in mind during diagnostic
evaluation of thyroid function.

Introduction

PaTiENTS with a raised serum-total-thyroxine {T4)
and free thyroxine index (FT4 index) but a normal ser-
um-total-triiodothyronine  (T3) »and free trijodothy-
ronine index (FT3 index} have been described several
times. This unusual combination of findings has been
ascribed to a2 special form of hyperthyroidism,!™* so
called “T4 toxicosis”, which may be common among
euthyroid elderly people.® It was suggested that, in T4
toxicesis, serum-T3 was not increased because the peri-
pheral conversion of T4 into T3 {normally the major
source of T3 production®) was diminished by accom-
panying non-thyroidal illness.! Indeed it has been
reporied’ that, in hyperthyroidism in conjunciion with
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non-thyroidal illness when serum-T4 alone is raised,
serum-T3 increased only after recovery from the co-
existing discase. The same aathors, however, also de-
scribed a group of subjects in whom T4 was raised and
T3 was normal during acute non-thyroidal illness and in
whom the serum hormone concentrations remained un-
altered after recovery from the concurrent illness.

We report here serum estimartions of wotal T4, T3, and
reverse T3 (rT3) and the free index of these hormones
in two healthy euthyroid people who had 2 raised ser-
um-T4 and normal T3. We also investigated a possible
genetic basis for the abnormalities. The serum concen-
tration of FT4 and the equilibrium association constants
(K.} between T4 and its serum transport proteins were
estimated in relatives of both subjects and turnover
studies of T4, T3, and rT3 were done in the probands.

Patiemts

A woman aged 61 presented with mild fatigue. Serum-T4
was raised but she was ¢linically euthyroid. She ook no drugs.
Physical examination, and urine and blood were normal. Kid-
ney function, electrolytes, glucose, serum proteins, calcjum,
rhosphate, cholesterol, and triglycerides were also normal.
Liver function tests were slightly abnormal: serum alkaline
phosphatase 85 1.0/l (normal <45); s.6.0.7. 55 1.U./1 {<30);
5.6.P.T. 67 LU/l (<30). Serum bilirubin was normal. A liver
biopsy showed slight fibrosis and evidence of previous hepa-
titis.

A 47-year-old man was referred with an unexplamed raised
serum-T4 without clinical evidence of thyrotoxicosis. He had
mild depressien but was otherwise healthy and ook no drugs.
Ne physical zbnormalities were found. Routine urine and
blood analysis was normal. Kidney and liver function, electro-
Ivies, glucose, serum proteins, calcium, phosphate, and choles-
terol were normal. Serum triglvcerides were moderartely raised
12-48-3-40 mmol/1}. X-ray of the thorax and cardiogram were
normal.

Serum of relatives of both subjects was analysed 10 investi-
gate the genetics of their disorder.

Thyroid hormone turnover studies were dene in both sub-
jects and in healthy controls after informed consent.

Metkods

T4 T3,° ¢T3, apd thyrowrophin /T.5.H.) (Calbipchem
Zurich, standard M.R.C. 68/38 . measurcments in serum were
done with specific radioimamunoassavs. T3 resin uptake was
measured with the “Triosorb kit (Abbont Laboratories, Chica-
go). The FT4 index was calculated as serum 14xT3 resin
uptake(%)/100. FT3 and FrT3 indices were calculated simi-
larlv. Serum-FT4 was estimated with a commercial kit {Corn-
ing Medical, Medfield, Massachusetts’. Serum thyroxine-bind-
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ing giobulin (7.8.6.) and thyroxine-binding prealbumin
(T.B.P.A,) capacities were determined by agar gel electrophor-
esis.’! Augoantibodies against thyroglobulin and cytoplasm
were detected as described carlier.!® Antibodies against T4, T3,
and r'T3 were detected by agar gel elecirophoresis.” Estimates
of the equilibrium association coanstants (K} for the interac-
tions of T4 with T.B.G., T.B.F.A., and albumin were cajculated
from the measuyrements of ¥T4, T.8.G., T.B.P.A., and albumin
(radial immunodiffusion techuque, Behringwerke, Hoechst)
and the percentage T4 tracer bound to these proteins (assessed
from agar electrophoresis'!). For calculation the general for-
mvlation of interaction between thyroid hormones and their
binding proteins was used.™*

Thyrotrophin-releasing hormone (T.R.H.) tests were done by
rapid intravenous injection of 200 ug T.R.E. and taking blood
for 1.5.1. determination at 0, 20, 30, 60, and 120 min.

T4 and T3 turnover studies were done as described pre-
viously.*¥¢ Turnover of rT3 was studied by injecting purified
and sterilised '¥-rT3 and by plasma collection at frequent in-
tervals during 48 h. Plasma samples were processed as de-
scribed for T3 turnover studies.’® Labelled rT3 was obrained
as described earlier.)® Approximately 20 ¢Ci “ET4 and 15
wCi LT3 were injected simultaneously and 6§ days later
(after complete disappearance of 1*'-activity) approximately
15 uCi *¥1rT3 was giver. In this manner the turnover studies
of the three hormones were completed within 10 days. Starting
1 day before the study until the end, three drops of saturated
solution of potassium iodide were adininistered four times a
day to prevent thyroidal reutilisation of liberated '*'1 and '*4.
Calculations were done by the non<compartmental
approach,!™1®

Results

In both subjects serum-T# and FT4 index were
clearly raised while T3, rT3, and T.B.G. capacity were
normal (table 1.

Both subjects were clinically euthyroid and the T.5.5.
response 1o T.R.H. was normal; patient 1! T.5.0.<1, 7-2,
8.5, 5.9, and 1.7 mu/1 at 0, 20, 30, 60, and 120 min,
respectively; patient 2: T.5.H.<1, 7-8, 8.8, 4-9, and 2.6
mu/l. Thyroid uptake studies were normal (patient 1:
uptake of **T¢ after 3 and 15 min 2-1 and 4-1% of
dose, respectively; patient 2: uptake of ¥ after 4, 24,
and 48 h 38, 50, and 50% of dose, respectively) as were
the thyroid scans. Circulating antibodies against T4,
T3, and rT3, which may result in falsely raised serum
values of the corresponding thyroid hormones 1n the
radioimmunoassays,’* were not dewected. Thyreid
autoantibodies were also absent.

The figure shows thaz the abnormal thyroid hormone
profile was inherited. FT4 index was much higher in
relatives with the trait than without it but FT3 and
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Fr13 indices, serum-T.5.H., and, most remarkably, ser-
um-FT4 were normal in both groups (1able 11).

TABLE I—SERUM THYROID HORMONE LEVELS, FT4 INDEX AND
T.B.G. CAPACITY IN PATIENTS

.

—_ T4 T3 T3 T.R.G. FT4
rmol/l |nomol/l nmol/1 nmol/l | index
Patient 1 240 1.5% 0.35 395 36
Patient 2 215 1.44 0-31 301 68
Normal range 60-15011-3-2-6 | 0-15-0.52 | 214404 | 18-38

@~

ébi é@ﬁi

O~@

®~ 6’) ®0coMmE

%é——é—g—éi

Family 1 above, family 2 below. Arrow indicates the probands.
Circles represent females; squares represent males. Filled symbols:
positive for the trait; shaded symbols: negative; open symbols: not
1ested.

" &

Family studies

In affected members K, for interactions of T4 with
T.B.G., T.BE.P.A., and albumin were significantly higher
than in the non-affected members (12ble 111).

In thyroid hormone kinetc studies (table 1v) produc-
tion (disposal, D), distribution volume (V), and total
body pool (P} of T3 and rT3 were normal. Mean VI4
was lower but mean PT4 was higher than normal, while
DT4 was normal.

Discussion

In both patients the serum-T4 and the FT4 index
were raised while T3 and rT3 were normal. T.8.6. (the
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most important thyroid hormone transport protein) was
also normal. Clinically the patients were euthyroid and
the serum-T.5,H, response to T.R.H. was normal, showing
thaz the piteitary-thyroid axis was intact. Furthermore,
thyroid uptake studies were comsistent with normal
function. The possibility of a gepetc basis for this
abnormal thyroid hormone profile was considered and
investigations in relatives of the propositi revealed that
the mode of mheritance was of the dominant autosomal
type because the ratic of affected os. unaffecied in those
members who had relatives in the first degree positive
for the wrait was not significandy different from 1 (3/4
in farpily I and 8/8 in family 2). The trait was not
X-linked because it had been transmitied from male to
male.

Despite the difference in FT4 ndex, serum-FT4, the
other indices of iodothyronines, and serum-T.5.H. were
normal in affected and non-affecred members. The dif-
ference between FT4 index and serum-FT4 is quite un-
expected and to our knowledge has not been reported
before- Indeed, the FT4 index is generally considered to
closely mirtor the serum-FT4.%°

TABLE IV—RESULTS OF THYROID HORMONE KINETIC STUDIES
(PER 1-73 m? BODY SURFACE)

— DrT3 D13 DT4 VT4 PT4
Patient 1 18.1 26-7 128.7 6-76 1623
Patient 2 194 34.9 154-8 8-07 1748
Patients 18.8 30-9 143.6 742" 1685¢
(mean+s.n.) } +0.9 +5.8 +21 +0-93 +88
Conrrols 216 41.2 | 1196 12.49 i341
(mean=+s.D.) | +5.2 +14.6 +21-3 +1.68 +222

(n=5) (n=10} (m=16).| (n=16) | (n=18)

D=production (disposal) (nmol/24k).
VT4:=volume of distribution of T4(I).
FT4=total body pool of T4 (nmol).
*p<0-001

1r<0-05

A discrepancy between serum-FI14 and FT4 index
could be explained on the basis of increased binding of
T4 by serum proteins with unaltered binding of T3.
When the affinity of binding proteins for T4 is increased,
the serum total T4 will be increased. Because the sub-
jects were ecuthyroid we suggest that serum-FT4
(T4xfractiocn wunbound T4) remaived unchanged
because the fraction of total T4 circulating in the free

form was decreased proportionally to the increase of
total T4. This sequence of changes can be argued
because there is an equilibrium between a hormone and
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TABLL II—MEAN {$,D.) THYROID HORMONES IN RELATIVES POSITIVE OR NEGATIVE FOR THE TRAIT AND IN CONTROLS

Relatives of patient 1 Relatives of patient 2

Positive Negative Positive Negative Controls

(n=3) (n=7) (n=8) (n=14) (n=71)
T4 index 52.9(4.5) 317 (6:5) 60.7 (5.4) 3533041 28.2 (5-1)
FT3 index 0-36 (0.08) 035 (0.03) 049 (0.08) 060 (0-13) .51 (0-10)
FrT3 index 0-064 (0-612) 0.055 (0.022) 0.066 (0.014) 0055 (0.014) 0.052{0-017)
FT4 (pmol/1} 22.3(3.6 16.9 (4-4) 23.7 (3.0 18.5(1.8) 18.9* (3.2)
T.5.H. (muo/i) 2.0 2. 2.7 1.8 !
(range) (<1-4.3) {<1-5-0) (<1-5.3) (<1-3.3) {<1-4.9)
11

TABLE HI—MEANLS.D. APPARENT EQUILIBRIUM ASSOCIATION CONSTANTS {Ka) IN RELATIVES POSITIVE OR NEGATIVE FOR THE TRAIT

Relatives of patient | Relatives of patient 2
K, [ Positive Negative P Positive Negative 4
(n=3) (n=%5) {n=8) {n=14)
7.8.6. % £0'"/mol 3.3 (0:9) 22 (0.2) <0-005 3.4 (1.0 22 (04) <0.001
T.8.P.4.X 10%/mol 0:67 (0.08) 039 (0-14) <0.025 0-84 {0.26) 0-39 (0-14} <0001
Albuminx 19%/mol 3-B (0-5) 1.9 {0.5) <0.005 3-8 (0-5) 1.3 {0:3) <0-001




its binding proteins.’* The FT4 index is, in essence,
T4xT3 resin uptake. T3 resin uptake is, for practical
purposes, taken 10 represent the fraction of unbound
T4, although T3 tracer is being used. There is no objec-
ton to this procedure and it is permissible to use the
FT4 index (as an estumate of FT4) for comparison
between patients, provided that the affinity character-
istics of the binding proteins do not differ between the
subjects tested. If serum binding of T4 is increased but
seruzn binding of T3 is not, FT4 index will give (falsely)
raised values because the unbound fraction of T4, as
estimated with T3 tracer, will not be found to be de-
creased. Indeed we found that the affinity of T4 for the
three thyroid-hormone-binding proteins in the subjects
positive for the trait was higher than thar in their unaf-
fected relatives. Although the apparent X values of the
affected and unaffected members are of the same order
of magnitude as those reported by others,?® the differ-
ences between the family subgroups are highly signifi-
cant. The finding that the affinity of T4 for all three
binding proteins is increased, not just for one, is remark-
able and suggests either that a circulating substance in-
terferes positively with the interaction between T4 and
T.B.G, T-B.P.A., and albumin, or that there is a defi-
ciency of a natural occurring inhibitor.

These possibilities, however, are speculative and
further investigations are necessary. Because T.B.G. and
T.B.P-a. capacity and albumin concentration was normal
in all the members of both families who had the -abnor-
mal thyroid hormone profile, the increased affinity of T4
would have led 10 increased occupancy of binding sites
by T4 and consequently a decreased number of free
binding sites. Serum-T3 and serum-—rT3 were normal
and tracer T3 binding to serum was unaltered (as shown
by the T3 resin uptake). If fewer sites for binding of
these hormones were available, the affinity of these other
iodothyrenines for the three serum proteins was, pre-
sumably, proportionally increased relative to T4.

The results of the turnover studies in the propositi
accorded with our in-vitro findings of increased serum
binding of T4 with a normal FT4 and normal serum
binding of T3 and rT3. The decreased VT4 and in-
creased PT4 are fully explained by increased serum
binding of T4 and are of the order described in subjects
with idiopathic elevation of serum T.8.6.2} The normal
turnover of T4 is consequently expecied when FT4 is
normal.

The frequency in the population of the “euthyroid
high total-T4, normal T3 syndrome” is unknown but,
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from a practical point of view, its existence should be
kept in mind in the diagnostic evaluation of thyroid
function in patients.

We thank Dr C. v. d. Peyl, Juliana Hospital, Terncuzen, znd Dr
B. A_ de Planque, Municipal Hospital, Dordrecht, for the opportunity
1o study their patients, and Miss B. Engelbard for secretarial assisi-
ance.
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Addendum

After we told doctors in our hospital about the syn-
drome, we were presented with 3, probably 4, addiuonal
similar patients, of whom 3 had been previously treated
with antithyroid drugs for supposed hyperthyroidism.

If this syndrome turns out 10 be a common one, some
thought should be given to abandoning the FT4 index
as a routine screening test for thyroid function and
using the measurerment of the FT4 instead.
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INHERITED THYROXINE EXCESS: A SERUM
ABNORMALITY DUE TG AN INCREASED
AFFINITY FOR MODIFIED ALBUMIN

R. DOCTER, G. BOS, E. P. KRENNING, D. FEKKES, T. J. VISSER axp
G. HENNEMANN

Department of Internal Medicine ITT and Clinical Endocrinology, Medical Faculty,
Erasmus University, Rotterdam, The Netherlands

{ Received 2 Seprernber 1980; revised 5 March 1981 accepred 22 May 1981)

SUMMARY

Further analysis of sera from euthyroid subjects with dominantly-inherited,
elevated serum total thyroxine (T4) and free T4 index but with normal free T4
levels was performed as an extension of a previous study (Hennemann e! al.,
1979a). Scatchard analysis and isoelectric focusing of whole sera and purified
serum fractions suggest that this T4 excess is due to increased T4 binding by
modified serum albuznin.

Recognition of this syndrome and appreciation that the free T4 index does
not reflect the free T4 levels is important to protect patients from the
consequences of an incorrect diagnosis of thyrotoxicosis.

Recently we described two families with high serum thyroxine (T4) levels and a high free
T4 index, but normal serum triiodothyronine (T3) and serum reverse T3 (r'T3) levels in
about half of the members (Hennemann et al, 197%9a). All subjects were clinically
euthyroid. This abnormal serum thyroid hormone profile appeared to be inherited as an
autosomal dominant. Serum free T4 Jevels in both affected and unaffected subjects were
normal as measured by equilibrium dialysis (Hennemann er al., 1979a; 1979b; 1979¢). It
was postulated that the increases in total serum T4 and free T4 index were due to an
increase in the affinity of T4 for all three binding proteins.

Inherited T4 excess was subsequently reported by Lee ez al. (1979) and Barlow ef al.
{1980). Lee et ¢l. described a 9-year-old boy and his father with a high serum T4 and free
T4 index. associated with an euthyroid clinical state. The T4 excess was due to the
presence of an additional binding protein with a high capacity and an association
constant (X,) similar to that of thyroxine-binding prealbumin (TBPA).

Barlow er al. (1980) reported a cuthyroid Australian family in which four members had
high T4 and free T4 indices again with an autosomal dominant type of inheritance. They
also reported that this family had normal free T4, T3, r'T3 and basa] TSH levels and a

Correspondence: R. Docter.
0300-0664/81/1000-0363802.00 @ 1981 Blackwell Scientific Publications
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normal TSH response to TRH. They suggested that T4 binding by serum was altered in
these subjects. We report further studies of our patients with inherited T4 excess using
techniques designed to separate and characterize serum thyroid hormone binding
proteins. The data indicate an alteration in the structure of albumin leading to increased
binding of T4.

SUBJECTS

A full description of the two families had been published previously (Hennemann et al.,
197%9a). Ten relatives were studied in family 1 over two generations. Three were positive
for the trait, and seven negative. Family 2 spanned three generations; z total of
twenty-two relatives were studied, of whom eight were positive and fourteen negative.

Sera from six members of the second family, who were positive for the trait, and five
negative members, were studied. From the first family only serum of the proband was
available for further analysis.

METHODS

Maximal binding capacities (MBC) of serum T4 binding globulin (TBG) and TBPA, were
determined by agar gel electrophoresis (DiGiulio et af., 1964; Wieme, 1965). Separation
gels were poured on microscope slides {0-9%, Agar Noble (Difco) in 0-2 M glycine, 0-13 m
sodium acetate, pH 8-6). Electrophoresis was performed at 150 V 80 mA per slide for 60
min. Temperature was maintained at 15°C, by immersing the slides in petroleum spirit
(boiling range 40-60°C). Excess heat was removed by forced evaporation.

Before application onto the gel the sera were mixed with bromophenol blue, which
comigrates with albumin, labelled T4 and saturating concentrations of unlabelled T4 (1-9
umol T4/1 for TBG, and 8-4 umol T4/ for TBPA). These concentrations were chosen
because preliminary studies had shown that sataration of TBG and TBPA were achieved
at 1-3 umol T4/1and 6-5 umol T4/l respectively. After electrophoresis gels were sliced into
three parts for counting; the region containing the albumin stained with bromophenol
blue, the region between albumin and the origin containing TBG, and the region anodal
to albumin containing TBPA. After determination of the fraction of the total
radicactivity present in each region, MBC was calculated by multiplying this fraction
with the concentration of T4 added plus the endogenous T4 level.

Albumin concentration was measured by radial immunodiffusion (Behringwerke,
Hoechst) and total protein according to Lowry er al. (1951).

The K, of TBG for T4 was measured using 1solated TBG. TBG was separated from
serum with immobilized anti-TBG antiserum (Corning Medical, Medficld, Mass.). The
immobitized antl-TBG antiserum was washed once with phosphate buffer (0-05M,0-15M
NaCl, pH 7-4) and resuspended to the same concentration. 25 gl 1: 20 diluted serum and
0-5 ml anti-TBG suspension were mixed in appropriately labelled tubes. After incubation
for 30 min at 25°C the suspension was centrifuged (10 min, 1200 g) and washed once with
I ml phosphate buffer. The TBG-antibody complex was incubated with tracer T4 and
unlabelled T4 (from 0-01 to 125 ng T4/tube) in 1-0 ml phosphate buffer. After 30 min
incubation at 37°C, the suspension was centrifuged and the sediment counted. All
incubations were performed in duplicate. Data were analysed according to Scatchard
(1549).
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Binding parameters of TBPA and the additional T4 binding protein present in the sera
of the positive subjects were measured as described by Sutherland & Simpson-Morgan
(1974; 1975). Data were analysed according to Rosenthal (1967).

Preparative electrophoresis was performed in a thin Iayer of Sephadex G-75 Superfine,
with equipment from LK B-produkterAB, Bromma. Sweden, using glycine-acetate (0-2 M
glycine, 0-13 M sodium acetate, pH §-6) buffer. Albumin was stained with bromophenol
blue and after 20 h of electrophoresis, 5 mm bands of the TBPA and albumin regions were
transferred to small columns and the proteins eluted with buffer. These fractions were
used in subsequent assays.

Immuno-, and disc gel-electrophoresis was performed as described by Clausen (1969)
and Maurer (1968) respectively. Isoelectric focusing was done with the materials and
apparatus from LK B produkterAB, Bromma, Sweden.

RESULTS

The distribution of T4 between its binding proteins was similar in the normals and
subjects negative for the trait (Table 1). However, in sera of members of the family
positive for the trait, there was significantly more T4 bound in the albumin region than in
normal sera, whereas the binding in the TBG region was significantly less. There were no
differences in the binding of T4 to TBPA between the positive and negative members of
the family, nor between normals and the negative members.

In contrast to our previous study (Hennemann et al., 19792a), which was performed
utilizing whole sera, we could not find a significant difference in K, of TBG after isolation
from sera (Fig. 1) from the various groups. MBC’s as estimated with this technique were
similar to those estimated with agar gel electrophoresis (Fig. ).
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Fig. 1. (a) Association constants znd (b) maximal binding capacities of TBG. o Values estimated
after separation of TBG from serum: » values estimated by agar gel electrophoresis. 1 =normals
(r=9); 2 =subjects negative for the trait (#=3); 3 =subjects positive for the trait (= 6). Depicted
are means+SD.
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Table L. Distribution of T4 with the binding proteins

(mean +8D) as estimated by agar gel electrophoresis

after labelling serum T4 with only a tracer dose of
radioactive T4

TBG Albumin  TBPA
Group n % % %

Normals 20 75466 103413 115433
Positives 8  555+4-0 253318 1561422
Negatives  § 72468 10-842-4 136439

Measurement of the K, of the binding of T4 to TBPA after preparative electrophoresis
showed no significant differences between members of the family positive and those
negative for the trait (Fig. 2). Estimation of MBC's with this method is not possible
because of the unknown recovery of the preparative electrophoresis. There were no
differences in MBC’s estimated with agar gel electrophoresis between the members of the
family positive and those negative for the trait (Fig. 2).

Binding analysis in whole sera (Sutherland & Simpson-Morgan, 1974; 1975) disclosed
an additional binding protein with a K, of 1-040-1x 107 M~! and 2 MBC of 280+ 30
pmol/l (mean + 8D, = 6) only in the sera of the family members positive for the trait (Fig.
3.

Preparative electrophoresis of serum yielded pure albumin fractions as judged by the
immunoelectrophoresis with the anti total human antiserum (Fig. 4) as well as the
anti-preztbumin antiserum, which gave clean precipitation arcs with whole sera and the
TBPA fractions, but no visible arcs with the albumin fractions. This purity was further

I o
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Fig. 2. (a) Association constants of TBPA after separation from sernm. (b} Maximal binding
capacities estimated by agar gel electrophoresis. I =normals (7=29); 2=subjects negative for the
trait (n=3, a; n=35, b); 3=subjects positive for the trait (n=4, 2; n=46, b). Depicted are means
+SD.
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Fig. 3. Scatchard plots of whole sera from the positive family members, Mean (4 SD) K. is 140
(£0-1)x 107 M~! with a maximal binding capacity of 280+30 umol/l. Serum was diluted
200-fold. Data were obtained with the method of Sutherland & Simpson-Mozgan (1974; 1575).

Table 2. Composition of the peak albumin fraction cobtained from
preparative electrophoresis and the band at pH 55 obtained from
preparative isoelectric focusing

Protein Albumin Kax MBC mol MBC
Subject (mg/fract) (mg/fract) 107 M~! (nmolffract) mol alb.

1 After preparative electrophoresis

Normal 210 222 — —

Family 2

neg. 171 17-8 — —

neg. 22-6 250 — -

pos. 24-8 24-0 1-0 16 0426
pos. 22-8 24-0 a9 130 0-33
pos. 14-8 13-6 05 59 026
Family 1

pos. 203 200 141 73 022
2 After preparative isoelectric focusing (fraction at pH 5-5)
Family 2

pos. -4 76 1-2 78 0-62

pos. 76 80 13 74 0-59
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Fig. 4. (2) Immunoclectrophoresis patterns of total serum and (b) albumin fractions. Centre well
contained amti-total human anti-scrum. A=negative family member; B=positive family
member.

substantiated by disc polyacrylamide gel electrophoresis (data not shown), and
comparison of zlbumin (by immunodiffusion) and total protein (Lowry er al., 1951) in
these fractions (Table 2). Binding of T4 to albumin fractions of positive family members
was characterized by K, values of 1x107 M~!. This binding protein could only be
measured in the albumin fractions prepared from sera of subjects positive for the trait.

Isoclectric focusing of these fractions and of whole sera showed a prominent band in
the albumin region at pH 5-5 in the family members positive for the trait (Fig. 5). This
band is absent or only just visible in the negative members. It could be demonstrated that
at pH 55 the fractions from the positive family members contained a protein
immunologicaily indistinguishable from albumin which bound T4 with an association
constant of 1 x 107 M~ {Table 2). Although we have not performed autoradiographic
studies, the prominent band in panel f of Fig. 5 did not bind T4 specifically; a different
preparation (d) from the same family member showed a negligible band in this area.
Whether or not the presence—but not the ability to bind T4—of this band is a consistently
variable finding in normal sera remains to be explored.
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a b ¢ d e f g h k | m n
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Fig. 5. Resuits of electrofocusing. pH scale is depicted on the left. The following samples were
appiied: a and b, whele serum of a negative and positive subject respectively; c-l. albumin
fractions; ¢, e, g and k. different positive subjects; d, h and |, different negative subjects: d and f,
different preparations of the same negative subject; m and n. 2-5-fold dilutions of a and b
respectively. Arrow indicates the location of the additional band.

DISCUSSICN

The combination of raised total serum T4 and normal free T4 concentrations can only be
due to increased binding of T4 to serum proteins. From the data presented in Table 1 the
most likely explanation for this augmented binding of T4 is an increased affinity te a
modified form of albumin, or a protein comigrating with albumin on agar gel.

Estimation of the K,’s of TBG and TBPA after separation yielded values which did not
show any difference between normals and members of the family. The X, we report here
for TBG (2-5 x 10° I/mol} is consistent with other recent reports (1-6 x 10° I/mol, Cheng ez
al., 1979; 2-5 = 10° }/mol, Snyder e al., 1976), although higher values have also been
reported (1-6 x 10'° I/mol, Korcek & Tabachnick, 1976; 2-4 x 1¢!® I/mol, Marshall er al.,
1972). To isolate TBG from serum immeobilized TBG antibody was chosen. Because TBG
migrates more slowly than albumin at pH 8-6, preparative electrophoresis will yield TBG
preparations which are still contaminated with albumin.

In contrast to our previous findings (Hennemann ez al., 19792) we could not find
mereased K,'s for TBG and TBPA in the positive members of the family. This discrepancy
could oceur because, for calculation of the K,'s of these binding proteins in previous
studies, measurements were performed in whole sera and the presence of an additional
binding protein could alter the results. Measurement of the X,’s using purified binding
proteins would overcome this problem. Another explanation could be that the procedure
employed to isolate the binding proteins removes a circulating factor which promotes the
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interaction between T4 and carrier proteins. This explanation seems less likely since our
observations can be adequately explained by the identification of an extra T4-binding
protein. Scatchard analysis of whole sera revealed a binding protein in the positive
subjects with a K, of 1x 107 M~! and a MBC of 280 umol/l.

From the datain Fig. 1 it appears that there are no differences in concentrations of TBG
between the groups. Although levels of free T4 were within the normal range, it appears
that occupancy of TBG is elevated in the positive subjects (Table 1), possibly due to 2
redistribution of T4 during electrophoresis at pH 8-6, compared with the distribution in
charcoal binding studies at pH 7-4.

From these data we calculate that the modified albumin (K, 10 M~!; MBC 280 ymol/1)
should bind 9-3 times as much T4 as TBPA (K, 163 M~!; MBC 3 ymol/1). Mean T4 in the
negative members of the family is 105 nmol/], of which 13-6%; is bound to TBPA. (Table 1).
Modified albumin therefore should bind 103 x (-136 x 9:3~ 133 nmol T4/1 and because
there are no changes in free T4, the other proteins will still bind 105 nmol T4/1. The mean
T4 in the positive members should be 238 nmol T4/, but the observed value was 236
(range 180-282) nmol/l. This would imply that the carriage of T4 by modified albumin is
almost 569, of the bound T4. and not 25% as shown in Table 1. This difference can be
explained by redistribution of T4 during electrophoresis as mentioned above.

Preparation of albumin by electrophoresis yields fractions considered pure when the
albumin content was measured by an immunological method, specific for albumin, and
compared with chemical protein determination (Table 2). This purity is confirmed by
immuno- and polyacrylamide gel disc-electrophoresis, In the albumin fractions of the
family members with raised T4 a binding protein with a K, of 1 x 10”7 M~! could be
detected (Sutherland & Simpson-Morgan, 1974; 1975), which was not measurable in
normals and family members with normal T4. Because these fractions contain only
albumin 1t is most likely that this binding protein is a modified form of albumin for which
T4 has a higher affinity. Albumin contains one major binding site and a set of secondary
binding sites (Princé & Ramsden, 1977). If we assume that only the principal binding site
is modified, it can be calculated from the MBC and the albumin content of the fractions
that on a molar basis about 25% of the albumin is changed, without alteration to its
immunological properties (Table 2).

Isoelectric focusing of the albumin fractions from the preparative electrophoresis (Fig.
5) showed that although immunologically homogenous, these fractions consist of a
number of proteins with isoelectric points ranging from pH 4-8-35-9. This is consistent
with previous reports (Malamud & Drysdale, 1978). Both in the albumin fractions and in
whole sera of patients with a raised T4 at pH 5-5 2 protein band is observed which binds
T4 (Table 2) and which is absent or only just detected in subjects with normat T4 levels.

It is possible that the binding protein abnormality observed in our subjects with
inherited T4 excess is the cause of inherited T4 elevation in two other reports (Lee ez al.,
1979; Barlow er al., 1980). In both studies free T4 was normal and the subjects were
clinically euthyroid with a normal pituitary-thyroid axis (Hennemann er al., 1979a;
Barlow er al., 1980). Barlow er al. (1980) report that the binding characteristics of the
abnormal protein are similar to prealbumin but that the electrophoretic properties are
similar to albumin.

Recognition of this syndrome and appreciation that the free T4 index does not reflect
actual free T4 concentrations is important in order to protect patients from inappropriate
treatment.
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SPECIFIC THYROXINE BINDING ALBUMIN IS A CONSTITUENT OF NORMAL
HUMAN SERUM

R. Docter, G. Bos, EP. Krenning, G. Henremann

Departments of Internal Medicine IIT and Clinical Endocrinology, Medical Faculty,
Erasmus University, Rotterdam, 3015 GD Netherlands

Lancet 1984, §, 50

Sir,—In 1979 we described two families showing autosomal
dominantly inherived hyperthyroxinaemia due to increased binding
of T,, by serum protein,* Free thyroxine (FT,) serum Jevels in those
affected were normal but the FT, index was falsely raised. We

subseguently showed thart the serum protein responsible was in the
albumin fraction.? The existence of this syndrome has been
repeatedly confirmed,>® and it has been assumed that the T,
binding albumin {TBA) component was present only in patients
with this hyperthyroxinaemia syndrome-—hence the suggested term
“farmilial dysalbuminaemic hyperthyroxinaemia®”. We report here
the possible occurrence of this TBA in normal serum.

Serum from twelve unrelated normal persons (lzboratery
personnel, three females) and three parients with familial
hyperthyroxinaemia were investigated. Albumin was separated
frota serum by preparative gel electrophoresis.” Affinity association
constant gKn) and maximal binding capacity (MBC) for T, were
estimazed'® by incubating the albumin samples with increasing
amounts of T, followed by separation of bound and unbound T, ¢
dextran-coated charcoal.

The results are summarised in the table. Normal sera 2lso contain
an albumin component which binds T, specifically witha mean K,
of 0-9% 107 /mol, not different from the K, of the albumin fraction
of subjects with hyperthyroxinaemia. However, the MBC differs
greatly between subjects with hyperthyroxinaemia and controls:
serum glbumin fractions of controls contain only one-tenth of the
albumin specifically binding T, found in patients with the
syndromme (12 versus 157 mmol T,/mol total albumin). These data
suggest that the TBA component, which js present in considerzble
amounts in serum of patients with familial hyperthyroxinsemis, is
also detectable in serum of normal contrels, albeit in Hmited
quantiry.

AFFINITY ASSOCIATION CONSTANT (K,) AND MAXIMAT BINDING
CAPACITY (MEC) OF THYROXINE BINDING ALEUMIN (TEa) IN SUBJECTS
WITH HYPERTHYROXINAEMIA AND NORMAYL PERSONS: MEAN-+SD

{RANGE)
X, MEBC
Group {x107/mol) | (mmol T4/mol total albumin)
Hyperthyroxinaernia (n =3} 0:7=0-11 1577
{0-5-0-8) (150-164)
Normal (n=12) 0-90-37 12=7
0-5-1-9) (5-33)
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We have studied only twelve subjects but our finding of this
protein in all twelve suggests that it is 2 normal constituent of
human serum. We suggest that the term “familial dysalbuminzemic
hyperthyroxinaemia” be abandoned in favour of “congenital
thyroxine binding albumin elevation™ in familial cases where
hyperthyroxinaernia is caused by increased levels of TBA. This in
analogy to congenital TBG elevarion, which is an X-linked
dominant condition. '
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Chapter IV

Evidence that the uptake of triiodothyronine by buman erythrocytes is
carrier-medizated but not enersy-dependent
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thyronine by human erythrocytes is
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carrier-mediated but not energy-dependent
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We investigated 3.3".5-tri-iodo-L-thyronine transport by human ervihrocytes and by
‘ghosts” prepared from these cells, Uptake of tri-iodothyronine by erythroeytes at 37°C
.was r.in_'ec—dcpcndcm with a maximum reached after S0min. Tracer amalysis after
incubation for Imin revealed only one saturable binding site. with K, 128+ 19nm
(mean*s.Em: n=7T) and ¥, 4.6+0.7pmol of tri-iodothyronine/min per 6 x 107
cells. After 10min incubation K., 160+16nm (n=10) was found with ¥
7.7 + 1.2 pmoi of tri-lodothyronine/10 min per & x 107 cells. A1 0°C the uptake systerri‘;-
still active, with K 132 +26nM and ¥ mas. 1-8 £ 0.3 pmol of tri-iodothyronine/1¢min per
6 x 107 cells. The ¥,,, with intact cels is 5-fold greater than the ¥ . With membranes
derived from the same amount of cells when uptake studies are performed in mediz with
similar free tri-lodothyronine concentrations. This indicates that at least 80% of
tri-iodothyronine taken up by the intact erythrocytes enters the cell. This saturable
uptake system can be inhibited by X-ray-contrast agents in a dose-dependent fashion.
(+)-Propranolol. but not atenolol. has the same effect. indicating that the membrane-
stabilizing properties of (+)-propranolol are involved, Furthermore. there is 1o inhibition
by ouabain or vanadate. which indicates that tri-iodothyronine uptake is not dependent
on the activity of Na* + K*-dependent adenosine triphosphatase. We have prepared
ervthrocyie "ghosts’, resealed after 2.5min with Omm-. 2mM- or 4mm-ATP inside
Inclusion of ATP and integrity of the membrane of the erythrocyte “ghosts’ were verified
on the basis of an ATP-concentration-dependent functioning of the Ca®* pump. No
difference was found in the uptake of tri-iodothyronine by erythrocyte ‘ghosts” with or
without ATP included. indicating that uptake of tri-iodothyronine is not ATP-
dependent. The following conclusions are drawn. {1) Tri-iodothyronine érters human
ervthrocytes. (2) There is onlv one saturable uptake system present for tri-
iodothyronine. which is neither energy (ie. ATP)-dependent nor influenced by the
absence of an Na- gradient across the plasma membrane. This mode of uptake of
tri-iodothyronine by human ervthrocytes is in sharp contrast with that of rat
hepatocytes. which uptake system is energy-dependent and ouabain-sensitive | Krenning.
Docter. Bernard. Visser & Henrnemann (1978) FEBS Lert. 9i. 113-116: Krenning.
Docter. Bernard. Visser & Hennemann (1980) FEBS Lerr. 119. 279-2821. (3) X-ray-
contrast agents inhibit tri-iodothyronine uptake by ervihrocvies in 4 similar fashion to
that by which they inhibit the uptake of tri-iodothyronine by rat hepatocyvtes | Krenning.
Docter, Bernard. Visser & Hennemann (1982) FEBS Leri, 140, 229-233).

biological action of 3.3".5-tri-iodo-t-
(referred 10 below simply as tri-

membrane. We have shown with transport studies
with rat hepatocytes in primary culture (Krenning et

iodothyronine) is initiated by the binding of the
hormone to receptors in the target cell (Samuels.
1978). To reach the cellular comparimen: the
hormone has to be translocated through the plasma
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al.. 1978} that this uptake of tri-iodothyronine is
carrier-mediated and energy-dependent and can be
inhibited by KCN, 2.6-dinitrophenol or oligomycin.
Further investigations have shown that this active



transport of wi-icdothyronine is regulated by the
ATP content of the hepatocytes (Krenning er al.,
1989). It was found that a highly significant positive
correlation existed between the i.ntraceilular_ ATP
concentration and the transport of tri-lode-
thyronine, The energy-dependency of tri-iodo-
thyrenine uptake is in harmeny with the finding by
Cheng er al. (1980) that the mechanism of to-
iodothyronine uptake is by the so-called “receptor-
mediated endocytosis’.

In the present paper we describe studies con-
cerning tri-iodothyronine uptake by human erythro-
cytes. It has been reported that erythrocyte mem-
branes bind tri-iodothyronine and thyroxine com-
petitively {Singh e al.. 1976). Holm & Jacquemin
(1979) have shown that human erythrocyte mem-
branes contain two separate saturable uptake
systems for tri-iodothyronine, with &, values almost
identical with those found with rat liver cells
(Krenning et al. 1978).

We decided to investigate further the charac-
teristics of human erythrocytes with regard to
transmembranal transport of tri-iodothyronine. Qur
reasoning was that, f we could confirm that
transport of tri-iodothyronine inte erythrocytes is
based on similar principles to those that apply for
hepatocytes, erythrocyzes could possibly be used as
a model system for tissue uptake of tri-iodo-
thyronine (and possibly other jodothyronines) in
studies performed in vive.

Part of this work was presented at the 11th
Annual  Meeting of the European Thyroid
Association, Pisa, Italy. on 7-11 September 1981.

Materials and methods
Materials

3.3".5-Tri-iodo-L-thyronine labelled at the 3'-
position ([**I]tri-iodothyronine, 1200£Ci/ug) was
purchased from The Radiochemical Centre
(Amersham, Bucks., U.K.). The iodide content of
this material, as determined by high-pressure liquid
chromatography  [C,, column: methanol/ag.
1.35mm-KH,PO, (57143, v/v) as solvent] did net
exceed 3%. Unlabelled tri-iodothyronine, X-ray-
contrast agents. inhibitors of the cytoskeleton,
ouabain and cligomycin were purchased from Sigma
Chemical Co. {St. Louis. MO, U.S.A). (+)-Pro-
pranclol and atenolol were 2 genmerous gift from
LCI (Rotterdam, The Netherlands). All other
chemicals were of reagent grade and were obtained
from BDE Chemicais (Poole, Dorset. U.K.). Poly-
propylene reaction vessels from Eppendorf (Mar-
burg, West Germany) were used throughout.

Preparation of the erythrocytes

qum_i from healthy volunteers was collected in
heparinized tubes and centrifuged at room tem-

R. Docter and others

T . The plasma and the buffy coa: were
f;zag?;:l and ﬂ?e erythrocytes were washed three
times with 3vol. of ice-cold phosphate-buffered
saline (150 mm-NaCl/5 mm-sodivm phosphate buf-
fer, pH 7.4). Finally. the erythrocytes were suspen-
ded in phosphate-buffered saline and diiuted to
obtain a relative packed-cell volume of (.25, as
estimated with a haematocrit centrifuge. This.sus-
pension will contain 3 x10° cells/104 (Dacie &
Lewis. 1968). Erythrocytes were kept at 4°C unul
use.

Preparation of erythrocyle iysate

‘Erythrocytes were mixed with $mM-sodium
phosphate buffer, pH7.4, containing 4mM-MgClE.
After 10min membranes were separated by centri-
fugation at 9500g for 1min. Then 1041 of 2M-KCl
and 65u1 of 2M-NaCl per ml were added to the
supernatan: 1o obtain iso-osmeticity (130mm-Na(l
and 20 mv-X Cl).

Uptake studies with erythrocytes

Incubation mixtures (0.8:ml) were made in Eppen-
dorf reaction vessels containing &x 107 cells in
phosphate buffer (130 mM-NaCl/20 mM-KCl/4 mm-
MgCl,/5mM-sodium phosphate buffer, pH7.4).
After temperature equilibration at 37°C during
15min, the reaction was started by the addition of
[**[tri-iodothyronine with various concentrations
of unlabelled tri-lodothyronine in 0.2ml of phos-
phate buffer at 37°C. The reaction vessels were
closed and the contents were mixed and incubated
for 1min or 10min. The cells were then separated
from the medinm by centrifugation at 9500g for
Lmin. Cells were pelleted within the first 10s of
cemrifugation. The supernatant was discarded and
the radioactivity in the pellet was counted after an
additional wash with ice-cold phosphate buffer.
Blanks for zll hormone concentrations used were
prepared in the same way, but the centrifugation was
omitted, 10 correct for non-specific binding to the
Teaction vegsels.

Bmnding studies with erythrocyte membranes were
performed similarly, except that NaCl and KCl were
omitted from the phosphate buffer, which cauysed
lysis of the cells. To correct for non-specific binding
w0 the membrane and/or diffusion the fractional
uptake at the highest tri-iodothyronine concen-
wation used (7.74M) was subtracted from the
fractional uptake values obtained at lower con-
centrations of tri-lodothyzonine. Then a double-
reciprocal plot was constructed to assess the kinetic
parameters.

Measurement of the inhibition of tri-fodothyrorine
uptake by various compounds

Incubation r:ﬁxtm:es (0.8ml) were made in phos-
phate buffer containing 6 x 107 cells, with or without
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Uptake of tri-iodo-L-thyronine by erythrocytes

the compound to be tested (added as 0.08ml of a
10-fold <oncentrated sclution in phosphate buffer).
After 30min preincubation at 37°C. the reactions
were started-by the addition of tri-iodothyronine and
tracer tri-iodothyronine in 0.2ml of phosphate
buffer. Incubation for 10min and separation of celis
and medium were performed as described above.
Specific uptake of tri-iodothyronine was calculated
as the difference in percentage uptake between a low
dose of hormone (I.5nm-triiedothyronine), far
below the K of the transport process, and a very
high concentration of tri-iodothyronine (7.7 uM).
Percentage inhibition was calculated as the per-
centage fall in specific uptake in erythrocytes in the
presence of the compound tested versus control
incubations of mixtures not containing the inhibitor.

Preparation of pink erythrocyte ‘ghosts”

Erythrocyte “ghosts’ were prepared as previously
described (Larsen er al, 1978). with some
modifications. Erythrocytes were haemolysed by
mixing lvol. of packed cells with [0vol. of
hypo-osmotic buffer containing 10mm-Tris/HCIL
buffer, pH7.4, 4mm-MgCl.. imm-CaCl, and
various concentrations of ATP (0—4mm). After
2.5min the erythrocyte ‘ghosts’ were resealed by
addition of 2M-KCl and 2M-NaCl solutions two
adjust the concentration of KCl to 20mM and that
of NaCl to 130mM. The whole procedure was
performed at 0—4°C. and the erythrocyte ‘ghosts’
were kept on ice until uss. When the erythrocyte
*ghosts’ were used to study the fenction of Ca™-
stimulated ATPase, **Ca** was included in the
hypo-osmotic buffer (final specific radioactivity
10*d.p.m./umol of Ca**} and the sealed erythrocyte
*ghosts’ were washed twice with Tris buffer (4mm-
MgCl, / i mm-CaCl, / 130mm-NaCl / 20mm-KCl /
10mm-Tris/HC1 buffer. pH7.4) 1o remove radio-
active Ca®* not incorporated into the erythrocyte
‘ghosts’.

Preparation of white ervthrocyte ‘ghosts”

For comparison purposes erythrocyte ‘ghosts’
were also prepared as described by Holm &
Jacquemin (1979). Erythrocytes were haemelysed
by mixing 1vol of packed cells with 40vol. of
5mM-sodium phosphate buffer, pH 8.0. After 10min
the membranes were collected by centrifugation at
22000g for 10min at 4°C. They were washed five
times with the same buffer to remove all haemo-
globin. Then the membranes were suspended in the
hypo-osmotic  buffer used 1o prepare pink
erythrocyte ‘ghosts’ and treated further as deseribed
in the preceding paragraph.

Measurement of the Ca®* pump in ervthrocyte
‘ghosts”

Transport experiments were started by warming
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the *Ca*- and ATP-loaded erythrocyte ‘ghosts’
suspended in Tris buffer at 37°C. Packed ‘ghosts’®
were diluted 4-fold. After various #me intervals.
0.5m! samples were chilled on ice and centrifuged at
9500g for Imin. The packed ‘ghosts” were washed
once with ice-cold Tris buffer. treated with 6% (w/v)
HCIO, and centrifuged. and the radioactivity of
sampies of supernatant were counted.

Statistical anaiysis

Statistical analysis of the data was performed by
using Student’s ¢ test for unpaired groups (Snedecor
& Cochran, 1967).

Results

Uptake of tr-iodothyronine at 37°C by human
erythrocytes is time-dependent (Fig. 1). Binding of
the hormone is maximal and constant after 60 min of
incubation: 60% of the maxima! value is obtained
within 10min. There is a linear relationship between
the number of erythrocytes in the incubation
mixture and the uptake of tri-todothyronine by the
cells, both at a low concentration of hormone and at
a much higher concentration (Fig. 2). From the fact
that the fraction of the hormone bound by the celis
is lower at high concentrations of tri-iodothyronine,
it can be concluded that the process is saturable.

To extend this finding further. cells were in-
cubated with various concentrations of tri-iedo-
thyronine, and the fraction associated with the cells
was plotted against the logarithm of the con-

20
T..'
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S w0k
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L. i 1
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Fig. \. Tri-iodothyrorine uptake by erythrocyles plotred
versus time

Erythrocytes (6 x 107) were incubated with 13 pmel
of tri-iodothyrenine in Iml of phosphate buffer for
various time intervas. For full experimental details
see the text. Time in minutes is plotted on the
abscissa, On the ordinate the amount of .tn-aodt*-
thyronine associated with the erymrr:ucytcs is shown
as percentage of total tri-iodothyronine added. Bars
indicate s.0. Each data point is the mean for five
different experiments performed in duplicate.



Uptake of tri-iodo-L-thyronine by erythrocytes

From the difference in maximal uptake velocity
between membranes and intact erythrocytes (Table
1) it can be concluded that after 10min only 16% of
the hormone is associated with the membranes of

/v (pmol=")

A L
-0.02 F) 0.02 0.04 0.05
18] (o )y

Fig. 4. Double-reciprocal plot of tri-iodothyronine uptake

by ervihrocytes
Erythrocytes (6 x 107) were incubated with various
concentrations of tri-lodothyronine for 1 min (&) or
10 min (). Means + $.D. are plotted of the reciprocals
of values for tri-iodothyronine uptake for seven (4)
and ten () experiments respectively. Fur further
experimental detail see the text and the legend to
Fig. 3.

erythrocytes, the remainder (ie. 84%) being trans-
ported into the interior of the cell.

In order to determine whether the uptake of
tri-iodothyronine by erythrocytes is dependent on
ATP, we prepared pink erythrocvte ‘ghosts™ with-
out or with 4mM-ATP included after resealing. With
these ‘ghosts’ we performed tri-iodothyronine-
uptake studies during 10min at 37%C. There is no
significant difference between the kinetic param-
eters of the erythrocyte *ghosts” with ATP included
and those without ATP (Table 1). This indicates
that the presence of ATP is not necessary for the
uptake process.

To assess the integrity of the membranes of the
erythrocyte “ghosts’ used in the tri-iodothyronine-
uptake studies and to verify the inclusion of the ATP
inside these *ghosts’, we performed studies with
#Ca 10 measure the activity of the Ca®** pump.
Normally the erythrocyte membrane maintains &
steep Ca®™ gradient, with concentrations of Ca*
higher outside than inside the cells. The gradient is
maintained by a low permeability 1o Ca™ in the
inward direction and an ATPase that is stimulated
by Ca™ and requires Mg®*. This ATPase is dircetly
responsible for Ca®* efflux (Schatzmana, 1973). The
enzyme sites for ATP and Ca®* are located on the
inner face of the membrane.

Fig. 5 shows that the efflux of Ca®* from the
interior of pink erythrocyte ‘ghosts’ is dependent on
the concentration of ATP inside. This indicates that
ATP is indeed included inside these erythrocyte
*ghosts”. Since only a small amount of Ca®* (about
15%) diffuses out of the erythrocyte ‘ghosts’ when
no ATP is present inside, it can be concluded that
the membranes of pink erythrocyte "ghosts” are still
impermeable for small jons.

Finally, we performed studies with various com-
pounds to test interference with tri-lodothyrenine
uptake. A summary of the results is given in Table 2.

Table 1. Kinetic parameters of tri-iodothyronine uptake in ervihrocyles (6 x 16"}, erythrocyte membranes (of 6 x 107 cells)
or ervthrocyte ‘ghosis™ (6 x 197) ]
For full experimental details see the text. Key to medium used: A. phosphate buffer: B, phosphate bufTer with lysate of

&% 107 cells: C. phosphate buffer without NaCl and KCL

which causes lysis of the added cells. All experiments were

performed in wriplicate. Kinetic parameters of each individual experiment were calculated and means + S.E.M. 3r¢

reported.
- Tncubation conditions
A No. of V . (pmol per
Material Medium  Time (min)  Temp. (°C)  observations Ko (i 6% 107 cells)

A 10 37 10 10016 A
%ﬁiﬂiﬂiﬁii A 1 37 7 128419 46207
Ervthrocytes A 10 0 3 132426 18+03
Erythrocytes B 10 37 6 127412 98+1.1
Membranes c 10 37 5 75410 16402
*Ghosts™ (0mm-ATP) A 10 37 4 118 +13 3.5+03
‘Ghosts” (4mM-ATP} A 10 37 4 128 +8 3.9+04
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Fig. 2. Tri-iodothyronine uptake (] min) by erythrocyres
plotted versus the number of cells
Various amounts of erythrocytes were incubated
with 15pmol (@) or 3amol (&) of tri-iodothyronine
in 1ml of phosphate buffer. For full experimental
details see the text. Number of erythrocytes is
plotted on the abscissa. and the amount of tri-
iodothyronine bound to the erythrocytes after 1min
of incubation is given on the ordinate. Each data
point is the mean of two experiments. performed in
duplicate.

centration of the hormome (Fig. 3). A sigmoidal
pattern. typical for a saturable process. is observed,
both after 1 min and after 10 min incubation.

Extension of the concentration range down to
0.5 pM-tri-iodothyronine did not reveal a second
saturable binding site: extension to higher con-
centrations was not possible owing to the limited
solubility of the hormone. From these findings it can
be concluded that only one saturable uptake system
for tri-iodothyronine exists in erythrocytes. Plotting
these data in a double-reciprocal piot (Fig. 4)
revealed that both curves have the same intercept
with the abscissa. This indicates that the X of the
uptake process is not dependent on incubation time.
The intercepts with the ordinate are different,
showing a higher maximal uptake after 10min
incubation than after lmin. A summary of the
uptake parameters is Listed in Table 1.

If maximal uptake velocities are calculated it
appears that upake during the first minute is 6-fold
greater than the mean uptake during the first 10min.
This fieding is in accordance with the curved
relatdonship between uptake of hormone and time
(Fig. 1). At 0°C the uptake system 15 stll active,
although the maximal velocity is significantly lower
than at 37°C (Table 1).
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Uptake (%)
o

@
--10 -9
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log {[ Tri-iodothyroninel (M)}

Fig. 3. Tri-iodothyronine uptake bv 6 x 107 er_vrkrz_:q-res
plotred versus the concentration of tri-tadothyronine
For full experimental details see the text, On the
ordinate the fractional uptake of hormene is plotied.
and on the abscissa the logarithm of the con-
centration of tri-iedothyronine in the meubation
mixtures. Data points are means +s,D. for ten (B
|0min incubation time) or seven (&: lmin in-
cubation tme) experiments. Each experiment was
performed in triplicate and the data points were
corrected for non-saturable binding by subtraction
of the percentage uptake of hormone at a tri-
iodothyronine concentration of 7.7um before further
calculations were performed. Non-saturable binding
was the same at L.5gm- and 7.7gpm-tri-iodo-
thyronine added to the cefls and amounted to
25+0.8% (mean*s.D., #=7) alter Emin in-
cubation and 6.5+ 2.1% (mean +5.0.. = 10) after
i0min incubation.

In order to answer the question whether tri-
odothyronine enters human erythrocytes. we
measured the binding of tri-iodothyronine to
erythrocyte membrancs. prepared by lysis of celis,
and compared the results obtained with the uptake
parameters for intact cells. Because the incubation
mixture of the membranes sl contained the cell
cytosol liberated during lysis, we have incorporated
a similar amount of cytosol in’ the incubation
mixtures of the intact erythrocytes. Although it is
known that erythrocyte cytosol conmtsins tri-iodo-
thyronine-binding proteins (Yoshida & Davis, 1977,
Davis & al, 1980, it has also been shown that
association of tri-iodethyronine with these proteins
proceeds only slowly, about 5% of the added
tridodothyronine being bound during the first
30min. Because we started the incubations by the
addition of hormone, & is therefore assumed, for the
calculations of the kinetic parameters, that all

tri-iodothyronine in the incubadon mixtures was
unbound.
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Fig. 5. ATP-dependent offlux of Ca™* from erythrocyte
‘ghosts’

Pink erythrocyte ‘ghosts’ were preparsd with Omu-
(®). Lmm- (B) and 4mm- (&) ATP and #Ca’™
included. For full experimental details see the text.
The amount of radioactivity present in the
erythrocyte ‘ghosts” at the start of the incubation at
37¢C was taken as 00%. Depicted are
means + S.2.M. for four experiments performed in
duplicate. A similar amount of white erythrocyte
‘ghosts’ prepared with 1mm-ATP and *'Ca® (O
included only 5% of the radicactivity compared with
the pink erythrocyte ‘ghosts’, and no transport could
be measured.

Discussion

The present study demonstrates that uptake of
tri-ipdothyronine by human erythrocytes mvolves
only one saterable process. Careful examination of
tri-lodothyronine uptake over 2 wide range of
hormone concentrations {from 1pMm to 7.7um) did
not reveal a second system. This is in contrast with
the existence of two saturable uptake systems in rat
hepatocytes (Krenning ef al., 1978, 1980: Eckel et
al., 1979) and with the presence of two different
saturable binding sites on rat liver membranes
(Pham & Goldfine, 1977). We have shown (Kren-
ning et «l., 1978, 1980) that the hepatic transpor:
system with the highest affinity is energy (ie.
ATP)-dependent and can be inhibited by metabolic
inhibitors such 23 KCN. 2,6-dinitrophencl and
oligomyein, or by ounabain (Krenning ef al. 1981a),
which last-mentioned finding indicates that the Na*

R. Docter and others

Table 2. Percentage inkibition of tri-ipdorhyronine uptake
in ertthrocyies by parious compounds
For full ex:pcrimcntal details see _the text. Each
experiment was performed in triplicate. N.8.. No
significant inhibition.

Concentration Inhibition Nao. o.f

Compound (unt} (%)  observations
Tyropancic acid 100 22 é
yree 16 12 s
Topanoic acid 100 78 6
10 37 4]
Ipodic acid 100 86 4
e 10 32 g

+)Propranolol 100 30

(-Proer 10 N.S. 4
Atenolol 100 NS, 6
10 M., 2
Quabain 1000 N.8. 9
Vanadate 19 N.§. 3
Colchicine 125 16 7
25 NS T
Vinblastine 60 57 3
- 12 22 3
Cytochalasin 100 N.S. 2
20 N.S. 2
Oligomycin 110 73 2
som 22 43 2

gradient over the membrane may be of importance.
However, the presence or absence of ATP in
erythrocyte *ghosts' seems not to be important for
the uptake of tri-iodothyronine by these “ghosts’
(Table 1), which finding argues against a role of
ATP ins the uptake process.

Nevertheless the possibility remains that an Na*
gradient gemerated by the presence of ATP wvia
Nat + K*-dependent ATPase ts important for the
uptake process. Because the method used for the
preparation of erythrocyte ‘ghosts” may partially
restore the Na* gradiemt across the membrane.
independent of the presence of ATP. it is therefore
possible that the effect of the depletion of the
erythrocyte ‘ghosts' of ATP is masked. However,
the fact that ouabain or vanzdate does not inhibit
the uptake of tri-iodothyronme by erythrocytes
(Table 2) makes this hypothesis unlikely. This
implies that the tri-iodothyronine-transport system
present in erythrocytes is not energy-dependent.
This conchision is further substantiated by the
finding that this tri-iodothyronine-transport system
is still active at 0°C (Table 1), in contrast with the
encrgy-dependent uptake system of rat hepatocytes,
which is not measurable at 0°C (Krenning et al.
1978). That oligomycin strongly inhibits tri-iodo-
thyronine uptake by erythrocytes (Table 2) cannot
be attributed to its inhibition of the Na*+ K* pump
(Hoffman et al., 1980), because neither ouabain nor
vanadate, which also block Na*+ K*-dependent
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ATPase (Hoffman et al., 1980), inhibits the uptake
of triiodothyronine by erythrocytes (Table 2).
Furthermore, it is known that oligomycin blocks the
production of ATP (Cantarow & Schepartz, 1367)
by inhibition of the phosphoryiation of ADP. but
this mechanism also cannot be involved, because
erythrocytes do not contain mitochondria, the usual
site of action of oligomycin. The mechanism of
action of this antibiotic therefore remains unclear,
although it is possible that this compound has
membrane-stabilizing properties too.

That membrane stabilization causes an inhibition
of tri-iodothyronine uptake by erythrocytes can be
concluded from the finding that (+)-propranolol in
high concentrations Inhibits tri-iodothyronine trans-
port by erythrocytes, whereas atenclol does not
{Table 2), although both are fblocking agents. This
discrepancy can be explained by the membrane-
stabilizing properties of (3)-propranoilol (Pritchard,
1978), in contrast with atenolol. The mechanism by
which colchicine and vinblastine interfere with tri-
jodothyronine uptake by erythrocytes is unclear. It
is known that these two compounds inhibit the
assembly of microtubules (Sternlicht & Ringel,
1979; Beck, 1980). However, these structures are
not present in erythrocytes (Nicolson, 1976). On the
other hand, erythrocytes do contain microfitaments
and their associated proteins (Goldran et al., 1979:
Nicolson, 1976), but cytochalasin. which inhibits
these structures (Weihing, 1976), does not impair
the uptake of tri-iodothyronine by erythrocytes.

More than 80% of the tri-iodothyronine
associated with erythrocytes after 10min exposure
to the hormone is transported into the interior of the
cell. This can be concluded from the difference
between the maximal uptake velocity of imtact
erythrocytes and the maximal binding of the
hormone by a membrane preparation derived from
the same amount of erythrocytes (Table 1). It is
rather likely that the affinity of the carrier in the
membrane will be different when binding is
messured in the membrane preparation as compared
with intact cells, because in the former case both
sides of this carrier are exposed to the uptake buffer,
whereas this is not the case when intact erythro-
cytes are used. Therefore a difference in K can be
expected.

We prepared white (le. haemoglobin-free)
erythrocyte ‘ghosts’ by washing the lysed erythro-
cytes extensively before resealing them. In our
hands it was not possible to show any saturable
uptake process in this type of ‘ghosts’, in contrast
with pink erythrocyte ‘ghosts’. which are prepared
by opening the erythrocytes for onfy 2 short time.

The absence of a saturable uptake process in
white eryihrocyte ‘ghosts® may be due to damage of
the membranes. Electron microscopy revealed that
the membranes of this type of erythrocyte ‘ghosts’

82

show many blebs, representing small protrusions at
the edge of the "ghosts’ (Ting-Beall er al., 1981),
Furthermore. it appears not possible to confine
“Ca™ inside the white erythrocyte ‘ghosts’, which
indicates that these *ghosts’ are leaky for small ions,
and no active transport of Ca** could be measured
(Fig. 5). These findings shed some doubt on the
structural integrity of these white erythrocyte
*ghosts’.

Our results are in sharp contrast with a previous
report (Holm & Jacquemin, 1979) in which the
existence is described of twe saturable tri-iodo-
thyronine-upteke processes in white erythrocyte
‘ghosts’. The uptake process with the highest affinity
could be inhibited by ouabain (Holm & Jacquemin,
1979). In our study only one saturable transport
system for tri-iodothyronine in intact erythrocytes
or pink erythrocyte ‘ghosts’ (Table 1) could be
demonstratad. This system could not be inhibited by
ouabain (Table 2). The reason for this discrepancy is
not clear, although Helm & Jacquemin (1979) did
not describe any test 1o assess the structural
integrity of the erythrocyte ‘ghost” preparations that
they used.

Fror the data in Table 2 it can be concluded that
X-ray-contrast agents such as ipodic acid, tyro-
panoic acid and iopanoic acid are strong inhibitors of
tri-iodothyronine uptake by erythrocytes. A similar
influence was found on the uptake of wi-iodo-
thyronine and thyroxine by the high-affinity system
of rat hepatocytes (Krenning et al., 19815) and in
vive on the uptake of thyroxine by human fiver
{Felicetta ef al.. 1980). It is also known that these
compounds - strongly iphibit the conversion of
thyroxine (3.,3'.5.5-tetraiodo-L-thyronine) into tri-
iodothyronine (Suzuki er al., 1979) in vivo as well as
in vitrg (Kaplan ot gi., 1979). However, it is possible
that at least part of the described inhibition of
conversion in vive is due to the inhibition of the
transport of the thyroid hormones across the cell
membrane.

The K, of the tri-iodothyronine-transport system
in erythrocytes (100/130nMm) that we describe in the
present paper compares well with the X, reported
for the wi-iodothyronine-transport system present in
lymphocytes (100nM) (Holm et @l 1980). This
uptake systern appeared to be energy-dependent. It
is possible that the uptake systems of erythrocytes
and lymphocyles are similar, because both cells
come from the same stem cell (Quesenbery & Levitt,
1979a.b.¢), but that the erythrocyte system lost its
energy-dependency at the time that its nucleus
disappeared, a target of the tri-iodothyronine inside -
the cell.

Finally, we can conclude on the basis of the
results presented above that the human erythrocyte
cannot be used a3 a model system for tissue uptake
of tri-iodothyronine in studies performed i vizo.
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Chapter V

Regulation of influx and efflux of thyroid hormones in rat hepatocytes:
Possible physieclogic significance of the plasma membrane in the regulation
of thyroid hermone activity.
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Introduction

One if not the most Important reason to study thy-
roid hormone metabolism is the notion that most
(in humans about 80%) of the overall 3,3/, 5-trifodo-
thyronine (T,) production is generated in peripheral
tissues by conversion of thyroxine (Ts) into T
(Chopra 1976). The liver plays an important role in
this process but other tissues like kidney and brain
are also of significance. The process of T4-deiodin-
action into T is subject to regulation, ¢.g. in condi-
tions of caloric deprivation OF starvation o1 in chro-
nic or acute disease extra-thyroidal T; production
is diminished (Vagenakis 1981).

It has been shown that the greater part of Ty that
occupies the nuclear receptor of rat liver, which is
the main site for the mitiation of thyroid hormone
action, is not derived from local intraceliular de-
iodination of T, but is derived from circulating
plasma T3 (Larsen 1982). In order to reach the
nucleus, Ty has to be translocated from the extra-
cellujar fluid into the cell via the plasma membrane.
The concentration of plasma T; is, among other
things, dependent on the amount of T, which en-
ters the tissue cells where it is converted into Ti.
In the pituitary znd especially in the cerebrum,
most of the Ts bound to the nucleus is derived
from intracellular deiodination of Ty, less being
derived from the plasma (Larsen 1982).

If transport of T, and T, over the plasma mem-
brane of target cells are controlled processes, then
they may determine (apart from processes which
influence intracellular thyroid hormone metabo-

iism) the ultimate production of T3 and the exer-
tion of thyromimetic activity. Once, having entered
tissue cells, thyroid hormones may be further me-
tabolised or leave the cell unaltered. What has been
mentioned with respect to the regulatory role of
thyroid hormone influx may also apply to the ef-
flux of these substances. In other words, if the
efflux of thyroid hormones is subject to regulation
then this process may aiso play a part in the control
of thyroid hormone activity.

We will discuss here studies concerning influx and
efflux of thyroid hormones with special attention
to possible regulation of these processes, Also the
significance of these transport processes as studied
by in vitro techniques will be discussed in the light
of a possible physiological mechanism.

Uptake of Thyroid Hormones into Rat Hepatocytes

Initial uptake rates of tracer T3 and T, by rat hepa-
tocytes in primary culture, ie. uptake after 1 min
of incubation, were studied in the presence of in-
creasing doses of unlabeled hormone (Krenning et
al. 1978). These studies were done at different tem-
peratures and for T, in the presence of T, and for
T. in the presence of T;. Also the influence of pre-
incubation with metabolic blockers like XCN, DNP
and oligomycin on initial uptake rates was studied.
Table 1 depicts the results after analysis of one min
uptake of T, under the different circumstances. It
¢an be seen that 2 uptake systems, one with rela-
tively high X,;, (low affinity system: LAS) and one
with relatively low X, (high affinity system: HAS)

Table 1 Characteristic of the uptake of Ty by rat liver cells; the effect of temperature, addition of T4 and preincubations

with metabolic inhibitors

Test n

Km1 Vmax1 Kmz Vmax2

(M) {nmol/35 ug (nM) (pmol/35 ug

DNA/min) DMNA/min)

21 :c 25 18011257 3.3(2.0-4.8° 20 s P a8t s-zs)j'3
o’c 4 1.5(0,8-1,9) 2,8(1.2-4.9) - -

7% 4 2.8(2.0-3.1) 4.1(3.1-5.0} 61(34-108) a8(2601)
(FTa) 20 kM 6 1.9(1.1-2.5) 2.4{1.3-3.8} - -

[KCN) 2 mM 5 2.0(1.8:2.7) 2.7(2.0-4.5} - - .
(DNP) 2 mM 4 2.3(2.2.2.4) 4.2(2.54.9} — -

{Otigormycin) 100 uM 4 1.8(1.6-1.9) 2.4(2,0-2.7} - - ®

2 Mean {range}

Zero Vipay after eross-correction for uptake by the low affinity system
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Table 2 Kinetics parameters of thyorid hormone transport

v, HAS Kem = 1.2 aM
inhibition T3 transport Ki = 21 nM
r,; HAS Kr= 21 nM
inhibition T4 transport Ki = 90 nM

were detected. Also the corresponding Viax is
given in Table 1. The LAS appears to be unaffected
when studied under different temperatures and does
not change when Ty is present during the studies

or when the cells were preincubated with metabolic
blockers. On the contrary, the HAS depends very
much on temperature, is suppressed by Ts, and is
not detectable anymore after preincubation with
metabolic blockers. From these and other studies
(Krenning et al. 1979), it was argued that the LAS
represents binding of Ts to the outer cell surface
possibly attached to albumin, whereas the HAS re-
presents the mechanism by which T, is transported
into the cellular compartment. Similar findings
were obtained with regard to the uptake of T,.
Also here two saturable uptake systems were found;
one with low affinity (Kp 1.0 2M) that is not in-
fluenced by temperature, the presence of T, or pre-
incubation with metabolic blockers, and one with
high affinity (Km 1.20M at 21 °C) that is dependent
on temperature, suppressible by Ts or after prein-
cubation with metabolic blockers.

Of interest was the question whether Ts and T,
were transported via the same tramsport route or by
different pathways. This problem was studied (Kren-
ning et al. 1981) by measuring the Kj of T, for the
inhibition of T, transport and comparing this value
with the Ky of T, for its own transport system.
Also the inhibitory activity of Ty on T4 transport
was studied and the K; value of T, was compared
with the Kp, for its own transport system (Table 2).
From the differences of the K; values with the re-
spective K values it is concluded that T4 and T»
are transported via different uptake systems although
they do inhibit each others transport.

Since metabolic inhibitors abolished the detection
of the HAS for T3 and T,, the relationship between
intraceliular ATP concentration and initial uptake
rates or Ty and T, was studied. This relationship
was also studied with regard to reverse T3 (fTa)
which also appeared to be translocated via a high
affinity system with 2 K value similar to that of
Ta. The relationship of initizl uptake of the 3 thy-
roid hermones and the intraceflular ATP concentra-
tion is depicted in Fig. 1, It can be seen that the
relationship between ATP concentration and uptake
is linear with regard to Ts and curvilinear with re-
gard to the other iodothyronines. The different
types of relationship between ATP and T; on one
hand and T, and 1T; on the other hand underline
the possibility of a different uptake route for these

iodothyronines. The similarity in ATP-uptake re-
lattonship for reverse T3 and T, is in concert with

a shared uptake system as suggested from the simi-
larity of the Km values of the respective HAS.

The above mentioned results were all concerned with
initial uptake rates. However, in biologic systems
especially in physiological situations at least semi-

100

2 uptoke

50

o 56

100

1 ATP

Fig. 1 Active transport {in % of control) of iodothyronines
into rat hepatocytes in primary culture as function of cellular
ATP content (in % of control), Values frem incubations with
6.7 mM glucese are expressed as 100%. The abselute control
values amounted to 0.87 T, 36 and 3.8 rTy pmol .35 pg
DNA-i.min—! and 64 nmol ATP/35 ug DNA. ATP content
was varied by preexposure of the eells to the indicated con-
centrations of giucose or fructase. Thereafter the monolayers
were exposed to the foliowing free hormone levels for 1 mi-
nute at 37 °C: 0.1 nM Ty, 9 nM Ty and 1.2 nM rT3. Each
uptake value represents tha mean t SEM of > 6 expts (in
quadruplicate) and AT? values are from > 16 expts (at least
in duplicatel. Statistical evaluation of T3 and T4 transport
with Student’s t-test results in: .p<0.005; *p<0.025;
xp=0.025

I ~A5L ATH

{mot,35 g DHA™

0.5

T T ™t d

i 1% 30

-4 —F

'y
w

tims of uptaka {min)

Fig.2 Effect of intracellular ATP on total T4 uptake
{FT4=0.1pM) by cultured rat hepatocyres at 37 °C {mean
= SEM). At equilibrium, difference in uptake (20% versus
control) remains significant (p<0.005)
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equilibrium conditions prevail. It was therefore im-
portant to study the effect of intracellular ATP on
the magnitude of uptake of thyroid hormone in
equilibrium cenditions. In Fig. 2 this relationship is
shown with regard to the uptake of T, showing
that 2 decrease of ATP concentration by 45% results
in a permanent decrease of total cellular uptake.

Efflux of Thyroid Hormones from Rat Liver Cells
Methods

Rat hepatocytes were obtained by the collagenase
perfusion technique and about 2.10° cells (=35 ug
DNA) were cultured for at least 4 h, as descobed
previously (Krenning et 2l. 1981). To study the re-
iease of cell-associated thyroid hormone, monolayers
weze incubated with [P°13Ty or [**1]T, in concen-
trations of (.5 and 54 nM free T; or 0.07 nM free
T4 in 4 ml incubation medium including 6.7 mM
glucose and 0.5% bovine serum albumin (BSA)
{Krenning et al. 1981). Incubation at 37 °C was car-
red out for 30 min, at which time equilibrium was
rezched. Cells were then washed twice with incuba-
tion medium without BSA. Efflux was measured in
incubation medium containing BSA in concentra-
tions ranging from 0 to 0.5%. To avoid appreciable
re-uptake of hormmone once entered the medium,
efflux medium was replaced by fresh medium every
2 min. In order to characterize the first efflux com-
ponent (vide infra) renewal of medium was per-
formed in some experiments every 1/2 min during
the first 2 min. The efflux curve was obtained by
cumulative measurement of 125] activity in the
media in relation to time. High performance liquid
chromatography of extraceliular medium showed
that under all conditions tested metabolism of
{35]1T> and [1**I]T, was negligible (data not shown).
To study the potential role of intracellular ATP on
efflux, cells were exposed in 2 preincubation for

30 min at 37 °C as well as in subsequent incubations
to medium without glucose. This resulted in a di-
minution of ATP concentration by 40%. The data
were analysed in semi-logarithmic diagrams. Best fit
was obtained by inferring three linear, Le. first ordexr
components. The half time of the faster phases
were corrected for the contribution of the slower
phases. Monolayers were also preincubated with
(12 11BSA for 30 min at 37 °C and reiease was
measured similary as for Ts and T4. Statistical
analysis was performed with Student’s t-test. Data
are the mean + SD of n experiments, each with

at least 3 monolayers per data point.

Results and Discussion

A typical efflux curve obtained is depicted in Fig. 3
for Tz and Ta. Analysis of these uptake curves
resulted in 3 components, the half times of 2 of
these being illustrated in the figure. The component
with the shortest half life {t: 0.36 min for both

T; and T4, not depicted in the figure) probably
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10 Fig. 3a
e
% added 13_2
1 t3= 725 min
= £1= 1.51 min
0,1
oo TTTFViT i i ivTIrT i rIiTTn1
5 10 15
time of efflux (min)
1!):1 Fig. 3

t3= 8,11 min

t}= 1.8 min

0.01

LIS N N I I S S T A B O R L WL
5 1c 15 2
time of efflux (min)

Fig.3 T3 (left panel) ang T4 (right panel) efflux from cultur-
ed rat hepatocytes: Percentage of addad Ty and Ta released a5
function of time, Analysis revealed the presence of 3 efflux
components. First component with t3% of 0,36 min {for both
T3 and T3} i not shown

represents hormone bound to albumin in the water
layer around the cell since it is similar to the t%

of the rapid efflux phase of albumin (Fig. 4). The
component with a half time of 1.51 min for T; and
1.6 min for T, {fast phase} probably represents
thyroid hormone bound to the cuter cell surface,
The component with the longest half times {slow
phase)} (T3 7.25 min and T4 8.11 min} represents
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Ts or Ty efflux from the intracellular compartment.
It appeared (not shown) that of the T; initially bound
to the nucleus, 95% disappeared during an efflux
period of 20 min.

1 v

% added™]
atbumin §
]
-
N
ti= 62.8 min
+
- - ¥ +
N ti= 0.36 min
001 L2 2 AR i S T S S N T R A i |
5 10 15

time of efflux {min)

Fig. 4 Albumin relzase from cultured hepatocytes. Analysis
disclosed 2 efflux comp TS

In Table 3 results are given of studies where the ef-
fect of intracellular ATP decrease is measured on
the fast and the slow phase with regard to Ts. As
can be scen a decrease in intracellular ATP by 40%
did not significantly affect the half times of both
components. In Table 4 the results are shown of

studies related to the question whether efflux of T,
is a saturable process. Cells were loaded with Ts 2t
concentrations of 0.5 nM and 54 nM free Ts. No
saturability of efflux for thes¢ concentrations of
thyroid hormone was seen since the t% of the

siow phase and the rapid phase weres not different
under these circumstances. The effect of different
albumin concentrations in the efflux medivm on Ts
efflux is given in Fig. 5. The % values decreased
with increasing BSA concentration from 0 to Q1%
and remained constant with higher BSA concentra-
tions. The effect of the BSA concentration was parti-
culardy pronounced for the slow phase. These fin-
dings show that albumin has a permissive function
on the efflux of thyreid hommone probably by faci-
litating the diffusion of thyroid hormone through
the water layer around the cells.

Table & E£ffect of intracellular ATF(=40%) on efflux of Ty
from cultured rat hepatocytes (mean + SEM}

coentrol «30% ATP

n=9 ne2
14 fast phase (min) 1.2:0.17 1.8 = 0.007 NS
214 slow phese {min) 7.8 = 0.41 £.3:0.25 NS

Table 4 Effect of Ta loading on T3 efflux from cultured ret
hepatocytes. Loading concentrations 0.5 nM and 54 nM free
T, (mean = SEM)

0.6 nMfreeTa 54 nMfreeTs

n=9 n=2
114 fast phase (min} 1.3+ 0,17 1.3 0,35 NS
1% stow phase (min) 7.8 = 0.41 5.8 = 0.65 NS

13
10 . slow phase
ti{min]
Tr : T
5
3
fast phase
§\0\ L 8 - J
13 &
Fig.5 Effect of bovine serum albumin
d Al 8 4 k| —_
0ad f T i {  (BSA) in offiux medium on efflux of
0 1 2 2 4 T from cultured rat hepatocytes

BSA concentration in efflux megium (g/1)

(mean £ SEM)
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Studies with Regard to the Possible Physiolegic
Significance of the Active Transport System

If the active transport system for thyroid hormones
has physiological significance then it is expected that
blockade of this uptake system would result in de-
creased intracellular concentration and notably,
attenuated occupancy of nuclear bound thyroid
hormone. Rat hepatocytes in primary culture were
preincubated for 30 min with 0.5 mM ouabain and
total and nuclear bound thyroid hormone (1.8 M
Sucrose and Triton X-100 treated nuclei) were meas-
ured after 1 and 2 hrs of uptake of Ty in the pre-
sence of the same concentration of ouabain. Pre-
vious studies (Krenning et al. 1981) showed that
ouabain inhibits uptake of T3 and Ty probably
because the uptake system needs z sodium gradient
over the plasma membrane. The results are shown
in Table 5. It can be seen that ouabain effects a
decrease of total uptake of = 30% after 1 and 2 h.
Moreover a more substantial decrease with regard to
nuclear binding is seen amounting to 50 and 41%
respectively {ouabain does not influence nuclear re-
ceptor affinity or maximal binding capacity). The
decrease in total uptake, although substantial, is less
than for nuclear uptake and may be explained by
the fact that ouabain does not affect the binding of
thyroid hormone to the outer cell surface (Krenning
et al. 1981).

Table 5 Percent inhibition of T3 uptake in rat hepatoeytes
by 0.5 mM ouabain {rnean = SEM!}

total uptake nudear uptoke
n=4 n=4

1hr 29 £ 3,5 50 £ 4.4

2 hrs 30+ 7.4% 41 £ 5.2~

p value versus control: *<0.05, **<0.005

Conclusions

From our experiments concerning the cellular uptake
of thyroid kormones and from other studies (Eckel
et al. 1979; Cheng et al. 1980) it is concluded that
there exists an energy-dependent, carrier mediated
uptake system for thyroid hormones. T4 and reverse
T; are probably tramslocated over the plasma mem-
brane by the same route which is different from
that of T3. The Ky, values of the transport systems
are too high to be of any limiting value in the entry
of thyroid hormone in physiological and patho-phy-
siological situations. The studies on the effect of
ATP suggest that adlso in equilibrium states the mtra-
cellular ATP concentration may have a regulatory
function on the amount of hormone taken up by
the cells. The investigations of the efflux of thyroid
hormone do not point to ATP dependency or sa-
turability (within the physiological concentration

of free hormones) of the system. Effiux of thyroid
hormone is therefore probably a passive process in
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which the intracellular free hormone concentration
is the driving force. It is sugpested that the efflux
process of thyroid hormones from rat hepatocytes
is not a site for the regulation of intracellular thy-
roid hormone metabolism and the ultimate bioavaila-
bility of thyroid hormones. The in vitro studies with
regard to the effect of ouabain on the uptake of
thyroid hormones suggest that the energy depen-
dent carmrier mediated uptake process may be of in-
fluence in the intracellular bioavailzbility of hor-
mone and therefore may be a factor in the regula-
tion of overall thyroid hormone activity. Other
studies on the physiological importance of the car-
rier-mediated transport process are in Line with our
findings (Halpern and Hinkfe 1982; Horiuchi et al.
1982; Cheng 1983). It should be realised that the
information with regard to the regulation of influx
of thyroid hormone into cells is obtained from in
vitro studies. In vivo studies related to this aspect
are of prime importance before any definite conclu-
sions can be drawn,

In the light of the possible regulatory activity of
intraceilular ATP on uptake of thyroid hormones,

it is noteworthy that under circumstances of star-
vation, disease states like anaemia, dizbetes and cir-
culatory shock and even thyrotoxicosis, lowered
intraceliular ATP concentrations have been found
(Krenning et al. 1983). It is therefore feasible that
intracellular ATP may appear to be of importance
in the regulation of extrathyroidal T, production
and may, apart from decreased To — T, conversion,
play a role in the generation of the so-called low
T; syndrome. In this way a decrease of intracellular
ATP acts as a self-regulatory defence mechanism
with regard to energy expenditure under the influ-
ence of thyromimetic substances.
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Chapter VI

Carrier-mediated tramsport of thyreid hormones imto rat hepatocytes
is rate-limiting in fotal cellular uptzke and metabolism
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CARRIER-MEDIATED TRANSPORT OF THYRCID HORMONE INTO RAT
HEPATOCYTYES IS RATE-LIMITING IN TOTAL CELLULAR UPTAKE AND
METABOLISM
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ABSTRACT: We investigated if carrier-mediated transport into rat hepatocytes is rate
lipaiting in total cellular uptake and metabolism of thyroid hormone. Rat hepatocytes
in primary monolayer culture were incubated under equilibrium conditions with
tracer T4, T3 or T3 in the absence or presence of inhibitors of thyroid hormone
uptake, ie. ouabain and ER-22, a monoclonal antibody against the rat hepatocyte
plasma membrane. The results for all three iodothyronines show that inhibition of
clearance from the medium during incubation is paralleled by a similar decrease in
iodide production. This indicates that the decrease in metabolism of thyroid hormone
is directly related to the inhibition of cellular uptake. These findings underline the
potential importance of the plasma membrane in the regulation of thyroid hormcne
metabolism and, therefore, determination of expression of thyroid hormone activity.

It has been thought that thyroid hormone enters target cells solely by passive
diffusion (1,2). However, in recent years reports from several laboratories strongly
suggest that carrier-mediated transport is invelved in uptake into tissue cells. Thus,

Rao gt al. and we independently showed that 3,3°5-triiodothyronine (T3) (3-5), Tu

(6,7) and 1T3 (6,7) are taken up by rat hepatocytes in_vitro by a carrier-mediated,
energy-dependent process. Simular transport processes for thyroid hormones have
been subsequently reported to exsist for other cell types as well. It was found in
mouse fibroblasts, that T3 was bound tc a saturable plasma membrane protein and
subsequently internalized {8). Further smidies demonstrated that uptake imto these
cells was also energy-dependent (9). Specific uptake of T3 was also present in buman
epitheloid carcinema cells, Chinese hamster ovary cells (9) and rat pituitary twmor
cells (10,11). Affinity-labeling studies revealed similar characteristics of the plasma
membrane carrier protein involved in T3 transport in human, rat and mouse cultured

cells (12). Similar properties with regard to affinity were found for rat hepatocytes
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and buman fibroblasts (13).

Evidence that in vivg transport of thyroid hormones into tissues is not a passive
phenomenon either, has been cobtained in several studies. In rats subjected to a
mutritionally deficient diet, diminished cellular entry of thyroid hormone was found
(14), possibly induced by altered membrane fluidity (15). In humans, prednisone
slowed the acute disappearance of injected T4 (16). We showed that during caloric
deprivation in obese subjects tramsport of thyroid hormone imto tissues, especially
that of T4, is inhibited (17). The results of this last study indicate that diminution of
T4 transport could at least in part, if not fully, explain low T3 production in these
circomstances. These studies suggest that inhibition of transport of thyroid hormones
into cells has ultimate repercussions on thyroid hormone metabolism and bioavailabi-
lity. Ope might speculate that if this inhibition of uptake is due to regulation of
transport at the level of the plasma membrane, the specific transport mechanism

involved should be rate-limiting in total cellular uptake and metabolism. To further

investigate the significance of transmembranal transport, rat hepatocytes in primary
monolayer culture were incubated in the absence or presence of inhibitors of thyroid
hormone uptake, i.e, ouabain and a monoclonal antibody directed at the cell
membrane of the rat hepatocyte (18). Under these conditions, inhibition of clearance
of T4, T3 and T3 from the incubation medium could be measured, as well as the
effect of inhibition of clearance on the production of metabolites of these icdothyro-

nines.

MATERIALS AND METHODS

Reagents. [3,5-1251]T4 and [3-1251JT5 were purchased from The Radiochemical
Centre, Amersham, UK. [3’,5’-1251]rT3 was prepared by radiociodination of 3,3-Tp
with the chloramine-T method and subsequently purified on Sephadex LH-20 (19).
[3-1251)T3-sulphate (T3S) was prepared from [3-125I]T3 as previously described
(20).

Monoclonal antibody ER-22 was prepared against the rat hepatocyte plasma
membrane in our laboratory. In other experiments (18) it inhibited T4 and T3
uptake into rat hepatocytes in a dose-dependent fashion (>90% uptake inhibition of
both iodothyronines at a dilution of 1:100). The antibody was prepared in & partially
purified form by ammoniumsulphate precipitation. ER-22 recognized z membrane

95



protein with a mol wt of 52,000.

In vitro measurement of deiodination, Possible inhibition of deicdination by ER-22
was measured as previously described (21). Production of 1251- from [1251}rT3 by rat
itver microsomes in the presence of ER-22 was compared with that of microsomes
alone, and expressed as % of added 1T3.

Animals. Adult male Wistar rats {150-300 g bodyweight} were used for all experi-
ments.

Isclation and culture of hepatocvtes. These techmiques have been previously
published by us (5,6).

Incubations. Monolayers of 1x100 cells were incubated in 2 ml culture medium
containing 0.5% BSA and tracer; approximately 3.0 pM of free [125[]T4, [1251]Ts3,
[1250rT3 or [125]T3S. Incubations were done in the absence (control) or presence
of ER-22 (dilution 1:1000) or 5 mM ouabain. Incubations using T4, T3 and T3S
tracer were performed at 37 C for 20 h and with 1T3 tracer for 90 min. All incubati-
ons were performed in the dark to minimize spontaneous delodination. Dishes
without cells but otherwise similarly processed served as blanks to correct for
spontancous deiodination.

Analysis of medium. After incubation, medium was isolated and analyzed for iodide,
iodothyronines and iodothyronine conjugates with small Sephadex LH-20 (1 ml bed
volume) colurmnns, equilibrated with 0.1 N HCL To 0.5 ml of medium, 0.5 ml 1 N
HCl was added, and this mixture was applied to the column. Elution was effected
with 0.1 N HCl, water and 1% ammonia in ethanol as solutions. After elution,
collected fractions were counted. Good separation was achieved between iodide,
conjugates (glucuromides plus sulphates) and iodothyronines. It appeared by HPLC
that more than 94% of

the iodothyronine frac-

tion comsisted of the  Table 1 Distribution of residual iodothyronine, derived iodide and
tracer used in the expe- iodothyronine conjugates in medium after incubation of labeled Ty,
riment. Amalysis of T3 and rTy with rat hepatocytes in monolayer culture in the absence
medium was not carmied {control) or presence of uptake inhibitors ER-22 and ouabain.

out when more than 20

percentage mean + SEM

% of hepatocytes did Iodothyronine lodide Conjugates
Ty
not  exclude tryphan OS5y 82.9+0.8 12.740.4 1.940.1
blue at the end of ER-22 90.7+1.2% 6.9+0.6% 1.3+0, 3w
incubation (22) which ouabain 92241 .2% 7.04+0.6% 2.3+0.3
?
happened only occasi- T3 L o L
.. contre 32.0+1.4 51.5+0.6 10.3+0.6
opally. Another criteri- 33 64811 . 4% 24 640, 6% 9.8%0.6
on of viability was that ouabain 66.2+1. 4% 21.510.6% 10.6+0.6
at the end of incubation £T3
with or without ER-22 control 45.8+0.9 54.,140.5 1.3¢8.2
. ; ER-22 62.8%1. 1% 36.940.7% 1.970.2
and ouabain cells stll  Jobain  Sgl83i.ex  41.0%0.9%  1.740.3

kept their capability to

.  Clomt M wx
comjugate, a process Sigmificantly diffent from cc.:mtrol, B<0._001, P<0.005_. )
Results are means of 2-6 experiments carried out at least in duplica-

which is sensitive to cell te. SEM derived from znalysis of variance.

damage, as it is ATP
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dependent. Finally, Lo ) L .
attachment to the dish Tabl-c 2, D:str:!:uuon'of residual T3S, dcrn.'cd iodide and T3 in
medium  after incubation of labeled TzS8 with rat hepatocytes in

only occurs if the cells monolayer culture in the absence (control) or presence of ouabain,

are in good condition.

Radioactivity of the 3 percentage mean + SEM

: Iodothyronine Iodide Conjugates
fractions was expl.reSSe.d T8
as percentage radioacti- control 0.4x1.2 49.140.5 50.2+2.7

vity applied to the
column. As in the expe-

nm:e.nts ] .cellvassomated * Significantly diffeat from control, P<0.001, ** P<0.005.
radioactivity was below Results are means of 3 experiments carried out at least in duplicate.
5 % of total activity SEM derived from analysis of variance.

added to the dish, the

percentage distribution of iodothyronine and metabolites in the medium, in fact,
approximates percentage of total radioactivity added.

Free hormone concentrations in the incubation media were measured by equilibrium
dialysis (23).

Statistical analysis of the results was performed with ome way analysis of variance
(24).

ouabain 1.7+0.3 15.8+1.0% 81.6+3. 1%

RESULTS
The distribution of residual iodothyronine and derived iodide and iodothyronine
conjugates after incubation of rat hepatocytes with labeled T4, T3 and T3 in the

absence (control) or presence of ER-22 or ocuabain is shown in Table 1. It can be

seen that for all 3 iodo-

Table 3. Equilibrium dialysis of T4, T3 and rT3 in culture medium

thyronines both ER-22 with 0.5 % BSA and in the presence of ER-22 or cuabain,

and ouabain inhibited Medium ¢ free hormone
) R -
clearance of iodothyro- Ty 3 rTs

R culture medium 0.24+0.03 2.45%0.27 0.79x0.05
nine and caused a de-

"+ ER-22 1:25 0.21+0.01 2.43+0.39 0.80+0.05
crease in iodide produc- .
" + 5 mM ouabain 0.22+0.01 2.79x0.58 0.8730.06

tion of similar magnitu-

(pT 4 10 4
de as the effect on SXpES

clearance. That conju- Mean + SD (4-10 experiments in duplicate)
gate concentration was only slightly diminished (T4) or unchanged (T3 and rT3) is
caused by the fact that after release from the cells, uptake of conjugates by the
hepatocytes is also inhibited by ouabain or ER-22. This phenomenon is examplified

in Table 2, in which inhibition of clearance of T3S from the medium by ovabain is
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shown, with concomitant decrease in I- release. Deconjugation of T3S to T3 hardly
takes place under these circumstances.

In Table 3 results of the free hormone determinations in the media are summari-
zed. It appeared that addition of ER-22 or ouazbain to the medium did not cause a
significant change in free Ty, T3 or rT3. '

From the data presented in Table 4 it can be concluded that ER-22 does not

affect deiodination of 1T3 by rat livermicresomes in vitro.

DISCUSSION

T4 has little if any intrinsic biclogic activity, and most if not all thyroid hormone
activity is atiributed to T3 (25). About 80 9% of total T3 production in rats and in
bumans is from peripheral T4 monocdeiodination (26,27). It is obvious that T4 has to
be transported intc tissues to serve as a substrate for T3 production. It has been
shown that in the liver the larger proportion of nuclear T3 is derived from plasma
(28,29), whereas in the pituitary and central nervous system 50 and 80 % of nuclear
T3 is derived from local T4 deiodination, respectively (28). From these notions it
follows that if regulation of T4 and T3 transport intc tissue cells occurs, this process
may be of great significance in the ultimate determination of availability of bicactive
thyroid hormone. In this light it seemed important to study if carrier-mediated trans-
port has a rate-limiting

role in total cellular Table 4. I~ production from rT3 by rar livermicrosomes.
: : Microsomes (5 ug protein) were preincubated with buffer, ER-22
iodothyronine take
yroe up (05 pg IgG) or nmormal mouse IgG (05 pig). Then I' production
(see also introductiom). from T3 (0.4 uM; fotal reacton mixure 300 pl) was measured
after 20 min incubation at 37 C. Mean I production in controls was
Our studies reported taken as 100 % and results with ER-22 and normal IgG are expres-

. sed as % of control
here indeed strongly

. Test expt 1 expt 2
support this concept. condition n i1 n % 1-
Thus, we found (Table  Control 16 100+9.9 7 100+1.2
ER-22 6 104+7.7 4 9640.7
1 znd 2), for all iodo- Normal IgG 4 . 9448.5 4 103+1.6

thyronines studied and n = nember of incubates; Mean+S8D
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T3S, that if uptake, i.e., clearance by hepatocytes, was inhibited, metabolite producti-
on, ie., iodide release decreased to the same extent. The decrease in iodothyronine
clearance could not be explained by a decrease in free hormone concentration by
ouabain or ER-22 (Table 3), neither could the decrease in iodide production (ie.,
deiodination) be explained on the basis of a direct effect on the deiodinase per se by
ouabain or ER-22, as tested on rat liver microsomes (Table 4). Finally, the decrease
in uptake and metabolism of thyroid hormone during incubation with ER-22 or
ouabain was not due to loss of ¢cell viability (see Methods).

In conclusion, our studies with inhibitors of uptake of thyroid hormones into rat
hepatocytes demonstrate clearly that carrier-mediated uptake is rate limiting on total
cellular uptake and metabolism. These findings underline the potential importance of

this transport process in the regulation of expression of thyreid hormoene activity in

tissues.
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ABSTRACT. Thyroid hormone uptake inte human cultured
fibroblasts was studied using 2-min incubations with labeled
iodothyronines. The results indicate the presence of an active
‘T, uptake process with two saturable sites with zpparent K,
values of 1.9 and 141 nm, respectively, and on active Ty uptake
process with two saturable sites with K, values of 29 and 650
nM. The uptake of both hormones wns energy dependent, ie.
inhibited by KCN or by incubation of the cells in the absence of
glucose, By analogy with similar findings in rat hepatocytes we
postulate that the high affinity systems represent active trans-

port of thyroid hormone into the cell. Preincubation of the sells
with 2 mM ouabain resulted in a decrease in the uptake of both
T: and T.. suggesting that a sodium gradient is mecessary for

rt. Similar to that in rat hepatocytes, uptake of Tz was
inhibited by high concentrations of Ty, and uptake of T, was
inhibited by high concentrations of Ty These data indicate that
regulation of thyzoid hormone uptake ot the level of the plasma
membrone may be operative in humans. (J Clin Endocringt
Metal 65: 624, 1987)

LTHOUGH T, the main secretory product of the
thyroid gland, may have some intrinsic biological
activity, it is considered predominantly as a prohormone,
which becomes activated by intracellular 5 -deiodination
{L, 2). This deiodination of T, occurs in peripheral tissues
and results in the formation of Ty, the principal bicactive
thyroid hormone (1, 2). Only about 20% of the total daily
T production directly originates from the thyroid; the
remainder is generated by peripheral conversion of T; to
Ts (1-3).

To reach the puclear receptors {4) and deiodinating
enzymes, which are located in the endoplasmic reticulum
(5), thyroid hormones have to be transferred from the
extracellular compartment through the plasma mem-
brane into the ceil. This transiocation has been thought
to be a passive diffusion-controlled process (6). However,
in recent years In¢reasing evidence has been compiied by
ua and others that thyroid hormone accumulation n rat
hepatocytes is an energy-dependent and saturable proc-
ess (7, 8), which is inhibited by a monoclonal antibody
directed against 2 plasma membrane protein (9). A sim.-
ilar active transport mechanism has been found In cul-
tured GH, cells (10, 11) and cultured mowuse fibroblasts

Received December 30 1986

Address all ¢ qr for reprints w0 R, Doctoer,
Laboratory Inuemnl Medicine 111. Room BD 228, Eresmus University
Medical School, P.O. Box 1738, 30600 DR Rotterdam, The Netherlands.

* This work wos supported hy Grant 900-540-191 frore the Founda-
tior: for Medical Research MEDIGON.

104

(12). Data concerning iodothyronine transport processes
inte human cells are scarce, although Holm and co-
workers (13) reported the existence of an energy-depend-
ent saturable uptake system in cultured human Iympho-
cytes. It is important to know if transmembrane trans-
port of thyroid hormones is a more general process. If
active iodothyronine transport is a2 comamon character-
istic of human cells and organ systems, such transport
may have an important influence on the regulation of

» thyroid hormone metabolism and, therefore, on the in-

tracellular availability of hormone. We report here on
the kinetic parameters of T; and Ty uptake in human
cultuzed fibroblasts. In addition, the influence of differ-
ent circumstances and various compounds known to
inhibit thyroid hormone uptake in hepatocytes (7) were
tested. A preliminary account of this work has been
published (14).

Materials and Methods
Maoterials

Piperazine-NN'-bis-[2-ethane sulfonic acid] (PTPES),
HEPES, and N, N-bis-[2-hydroxy-ethyl]2-amino ethane sul-
fonic acid (BES) were purchased from Sigma Chemical Co. (St.
Louis, MO, 3,5-[3'-*Iitriiodothyronine and [3"-**[]'T. (hoth
SA, >1200 uCi/ug} were obtained from the Radiochemical
Centre (Amersham, United Kingdorm) and their purity was
verified by high pressure liquid chromatography (15). d-Pro-
pranolol was a generous gift of L.C.J. Holland (Rotterdam, The
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Netherlonds). The sources of all other materizls were described
previously (16, 17).

Methods

Cell culture, Normal human fibroblasts were obtained from the
Department of Cell Biology and Genetics, Medical Foculty,
Erasmus University (Rotterdam, The Netherlands). Cell lines
from eight normal subjects were used between passages 3-16.
The data are reported as the mean of results obtained with
different cell lines, unless stated otherwise, Fibroblasts were
grown iz Ham’s F-10 culture medium, containing 10.6 mM
PIPES, 11.2 mm BES, 8.% oM HEPES, 12 mU/ml insulin, 2
mM CaCl,, 10 U/mL penicillin/streptomycin, and 10% fetal
calf serum, pH 7.4, 0t 37 C in air.

Incubation procedure, At confluence the cells were harvested
by trypsinization (10-min incubation at 37 C with 1 mL/75 cm®
0.25% trypsin in phosphate-buffered asline, pH 7.4). After one
wash with culture medium, the cells were diluted to 2.5 > 10°
cells/ml in culture medium and plated in six-well cluster dishes
(2 mL/well). After 458-h incubation at 37 C in air, when the
wells contained about 10° fbroblasts, the cells were washed
with incubation medium (136.9 m» NaCl, 2.7 M KCl, 8.1 mm
Na;HPO,, 1.5 mam KH.PO,, 0.9 mm CaCly, 0.6 M MgCls, 8.7
mM ghueose, 0.5% BSA, pH 7.4) and incubated at 37 C in
triplicate for the indicated period of time with tracer odothy-
ronine, (total [**I]T; concentration used, 150 pm, resulting in
a free concentration in 0.5% BSA of 2.1 pM; total [™I)JT,
concentration used, 90 pM, resulting in a free concentration in
0.5% BSA of 0.2 pM) with or without unlabelegd iodothyronine
or other compounds to be tested in 1 mE of the same medium,
Uptake experiments were terminated by removing the super-
natant gnd washing the monelayer with 2 ml incubation
medium without albumin.

Diffusion was determined by measuring uptake at a very
high concentration of free Ty {18 uM). At this high concentra-
tion the contributions of the saturable processes were negligi-
ble. Since diffusion is linearly related to the free hormone
concentration, it could be calculated at each hormone concen-
tration used. To correct total uptake for diffusion, which is
necessary for the calculation of specific uptake kinetics (17),
diffusion was subtracted from total cell-associated radiosctiv-
ity.

Cell-associated radicactivity and DNA content (18) were
meagured after lysis with 0.1 M NaOQH. Free horreone concen-
trations weze estimated by equilibrivm dialysis (19). Stecistical
analysis of the data was performed with a cne-way analysis of
variance (20).

Results

As Mustrated in Fig. 1, uptake of Ts at 37 C was almost
linearly related with time up to 2 min. To measure initial
uptake kinetics we caleulated K and maximum velocity
(Vo after 2-min incubation of 10° cells with various Ty
concentrations, as outlined previously for rat hepatocytes
(17). Figere 2 shows the double reciprocal plot of Ty
uptake. T'wo saturable uptake processes sppeared to be
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F1c. 1. Uptake of T (free Tz 2.1 pM} by human cultured fibroblasts
28 & function of tirne at 37 C. Cells (10% were incubated with tracer Ty
in 1 mL incubation medium with 0.6% BSA. For detals see Materials
aned Methods. 4, Preincubation for 30 min with incubation medium
including 0.5% BSA ond 6.7 mM glocose (mean #3EM: n = 4; two
different cell lines). &, Preincubntion for 30 min with 0.5% BSA without
ghucose {mean >SEM; n = 3; two different coll lines). B, Uptake studies
performed at 22 C {mean of two experiments with different coll lines).
O, Diffusion at 37 C at this free Ty concentration (mean £SEM; n = 6
different cell lines}.
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F1G. 2. Double reciprocal plot of 2-min T4 uptake by humaon fibreblasts
(V), after correction for diffusion, us. the free T, concentration (S).
Diffusion was measured at a free T; concentration of 18 uM, caleulated
for each free T; concentration and subtracted from the total cell-
anaociated radioactivity. The rosults ore the mean +SEM from six
different cell lines.

present, and the kinetic parameters of these two proc-
esses are summarized in Table 1. From Fig. 1 1t is ¢lear
that uptake was temperature dependent, being lower at
22 C than at 37 C, and that preincubation of the cells
with medium devoid of glucose fowered T uptake. Fur-
thermore, it appears that uptake of hormone by diffusion
contributed oaly minimally to total uptake (Fig. 1).
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TasLe 1. Kinetic parameters of 2-min T3 and T, uptake by cultured,
human fibroblasts at 37 C

Ko Vonanr Ve

(mat) {prol/well) {am) (pmol/well)
Ty 18x06 108390 14133 306+ 79
Ty 29+73 22446 646 - 150 156 + 31
T3 Not measurable 429+ 30 163 + 50

Values are the mean & SEM {six different cell lines: 10° Gbroblasta/
well; 8.6 £ 0.6 ppg DNA/well).
“ Measured in the presence of unlabeled T, {4.5 um).

TABLE 2. Inhibition of 5-min thyroid hormone upteke into human
cultured fibroblasts by various compounds or conditions

Compound Conc. Ts Ts

orcondition (M) ;% Inhibiion n % Inibition
d-Propranolol 1 5 3 =55 3 JITx58
Quabain 2000 4 3%+23 4 A +38
KCN 100 3 T6+3.0 3 4188
Without glucose 4 4 2647 4 21+ 7.8
[odoacetic acid 10 4 34 3.6 3 4+ 5.0
T (free) 25 8 5626
T (frea) 14 3 36 £ 6.5
2C 3 TEx 21 3 S1x6.1

Cells were preincubated for 30 min with the compound tested before
uptake of tracer hormone wis measured mn the presence of the same
compound. Addition of the compounds to the incubation medium in
the given concenttntions had no influerce on the free hormone ¢oncen-
tration. The results {percent mhibition of total uptake * 88M) are the
mean of triplicate experiments with cells of the indicated number (n)
of cell lings. Inhibitions were significantly different, (P < 0.001} unless
indicated otherwise.

“P=NS.
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F1G. 3. Left panel, Double reciprocal plot of high affinity T, uptake
(measured at 2 min) in humasan fibroblasts (V) vs. the free T, concen-
tration (), Correction for diffusion was performed as outlined for T
{free Ty, 4.5 ™). The resultz are the mean +52M from four difforent
cell linea. Right panel. Magnification of the area near the origin of the
left panel, showing the low affinity uptake system.

Uptake of T4 by human fibroblasts was similarly de-
pendent on time (curve not shown), except that equilib-
rium was reached hetween 5 and 10 min, Dependence of
T; and T, uptake on temperature was also comparable
(Table 2). Figure 3 shows the double reciprocal plot of
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T. uptake at various concentrations of free T, Here also,
two saturable uptake systems were found, of which the
kinetic parameters are summarized in Table 1.

Table 2 summarizes the studies with various com-
pounds known to inhibit uptake of thyreid hormones
into rat hepatocytes (16, 21). All of these compounds
inhibited thyroid hermone uptake by human fibroblasts,
except that T, uptake was not inhibited by iodoacetate.
However, because the effect of this compound has not
been studied in rat hepatocytes, we do not know whether
this lack of inhibition is a real difference between human
fibroblasts and rat hepatocytes,

Discussion

Our studies clearly demonstrate the existence of two
saturable uptake processes for both T; and T4 in human
cultured fibroblasts. One system is characterized by high
affinity and low capacity, and the other by low affinity
and high capacity. The K and V., values of the high
affinity systems of T, and T in these cells ave similar to
those reported previously for rat hepatocytes (22) (¥, of
T4 1.9 vs. 1.4 nM for rat hepatocytes; K, of Ta, 29 vs. 61
nm, respectively). There was a 4-fold difference between
the K., of Ts uptake in human fibroblasts and that in
human eultured lymphoeytes (29 vs. 110 nM, respec-
tively) (13), while the uptake syszems of both cells can
be inhibited by KCN (13}. This difference could point to
an intringic difference between the uptake mechanisms
of thyroid hormones in these two cell types, but it also
is possible that this difference is caused by methodolog-
ical differences. The K in lymphocytes was measured
under equilibrium conditions (after 60-min incubation
with tracer and/or unlabeled hormone) (13), while we
used initial velocity measurements.

The K, and V., of the low affinity T; system were
about 4-fold lower than those in rat hepatocytes. Previ-
ously, we reported that for rat hepatocytes this low
affinity systern represented binding of thyroid hormoxne
to the outside of the plasma membrane (17, 23). The low
affinity systems for T; and T in rat hepatocytes could
1ot be influenced by metabolic inhibitors or ¢coincubation
with high concentrations of T and T, respectively, while
in these situations the high affinity systems were com-
pletely blocked (16, 17). Although we have not system-
atically tested the high and low affinity systerns in fibro-
blasts, similar effects of T4 on low and high affinity T
uptake in human fibroblasts were found. If we assume
that in human fibroblasts low affinity uptake also rep-
resents binding of thyroid hormone to the cell surface,
then from the difference in Vo, of the low affinity sys-
tem of Ty between fibroblasts and hepatocytes, it seems
that a much greater part of cell-associated hormone is
located inside the fibroblasts compared to that in rat
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kepatocytes. From the measured K and V., values it
can be calculated that at the tracer concentrations of
iodothyronines used, 75% of the cell-associated radioac-
tivity was accounted for by the high affinity system, 25%
by the low affinity system, and only a small fraction by
diffusion.

Todoacetic acid inhibited uptake of Ty, but not that of
T, which could indicate that different transport systems
for these hormones are present in the plasma membrane,
as we also found in rat hepatocytes (16). In the experi-
ments where inhibition of uptake was studied, inhibition
was expressed as percent change in tota] celiular uptake.
Ts and T, uptakes were strongly dependent on tempez-
ature; they were much lower at 22 C. It is known that
diffusion is dependent on temperature, but because up-
take by diffusion is small compared to total uptake at 37
C, any dimirution of diffusion at 22 C carnot explain
the much lower T; uptake at 22 C. This dependence of
uptake on temperature was also found in rat hepatocytes
{17).

From the data shown in Table 2 it cannot be concluded
which uptake system, e.g. the low K, or the high K
systemn, was affected, but several findings point to the
involverent of the Jow X system. Firstly, the data in
Table 1 show that T, inhibited the low K. system of T
uptake. Secondly, after inhibition of the high affinity,
low X, system for T, uptake with high doses of Ty, no
further inhibition occurred after the addition of any of
the compounds listed in Table 2 to the incubation me-
dium, indicating that the low K. system was indeed
affected (data not shown).

We previously reported that T, and Ts uptakes into
rat hepatocytes by the high affinity system were depend-
ent on the cellular ATP comcentration (16, 21), and
compounds that lowered cellular ATP inhibited uptake
of thyroid hormones. Preincubation of hepatocytes with
d~propranolol or KCN or in the absence of glucose low-
ered the ATP concentration and subsequently inhibited
hormone uptake by the cells (21). Table 2 shows that the
conditions that lower ATP and thyroid hormone uptake
in rat hepatocytes inhibited thyroid hormone uptake in
human fibroblasts, suggesting that a similar energy-de-
pendent mechanism is operative.

A similar resemblance between fibroblasts and hepa-
tocytes was found with ouabain. In both hepatocytes (16,
21} and fibroblasts thyroid hormone uptake was inhibited
by this compound. As ouabain inhibits the activity of
Na*tK*-ATPase, the importance of a sodium gradient
over the plasma membrane in the trapsport process is
apparent, analogous to transport of other amino acids
(24).

Thus, there appears to be a striking similarity between
the mechanism of uptake of thyroid hormone by human
fibroblasts and that by rat hepatocytes. We recently

found that in rat hepatocytes the transport process was
rate limiting in total celluiar uptake and metabolism
(25). This finding underlines the potential importance of
the transport system in the regulation of thyroid hor-
mone metabolism and bioavailability.

‘We have found that transport of thyroid hormone into
tissues in humans may be modulated by dietary manip-
ulation (26). Specifically, T, transport into cells was
diminished during caloric deprivation, leading to a lower
intraceliular T, pool and, consequently, lower extrathy-
roidal F; production due to diminished substrate avail-
ability for 5°-deiodinase. One explanation for this de-
creased tissue accumulation of T, could he depressed
activity of membrane transport during caloric depriva-
tion (26), The study reported here and that of others
{13) indeed suggest that in human cells thyroid hormone
uptake is an active process and, therefore, subject to
regulatory factors,
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Inhibition of Uptake of Thyroid Hormone into Rat
Hepatocytes by Preincubation with N-Bromoacetyl-

3,37,5-Triiodothyronine
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ABSTRACT. To investipate whother affinity coupling of N-
bromoacetyl-Th (BrAcT,) to the T; membzane carrier results in
an inhibition of transport of T, Into the cell, rat hepatocytes in
mongiayer were incubated for 2 h at 21 C with 1.3 umol/liter
BrAcT: m medium without protemn. After extensive washing,
cells were incubzted during 20 b at 37 C with [T, in medium
with 0.5% BSA, and products in supernatants were analyzed by
LH-20 column chromatography. In addition the apparent aflin-
ity constant (K.} and maximal uptake veloaty (V,..} of the
high affinity uptake process were estimated using 1 min incu-
bations of hopatocytes with various concentrations of Th.

In control experiments (Le, without BracT: aflinity coupling)
about 57% of the added Ts was cleared from the medium and
further metabolized, 85% of the cleared Ty reappeared in the
medium as 1%, 16% as conjugates. Addition of propyithiouraeil
during the 20 h incubation witk Ty strongly inhibited deiodina-
tion, without a change in Ty clearance. Because T s sulfated
before deicdmation, a concomitant rise in ¢onjugates was ob-
served Addition of ouzbain to comtrol cells during the 20 h
meubation with T strongly inhibited uptake. with o parailel
decrease in [~ and conjugate formation,

After affinity coupling of BrAcT:, Th clearance was inhibited

(by 30% £ < 0,001). Sin¢e I~ production was more depressed (by
73%) than Ty clearance, with some rise in ¢enjugate formation
(P < 0.001), inhibition of deiodinase by BrAcT; also took place.
The effects of BrAcT: and ounbain on uptake of Ts appeared to
be additive as wore the effects of propylthiouracil and BrAc¢Ts
on deiodinatjon.

After affinity coupling of BracTs. the Kn of Tz uptake did
not change significantly: however V... was 54% lower (P <
0.025) indicating a noncompetitive inhibition of the transport
syatem. Preincubation of the cells with N-acetyl-T: docs not
alter the characteristics of uptake of Ty by rat hepatocytes as
compared to ¢ontrols, indicating that no binding of this com-
pound oceurs.

It is concluded that preincubation of hepatoeytes with BrAcT,
diminished I™ formaation frem T 50% of this inhibition is due
to decreased membrane transport and 50% by reduction of
deiodination, Inhibition of membrane transport by BrAcT, is
substantiated by & 54% lower V. without a significant change
in K., as compared to control. The effect of transport of thyroid
hormoene on metabolism stresses the importance of the mem-
brane carrier In the translocation process. (Endocrinology 123:
1520-1525, 1988)

INDING-site directed reagents such as N-bromo-
acetyl-Ta (BrAcT,) or N-bromoacetyl- T (BrAcT,)

have provided information about the mechanism of bind-
ing of thyroid hormones to Ty-binding prealbumin (1)
and T.-binding globulin {2). Covalent binding of BrAcT,
to a lysine residue in Ty-binding prealbumin (1), or to 2
methionine residue in the case of T,-binding globulin
(2), in or near the binding site occurs slowly (a few
pércent binding after 2 h of incubation) and can be
diminished by coincubation with T,. Reaction of BraeT,
with the T binding site of the nuclear receptor is also
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slow (3). On the other hand, reaction of BrAcT; with the
type I delodinase of rat liver is extremely fast, being
almost coraplete within 10 min (4), Binding to the en-
Zyme is accompanied by & complete loss of activity,
indicating that the active site of the enzyme is involved
in the binding process.

Before thyroid hormones reach the nuclear receptor
(5) and the deiodinating enzymes, which are located in
the endoplasmic reticalum (6), they have to be trans-
ported from the extracelular compartment through the
plasma membrane. In recent vears increasing evidence
has been accumulated (7, 8) that transport of thyroid
hormone into rat hepatocytes is an energy-dependent
and saturable process, which is inhibited by a monoclonal
antibody directed against a plasma membrane protein
(9}, This wnhibition leads to a greatly diminished clear-
ance of thyroid hormone from the incubation mediura by
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cultured hepatocytes, and a concomitant decrease in
metabolism as estimated from production of I~ (10).

Recently, BrAcT; has been used as an affinity label of
the T; plasma membrane binding protein of GHy cells
(11) and of human placenta cells (12). The affinity la-
beling was found to be specific for a membrane protein
of 55,000 daltons in GH; cells, and of 65,000 daltons in
human placenta membranes. However, no direct corre-
lation was shown between the affinity labeling of these
membrane proteins and inhibition of uptake of Ty, al-
though such an effect was hypothesized (12). Here we
show that preincubation of eultured rat hepatocytes with
BracT; results in inhibition of transport of Ty into the
cell, and, in addizion, inhibition of dejodination.

Materials and Methods
Materials

BrAcT, and N-acetyl-T (AcTy) were synthesized and puri-
fied a8 previously described (4). The radioactive labeled com-
pounds were made by sabstituting {3/, (specific activity
> 1200 uCi/ee; the Roadiochemienl Centre, Amersham, UK.
for unlabeled T.. BSA, piperazine-N,N'-bis[2-ethane sulfonic
acid], HEPES, N N-bis{2-hydroxyethyl]-2-omino ethane sul-
fonic acid, and 2-bromeacetic acid (BrAe) were purchased from
Sigma Chemical Co. (St. Louis MO). Sephadex LH-20 wos
purchased from Pharmocia (Uppsala, Sweden). The sources of
all other materials not mentioned here were described previ-
ously (13, 14).

Methods

Cell cucdtere. Parenchymal cells were isolated from livers of male
Wistar rats es previously deseribed (14). Hepatocytes (2 X 10°
eells) were incubated in culture medium (Hax'’s F-10, 10.6
mmol/liter piperazine-IN,N'-his[2-ethane sulfonic acid], 11.2
romel/liter N N-bis[2-hydroxyethyl] -2-amino ethane sulfonic
acid, 8.9 mmol/liter HEPES, 12 mU/ml! ingulin. 2 mmol/liter
CaClz, 10 U/ml penicillin/atreptomycin, pH 7.4) with 10% fetal
ealf serum at 37 C during 4 h. The cells were then washed with
rinsing medium {136.9 mamcl/liter NaCl, 2.7 myool/liter KCi,
8.1 mmol/liter Na.HPO,, 1.5 mmol/liter KH.PO,, 0.9 mmol/
liter CaCly, 0.5 mmol/liter MgCl., 6.7 mmol/liter glucose, pH
7.4} and used for the experiments,

Preincubations. Cells were incubated for 2 h at 21 C with 1.3
pmaol/lter BrAcTs, AcT., or BraAc in culture medium without
protein, and subsequently cells were washed extensively (six
times & min) with culture mediura with §.5% BSA to remove
any unreacted BrAcTs, AcTs, or BraAc.

Metabolic studics. Monolayers were preincubated as described
and subsequently incubated during 20 h at 37 C with ['"I]T.
{free Ty concentration 2.1 pM; sotal concentraticr 100 pmol/
liter) in culture medivxm with 0.5% BSA. Thereafter the auper-
natant was analyzed by LH-20 column chrematography. Be-
couse the medium contains 0.5% albumin, only a small amount
(2-3%) of total added radivactivity is associated with the cells

after incubatior, and this amocunt has been neglected in the
colculations,

Uptake studies. High affinity uptake of T, was measured as
previously described (15). Monolayers of preincubated hepato-
cytes were incubated for 1 min at 37 C with rinsing medium
with 0.55% BSA containing *1]Ty and various concentrations
of unlabeled Ts. Parallel incubations with the some T concen-
grations in the presence of 100 pmol/liter T. were also per-
formed. Calculation of transport parameters was based on the
finding (13} that this high T, concentration completely inhibits
high affinity Ts uptake without inhibitien of low affinity bind-
ing and diffusion. Therefore the difference in total T, uptake
and uptake in the parallel incubations yields a measure of the
active trunsport. This difference was plotted in a doubie recip-
rocal plot agninst the free Ty concentration used, to obtain Ky
and Vi values of the high affinity uptake process.

Efflux procedure. Efflux of T from hepatocytes was measured
as previeusly described (16), with modifications. Cells were
preincubated during 2 b with BrAc[*®T) Ty, Ac[*®ITy, or [1}
T, (£100,080 ¢pm/ml, equivalent to ~50 pmol/liter) at 7 C or
37 C, Subsequently the monolayers were washed briefly with
rinsing medium, and incubated with cujture medium with 0.6%
B3A during 32 min. To avoid reuptake of labeled hormone
onee relensed in the medium, the culture medium was replaced
by fresh medium every 4 min. Finally cell-associated radioac-
tivity wos determined. Efflux curves were constructed by plot-
ting the logarithm of the cell-associated radioactivity (calcu-
Isted from the curaulative radicactivity in the medium and the
final cell-associated radioactivity and expressed as percent of
the added tracer), against time. Best fit of the data points waa
obtained by the sum of two exponentials, i.e. as the sum of two
first ¢rder components.

LH-20 chrometography. Columans 0.5 X 2 cm were prepared by
pouring 2 ml of a 1:3 (wt/vol) slurry of Sepbadex LH.20 in
wateT in pasteur pipettes, plugged with some cotton wool, and
equilibrated with 0.1 mol/liter HCL One milliliter of ineubation.
medium was acidified to pH 1.0 with HCl and applied to the
colummn, I” wag cluted from the column with 3 X 1 ml &.1
mol/liter HCL Subsequently the T, conjugates were eluted with
7 %X 1 ml H:0, and finally the iodothyronines were removed
from the column with 3 X 1 ml 50% ethanol in 0.1 mol/liter
NaOH. Radioactivity of the different fractions was expressed
as pereent of total radioactivity applied to the column,

Cell-associated radicactivity was estimated after lysis of the
cells with 0.1 mol/liter NaOH. Free hormone concentrations of
the media containing BSA were estimated by equilibrium di-
alysis (17). Statistical anzlysis of the data was performed with
a one way classification. first performing an analysis of vari-
ance, followed by comparisons among class means (18), or with
Student’s £ test (Table 1),

Results

Typical efflux curves obtained with cells preloaded
with ["I]Ty, Brac[*™I)T., or Ac[*™I]T, are shown in
Fig. 1. As can be seen the final efflux curve of Ty can be
described as the sum of two first order curves with a %,
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% of tracer rezaining in cells
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P16, 1. Tracer efflux from ¢ultured rat hepatocytes at 37 C, after the
cells were prolooded with tracer during 120 min at 7 C. Porcentage of
added tracer remaining in the cells as a function of time. @, Activity
present in the cells at each time point, with the regression line on the
finsl straight part of the curve. &, Activity in the cells minus the
contribution of the slow phase with the regression line on the curve.
Left panel, Efftux of [**]]Ta. i rapid phase 2.4 min, &, slow phose 7.8
main. Middle panel, Efflux of Ac(**I)T,, tu rapid phase 2.8 min, ©, slow
phase 114 min. Right penel, Efflux of BrAc[**1]Ts, tv, rapid phase 2.9
min, t, slow phase 31.4 min_

Taare 1. Half-times of the rapid and slow phases of the offiux of
BrAcTs, AcTy, and Th from rat hepatocytes, and the percent of tracer
remaining in the cells after 32 min of offlux

BrAcT; BrAcT, AcTy T
37C 7C 7C TC
{n = 3) (= 6} {n=5 (o=56
tarapid phase {min) 48=0.2° 30%04 2503 28304

twalow phase (min) 59.8 +4.1% 29.0 + 6.3° 133 £ 2.0 122+ 4.6
% incells (32 min) 322=25" 12629 43=x10 33x15

Cells wore loaded during 2 h with tracer BracT,, AcTh, or Ty at the
indicated temperature. Thereafter efflux studies were perforoed st 37
C. Values are meon = 80 of the indicated number of experiments, Data
were compared using Student’s r test for unpaired groups (18).

© P < 0.005 vs. T

* P =< 0,001 vs. Ty

of 7.8 and 2.4 min, respectively. The curves obtained
with AcT; ave similar to those with Ty. Incorporation of
2 bromine atom in AcT; does not affect the t., of the
rapid phase, but markedly affects the t.. of the slow efflux
phase. Table 1 summarizes the results obtzined with the
efflux experiments with tracer BrAcT,, AcT,, and Ta.
Incubation of rat hepatocytes with tracer T during 20
h at 37 C results in a 57% metabolism of the tracer, 85%
of which reappears as iodide and 15% as conjugates in
the medium (Table 2). Incubation of the cells with tracer
T, and propylthiouracil {PTT) {100 pmel/liter) does not
change the disappearance of Ty significantly, but now
only 20% of the metabolized tracer reappears in the
medium as iodide and T5% as conjugates. Incubation of
the cells with tracer T, and ouabain (1 mmeol/Lter}
regulted in a 36% lower disappearance of Ts, without a
relative change in the products formed, Preincubation of
hepatocytes with BracT; resulted in a 30% lower disap-
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pearance of Ty, 66% of tracer Ty cleared from the medium
reappeared as conjugates and 33% as iodide (Table 2),
PTU, if present during the 20 h incubation with tracer
Ty after preincubation with BrAcT:, further stimulates
the accumulation of conjugates, while ouabain only in-
hibits the disappearance of the tracer.

It appears that the effect of BrAcTs is concentration
dependent (Table 2). The lower concentration of BrAcT,
(i.e. 0.13 umol/liter} had no effect on Ts disappearance.
Nevertheless, the production of iodide was reduced and
conjugates increased. The results obtained with Ac¢T,
and Brac (Table 2) show that both compounds do not
have a persistent effect on T metabolism in the concen-
trations used in the preincubation. It seems, therefore,
that 1) the inclusion of a Br atom into AcT; is necessary
to exhibit any effect, and 2} that the T residue in BrAcT,
is necessary to direct the reactive Br atom te its reaction
s1te.
Figure 2 and Table 3 show the results of the measure-
ment of the high affinity uptake of T; by hepatocytes
preiucubated with BrAcT, or AcTy. Preincubation of the
cells with AcT'; does not significantly affect the uptake
of T5, in contrast to BrAcTs, which compound signifi-
cantly inhibits V. without an influence on the K.

Discussion

‘We have previously argued that the component of the
efflux curves with a t., of about 2.5 min (rapid phase)
represents hormone bound te the outer ¢ell surface, while
the component with the longest half-tirne (slow phase)
represents hormone efflux from the intracellular com-
partment (16}, Because t,, of the rapid phase is not
significantly different between the cells loaded with
BracT;, AcTy, or Ty at 7 C, it can be concluded that
BrAcT; bound to the outside of the cell is not covalently
linked, and as easily removed as Ty or AcTs, which are
not capable of covalent coupling to proteins under the
circumstances used here. However, t., of the rapid phase
ig significantly longer in cells loaded with BrAcT; at 37
C. This is in contrast to the t,, values after the cells are
loaded with T at 37 C [t rapid phase 1.3 = 0.17 min, $.,
slow phase 7.6 % 041 min {16)], whick are similar or
even shorter as compared to loading at 7 C. The exten-
sion of the t,, of both the rapid and the slow efflux phase.
found after loading the cells with BrAcT; at 37 C as
compared to 7 C, is therefore not due to the change in
temperature per se, but indicates that under these cir-
cumstances covalent linking of BrAcTy to membrane
protein has occurred.

Loading the cells with BrAcTy, but not with AcT; or
Ty, prolenged the t, of the slow phase of efflux signifi-
cantly, both at 7 C and at 37 C. Incorporation of a
bromine atom in AcT; markedly affects the t., of the
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TABLE 2. Formation of I and conjugates from T; and diseppearance of T as measured in the incubstion medium after 20 h incubatior: of rat.
hepatocytes with tracer Ty ([FToJ== 2.1 pmol/liter} at 37 C

Produetion of

Preincubation Inc’?‘b&;on - Diszppearance
with Ta Todide Conjugates of Ty
Control 48212 83x0.3 56.9 = 1.3
~+Qruabain 28.7 % L1" 63 = 0.3" 36.2+31.31°
+PTU 10.6 + 0.5° 42309 53,7 & 0.8*
BrAcTa (1.3 umol/liter) 13.0 = 0.5° 263+ 0.7° 396 0.9
+Cuabain 6.2 2 0.5° 19.6 = 1.5" 25.9 % 1.9°
+PTU 3.8 = 0.5° 30206 346117
BrAcT; (0.13 ymol/liter) 356 0.7 19.6 = 0.6~ 58.8 + 0.5°
AcTy (1.3 gmol/Titer) 48.0=12° 7.2x01° 548 = 1.2°
+Quabain 842+ 08" 10.0 = 1.6 43,0 = 1.6°
+2TU 8.0 05" 434+ 1.2° 5568 = 1.5"
BrAc (L3 umol/liter) 465 £ 0.9° 8.2+ 04° 547+ 127
+Cuabain 208" 9.5 £ 057 416 % 1.5°
+PTU 62 £ 08 404 + 1.9° 504 * 2.6°

Cells were preincubated during 2 b at 21 C with eulture medium without protein in the absence or presence of 1.3 umol/liter or 0.13 umol/liter
BraAcTs, 1.2 pmol/liter AcTs, or 1.3 umol/liter Br-acetate (Brac). See also Materials and Methods. Values sxe meon + SEM in percent of added
{2175 (9 exps in triplicate).

* P < 0.00, »s. control.

* NS va. control: 0.05 < P < 0.1,

<P <0001 vs. BrAdT,,

NS v2. BraeTs: 0.05 < P < 0.5,

* NS vs. control; P> 0.1.

TaBLE 3. Characteristics of the uptake of Ty by tac hepatocytes

e T microsomes, leading to the inactivation of 5'-detodinase
L 0.5 {4), has also been reported.
From the results in Table 2 it can be concluded that

ouabain, g kmown inhibitor of uptake of Ty (13}, inhibits

0.4
Preincubation with
K. Venne
0.3 (amol/liter} {pmol/2 x 10° cells)
ol Control 2+9 83+ 20
] AcTy 22 % 4° 60 x 14
K 0.2 - BrAcT, 2% 50 38 & 127
o, The effect of preineubation of the cells during 2 h at 21 C with
- culture medium without protein in the sboence or presence of 1.3 ymol/
- liver BrAeTs, or 1.3 umol/liter AcTs. Soe alno Matorials and Methods,
= 0.1 4 Values are means = SEM {6 expa).
2 N8 different from control; P> 0.2
-~ * P« 0,025 ps. control.
3

FrG, 2 Double reciprocal plot of the Ta uptake (ordinate} against the
free Ty concentration in the medium {abecinsa) by rat hepatocytes,

corrected for diffusion and the low affinity uptake system, Data are the
mean (£SBM) of six experiments performed in triplicate. ©, Cells
preincubated with medium nlone; B, cells preincubated with A¢T:; and
A, cells preincubated with BrAcT,. See also Table 3.

slow efflux phase. This finding could be an indication for
coupling of BrAcT; to intracellular proteins as was re-
cently shown to occur in GHa cells (11). Binding of
BrAcT, to the nuclear envelope and endoplasmic retic-
ulum of human carcinoma cells (19) and to rat liver

the disappearance of T from the medium with a concom-
itant diminetion of the production of I” and conjugates.
This indicates that intracellular metabolism is altered,
due to only inhibited transport of T3 over the plasma
membrane, If PTU, a known inhibitor of liver 5'-deiod-
imase both in homogenates (20} and in cultured hepato-
cytes (21), 18 mduded in the mmeuhation medium, no
significant change in the disappearance of Ta is observed,
but now mainly conjugates are formed, and I” production
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is suppressed, This is in accordance with the receat
finding that sulfation is the first step in Ts degradation
(21, 22). It appears, therefore, that production of iodide
from Ty ¢an be inhibited by diminution of uptake of Ts
by hepatocytes, for instance by ouabain, or by inhibition
of 5'-deiodinase using PTU, and that both processes can
be influenced independently.

Treatment of the cells with BrAcT; during 2 h at 21
C results in a diminished disappearance of T; during a
20 h incubation period, indicating that BrAcT; is able to
modify the uptake system of hepatocytes. However, the
5'-deiodinase is inhibited also. Jodide formation from T
is decreased by 73%: holf of this diminution can be
explained by a lower membrane transport; the remaining
kalf can be explained by a inhibition of 5'-deiodination
(4), resulting in a rise in conjugates in the medium It
appears that the enzyme is much more sensitive to
BrAcT, than the uptake mechanism, because lowering
the concentration of BrAcT: during the preincubation
from 1.3 pmol/liter to 0.13 prool/diter resulted in a loss
of inhibitory activity on the uptake system, while the
effect on the deiodinase is still present. The inkibitory
effects of PTU and BrAcT, on 5 -deiodinase seem to be
additive, as are the effects of ouabain and BrAcT; on the
uptake system.

Preincubating the cells with 1.3 umol/liter AcT; or
Brac and subsequent extensive washing have no effect
on the uptake of T, or on intracellular metgholism of
Ta, in contrast to the same concentration of BrAcTs,
which has a substantial effect. From this difference be-
tween AcT, and BrAcT, it can be concluded that the
presence of a Br atom is essential for the inhibition of
the Ty uptake system and of the 5'-deiodinase in the cell.
This strongly suggests that covalent coupling of BrAcT,
is necessary before inhibition takes place. From the lack
of effect of BriAc on metabolism of Ty it ¢can be concluded
that the inhibition by BrAcT; is not due to a nonspecific
reaction with SH groups, but that the T residue specif-
jcally directs the reagent to the T: binding sites of the
cell.

The K, of the high affinity uptake of T by hepatocytes
is similar to the value reported previously for rat hepa-
toeytes (14), and equal to the value found in human
cultured fibroblasts (23). One minute uptake of Ty was
not changed after preincubation of the cells with AcTy
and subsequent extensive washing, which indicates an
adequate removal of AcT: from the cells, and the absence
of a covalent reaction with the membrane carrier. On the
other hand, BrAcT; significantly inhibits Vg without
influence on the K. This noncompetitive type of inhi-
bition i3 compatible with 2 diminution of trangport uzaits,
caused by covalent coupling with BrAcT,. Preincubation
of the cells with BrAc¢T: diminished the Vo, with 54%
of control, which figure is higher than the inhibition of
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uptake (30%) In the metabolism studies. However initial
uptake is measured during only 1 min after the 2 h
preincubation step, while metabolism is measured during
a further 20-h incubation with tracer Ts. This probably
gives the ¢ell an opportunity to restore the inactivated
carrier protein, although it seems that this restoration is
only partial.

The suppressive effect of BrA¢T; on the translocation
of T, over the plasma membrane and on 5’-deiodinase
underline the importance of both these processes on
metabolism of thyroid hormones.
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Chapter IX

Development and wse of 2 mathematical two-pool model of distribution
and metabolism of 3,3°,5-triiodothyronine in z recirculating rat liver

perfusion system: Albumin does not play a rofe in cellular transport
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Model of Distribution and Metabolism of 3,37,5-
Triiodothyronine in a Recirculating Rat Liver Perfusion
System: Albumin Does not Play a Role in Cellular

Transport®
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ABSTRACT. To describe the T; kinetics in & recirculating rat
liver perfusion system, we have developed a mathematical two-
pool model consisting of medivum and lLiver. It appeared that all
parameters of the model could be fully resolved by using the
time-dependent disap of radicactive Ts (2 nne) from the
medium only. The model caleulates the Ty medium pool, the Ty
Liver pool, and the amount of hormene metabolized at, different
times after the start of the perfusion. To check the validity of
the model, bolisen wes also estd 1 from the appesrance
of labeled metabolites (glucuronides, sulfates, and 17) in the
medium and the cumulative excretion of T; and metabolites into
the bile. The medivm pool was also estirmated by the product of
medium volume and remaining T, concentration, and the liver
pool ns the amount of T'; at time zere minus mediur pool minus

T, metabolized). These results were in excellent agreement with
the predicted values from: the model.

Taking the metabolites appearing in medium and bile to-
gether. about. 38% of the total amount of T; metabelized during
60 min was converted into T glucuronide, 12% into T, sulfate,
and 48% into I-, respectively, while about 3% was excreted in
the bile unaltered. The resuits show that not all T, transported
to the liver is being metabolized, but part is bound outside the
cellular ¢compartment. This latter pool of T, is dependent on the
albumin, ration in the di The amount of Ts me-
tabolized is solely determined by the free T, concentration and
18 indepondent of total T, or albumin concentration n the
medium (Endocrinology 126: 451459, 1990)

ECENTLY, we have used a three-compartmental
model of distribution and metabolism for T and

T4, consisting of a plasma compartment, a rapidly equi-
librating pool (REP), and a slowly equilibrating pool
{SEP), as proposed by DiStefano III et al for the rat {1,
2). The model has been adapted for humans and describes
the changes in thyroid hormone metabolism during ca-
loric deprivation (3) and treatment with d-propranoclol
(4). Both conditions elicit & low T3 ayndrome In humans,
but it appeared that the mechanism that is the cause of
the low T, syndrome is differeat. During caloric restric-
tion tramsport of T, and T, into tissues 1s diminished,
and this phenomenon is much more pronounced for T,
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than for Ty It was postulated that regardless of any
possible change in 5'-deiodinase activity, inhibitien of
T, transport per se may contribute to iow Ty production
and, therefore, low T serum levels, due to less substrate
(te. T.) availability for T, production in tissues (3). On
the other hand, no inhibition of T, or T; transport into
the tissues could be found during d-propranolol treat-
ment, although the production of T, from T, was sub-
stantiaily diminished. Tt was, therefore, concluded that
the d-propranolol-induced changes in thyroid hormone
metabolismn, resulting in a low Ty syndrome, are due to
inhibition of thyroid hormone deiodinstion.

A drawback of the use of the three-compartmental
roodel is the fact that an assumption has to be made
about where the site of the disposal of the hormone under
study is located before the parameters of the model can
be caleulated. Recently we could locate the site of dis-
posal for r'T; (5), which is situated completely or nearly
completely in the liver, an organ that is part of the REP
(1). No such data are at present available for T, or T,
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and therefore, we calculated all parameters of the T, and
Ty models, with the disposal arbitrarily divided equally
between REP and SEP. It was shown that the conclu-
sions drawn under these circumstances are not different
from those obtained after recaleulation of the model with
the disposal located in either the SEP or REP (4). This
finding indicates that the location of the site of the
disposal is not a major determinant in the caleulation of
the transport parameters from the plasma to the REP
and SEP for these two hormones, in contrast to Ty (4).
So far, it has been impossible to validate the compart-
mental model directly by comparing the parameters cal-
culated from the model with the actual parameters meas-
ured by direct analysis.

To validate the caleulation technigue, we have used a
recirculating liver perfusion system, instead of an in vivo
(rat) model, because the perfusion system consists of
only two compartments. These are a plasma (medium)
compartment and one tissue compartment, equivaient to
the REP (1) of the three-pool model. Distefarc and Mori
(6} have shown that a unique solution for a two-com-
partmental model is possible if there is not disposal from
the plasma pool, although no practical mathematical
solution was given. Furthermore, it is easy to sample
medium, liver tissue, and bile. Thus, after chromato-
graphic aralysis of the samples, it i3 possible to measure
the amount of hormone metabolized and the fate of the
products formed, and to cormpare the results with the
values predicted by the model,

Materinls and Methods
Materials

LT was obtained from Sigres Chemical Co. (St Lows, MO)
3L-[Ty (SA >1200 uCi/ug) was purchased from the Ra-
diochemical Centre (Amersham, United Kingdom). Albumin
(Boseral}, used in the perfusion medium, wea a product of
Organon Teknika (Oss, The Netherlands). All other reagents
were of the highest purity commercially available,

Methods

Livers of male Wistar rats, 200-250 ¢ BW, were isolated and
perfused In a recirculating systern at 37 C as described by
Meijer et al (7}, using 150 ml Krebs-Ringer buffer (118 mmol/
Titer NaCl, 5 mmol/liter KC}, 1.1 mmol/liter Mg30,, 2.5 mmel/
Lter CaCly, 1.2 mamol/iiter KELPO,, and 25 mmol/liter Na-
HCO,) supplemented with 10 mM glucose and 1% albumin,
The pH of the medium was maintained at 7.43 by gassing with
carbogen (95% 0-5% COy; 400 ml/min). The function of the
liver wos monitored by its outer appearance, measurement of
the hydrostatic pressure necessary t0 maintain a mediom flow
of 40 ml/min, bile flow, pH of the medium, and enzyme relense
(GOT? into the perfusion medium.

Livers were preperfused for 30 min with medium without T,
Thea, the experiment was started by the addition of 300 pmol
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T, together with 4 zCi [**I]T; (7.6 X 10° cpm: ~6 pxnol) to the
medium, resulting in a final Ty concentration of 2 nmol/liter.
Subsequently, 0.5-ml samples of the medium were taken at 0.5,
1, 2,3, 4,5, 10, 15, 20, 25, 30, 40, 50, 60, 75, 90, 105, and 120
min. Bile was collected at 10-min intervals. The experiment
was ended at 60 or 120 min, the liver was weighed and homog-
enized in 3 vol 0.1 mol/liter NaQH. Total radioactivity was
estimated in all samples, and the distribution of the radioactiv-
ity over Ty and the various metabolites (e the amount present,
in the sample as I7, T, glucuromide (THG), or T sulfate (T48))
wag measured by Sephadex LH-20 chromatography. Mixtures
of 0.5 ml medium and 0.5 ml 1 M HCI were applied to smell
Sephadex LH-20 columns (bed volume, 1 ml) equilibrated with
3ml 0.1 M HCL I” was eluted with 3 ml 0.1 M HCI, T,G with 8
mi ammonium acetate (9.1 m; pH 4.0) , T»S with 6 ml H.0, and
T with 3 ml NaQOH (0.1M)-ethanol (50:50, vol/vol). Fractions
of I ml were ¢ollected and counted for radivactivity. Bile was
analyzed in a similar way after the addition of 950 1 0.1 M HCL
to a 50-z] aliquot.

Free hormone concentrations in the media containing alba-
min were estimated by equilibrium dialysis (8) during and at
the emd of the perfusion. Statistical analysis of the data was
performed with a one-way analysia of variance, followed by
comparisens among class means. (9).

Celeulations

1) Directly from the measured data the following parameters
can be caleylated (see Glossary for an explanation of the sym-
bols used):

Valt) = 150 — i Ve ()
°
Q) = V.l 7 [Te). (prol)

é Dithde = {0.01%Vn{t)*(100 — % Ta(t)m) *Cnl(t)
1
+ Z Vi{t)*Co(t) /S Ay, (pmol)
a

Q) = 300 — Qi) — T DI)dt (pmol)

where  [Ts] = %Ts(t)s ¥ Ca(t)/SAz (pmol/ml), and SAr, = total
added activity/total added cold T; {epm/pmol).

2) By atwo-cornpartmental model, the two-pool model struc-
ture in. Fig. 1 was used to describe the T kineties in the liver
perfusion system. The model consists of 2 medium pool and a
tigsue (hver) pool, in which the metabolism of the hormone
takes place. The only assumption made, that metabolism in the
liver i3 much slower than the exchange of hormone from the
medium to the liver, ¢.2. ke << ko, 18 actually found (Table 1).

The medium radioactivity of Tj is expressed as a percentage
of the total added tracer T; per ml. The change of the activity
as a percentage of the dose per ml as a function of time could
then be described as the sum of two exponentials as:

¥i#) = T AeM (% dose/ml)

where t is time, A, i3 the coefficient and A, 1s the constant of

119



MODEL OF T, DISTRIBUTION AND METABOLISM

g SRy

k.
medium pool 2% Tiver pool
9 --F—- 02
12
4“02
Bk Gy

All parsmeters are computable from
medium data enly

BT O et kp x>0
Ty T Rig gy TO kgt f kg
Fop T Tk - ffkay

FiG. 1. Two-pool model of iodothyrenine distribution and metabolism.
ky values (i % 3; L j= 1,2; all ky > 0) are fractionsal transport rates from
pool j to pool L ky (i = 1,2} are fractional turnover rates of pool Q. D,
Disposal in the tissue pool All parameters listed below the fisure con
be uniquely calculated from medium data only,

‘TagLe 1. T, kinetics in perfused rat Livers after 60 min of perfusion

Caleulated Meazured
with model directly
Tetal disposal (pmol) 156 (17.9) 146 (19.7)
Disposal rate at §0 min (pmol/ 1.6 (0,08)
min)
MCR (xol/min) 4.88 (0.94)
Medium compartment
Free hermone cone. (pmol/ 5.6 (1.0)
lLiter)
Total hormone cone. (nmol/ Q.34 (0.08)
liter)
Size (ml} 123 (10.2) 140
Pool {pmei) 444 (10.) 49.4 (9.2)
Liver compartment
Size (ml) 310 (65.2)
Pool {pmol) 104 (15.4) 105 (173}
Muss transfer rate from medium  16.6 (2.8)
(pmeol/min}
Fractional transfer rates
kn {min™} 6.359 (0.067)
loz (min™) 0,137 (0.031)
ko (min™) 0.016 {0.003)

Values are the mean * 80 (n = 12).

the exponent of the i-th exponentigl, A peel-off system of curve
fitting was used, of which procedure a detoiled outline can be
found in Fig. 2. Together with the parnmeters estimated by
linear regression on the straight parts of the curve (Fig. 2), the
5Ds of these parameters were also coleulated. Finally, it was
determined whether the estimated parameters were signifi-
cantly different from zero. From the & and X, thus obtained,
the parameters, depicted in Fig. 1. of a two-pool model of Ty
distrsbution and metabolism could be calculated, as outlined in
the Appendix.

The mean medium T; during the 60-min perfusion period
wag calculated from the fitted two-exponential curve as follows:
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FiG. 2. Typical example of the curve {itting of a T, dizoppearance
eurve by a two-exponent model. Upper panel, Plot of log y. (percent
dose per ml) against time, with the least aquares regrossion line on the
final straight part of the curve. giving estimates of coefficient A; = 0.35
[£0.004 (x3p)] %D/ml and exponert d» = —0.016 (£0.0003) min™.
Lower panel, Plot of log {y(t) = Awe*'] against time, with the least
squares regression line on the straight curve, giving estimatos of coef-
ficient Ay = 0.57 (+0.056) %D/ml and exponent ), = —0.55 (0.028)
min~", The residual sum of squares is 0.0004; the total sum of squares
is 1.661.

0

mean dose/m! = ( f yit) .t d:)/so {% dose/ml)

A
woean [Ts)

= (mear dose/ml}*0.01*dose™1000/medium vol. (amol/liter)

The mean free Ty was ealculated by multiplying the mean
T concentration with the dialyzable fraction.

The amount of hormone entering the cells was calculated as
follows. During the perfusion with 1% albumin

Tamam =X +7Y
where X is the amount of T; entering the cells, ¥ is the amount
of T, transported to the outside of the cell, and Ty iy is the
total amount of T, transported to the liver during the perfusion
with 1% albumin. During perfusion with 4% albumin in the
medium

Tun any = Flaem an/F s a) X 4 4 Taiane ans/ F o )Y
This equation holds when transport into the cells is linearly
related to the free hormone concentration, and transport to the
outside of the cell is linearly related to the albumin concentra-
tion and the free hormone concentration (for a justification of
these assumnptions see Discussion).

In this way two equations with two unknowns are obtained,
of which both unknowns can be solved.
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Results

In all experiments the disappearance of tracer T from
the medium could be described as the sum of two expo-
nentials. A typical example is shown in Fig. 2. The quality
of curve fitting was estimated by expressing the residual
sum of squares as a percentage of the total sum of
squares. This figure never exceeded 0.18% [0.09 £ 0.049
(mean + 3D)]. Furthermore, the fitted A, and X, (i = 1,2}
are highly significantly different from zero (F < 0.001 in
all experiments; see also Fig. 2), which indicated that the
use of a two-exponential disappearance curve is adequate
to describe the changes in tracer T; in the medium.

With the parameters of this two-exponential disap-
pearance curve the two-pocl model of distribution and-
metabolism was calculated for each experiment. For me-
dium total and free T, concentrations the values at 60
min of perfusion were used, except for calculation of the
total disposal during the perfusion, in which case the
integral T, concentration from time zero to the end of
the study was used. The mean results are depicted in
Table 1, together with the mean values of the parameters
that were calculated from direct measurements (Le. of
T; and Ts metabolites in medium, bile, and liver) without
use of the two-compartmental model. There was no
significant difference between these two sets of data,
indicating that the model adecuately describes the fate
of T3 in this perfusion system after 60 min of perfusion,
inchuding fractional transfer rates and mass transport
values, because these parameters are implicitly vsed to
calculate the correlated model parameters.

Figures 3, 4 and 5 show the correlation among the
medium pool (Fig. 3}, the liver pool (Fig. 4}, and disposal
(Fig. 5) at the end of the perfusion, at 60 mir, or at 120
min, respectively, as calculated from the two-compart-
mental model and as obtained from direct measurements
without the use of the two-compartmental model. From
the excellent correlations, and the slopes of unity, it can
be concluded that the model adequately corrects for
changes during the perfusion.

Normaily the medium contains 1% BSA, which results
in a dailyzable fraction of Ts of 1.63 = 0.16% (moan 2
$D; n = 22). Raising the albumin c¢oncentration to 4%
decreases the dialyzable fraction to 0.45 + 0.08% (n =
4), and with the same total amount of hormone added,
decreases the free hormone concentration accordingly.
Dialyzable fractions were measured at the end of the
perfusions. Despite these variations in the free hormone
concentration in the medium, the model adequately cal-
culates the medium’ pool, liver pool, and total disposal
(Figs. 3, 4, and 5, regpectively).

The production of metabolites from Ty during a 0.
min perfusion is suramarized in Table 2 for livers per-
fused with 1% and 4% albumin in the medium. The

£ndo=1990
Vol 12d-No1
amount of metabolites appearing in medium and bile are
taken together, and the total amount is shown. Regard-
less of the amount of albumin or the total amount of T;
in the medium, about 38% of the amount of Ts metabo-
lized is converted into Ty glucuronide, 12% into Ty sul-
fate, and 48% into I~, respectively, while 3% of the T,
metabolized is excreted in the bile without medification,
The mean medivm T;, free T;, and total amount of
hormone metabolized during the perfusion are also sum-
marized in Table 2 together with the total amount of Ts
transported to the liver (the last two parameters calcu-
lated from the model).

Discussion

The data in this paper show that a two-compartmental
model adequately describes the kinetics of T in a recix-

) 70 148 [ 0 oo
pmot T pmol T3

F1c, 3. Right pancl, Correlation between the medium pool T; calcu-
loted by the model {ordingte) and the medium pool Ty measured directly
{abscissa) at the end of perfusion [n = 18; r = 0.997; slope = 1.01 =
0.02 {mean x D). B After 60-min perfusion; &, sfter 120 min
perfusion, with 1% albumin and 300 pmol Ty in the medium: O, after
£0-min perfusion with 45 albumin and 300 pmol Ty; A, after 60-min
perfusion with 4% zlbumin and 1200 pool T, added to the medivm,

Left panet, Same correlati dculated with omission of the two highest
data points (a = 16; T = 0,393; slope = 0.88 = 0.04).
10 “. 2 300
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n &
®
=
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Pig. 4. Right panel, Correlation between the liver pool Th calculated
by the model (ordinate) and the liver pool Ty measured directly {ab-
seivse) at the end of perfusion [n = 18: r = 0.987; slope = 0.99 = 0.04
{mean x 3D)]. See Fig. 3 for explanation of the symbols. Left penel,
Same correlntion calculated with omission of the two highest data
points (n = 16; r = 0.870; alope = 1.0¢ % 0.74).
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FIc. 5. Right penel, Correlation betwoen the disposal of Th ¢aleclated
by the mode! (ordinate) and the disposal of T, measured directly
{abscissa} at thoe end of perfusion [ = 18 r = 0.972; slope = 1.03 =
0.06 {mean * $0)]. See Fig. 3 for explanation of the symbols. Left parct,
Same correlation calculatod with omission of the two highest data
points (n = 15; r = 0.975; slope = 1.07 + 0.07).

culating liver perfusion system. It is possible to obtain
resuits from medium measurement of tzacer and unla-
beled hormone concentrations that cannot be otherwise
caleulated, In this way transport of hormone into and
out of the liver can be calculated, besides metabolism of
hormene in the Liver. Le. as the total amount of hormone
irreversibly removed from the system. To break this total
figure down, further chromatographic analysis of both
medium and bile is necessary.

It 1s generally accepted that kinetic studies can be

interpreted only under so-called equilibrium conditions,
Le. that there is no change in hormone concentration
during the period of measurement. Here Ty is added to
the medium at the start of the experiment. Due to
metabolism, the concentration of T; (botk free and total}
in the medium decreases gradually, without reaching a
steady state in the sense of a constant hormone concen-
trotion during the metabolic study. Nevertheless, the
good correlation between the parameters calculated by
the model and those actually measured indicates that
this constant hormone concentration is apparently not
necessary to obtain correct results. This finding can be
interpreted in two ways. It could indicate that indeed
compartmental analysis is allowed even if there is not a
steady state present in the system. This is in accordance
with the findings of Meinhold et ¢l (10), who showed
that turnover of diiodotyrosine measured by tracer la-
netica or injection of & large dose of unlabeled dijodoty-
rosine and subsequent measureraent of the disappear-
ance of the material from the circulation by RIA gave
identical results in both dogs and humans, and with the
fact that already in 1956 Sterling and Chodos (11}
showed that in humans an iv bolus injection of 2 mg T,
(twice the total body pool) during measurement of T
tracer kinetics with a single compartmental analysis does
not change the kinetic parameters.

The other interpretation might be that although dur-
ing the perfusion studies the medium concentration of

TaslLE 2. Production of metabolites from T, during 60 min by the perfused liver

Livers perfused with medium containing

1% allyumin, 4% albumin, 4% albumin,
300 pmol 300 pmol 1200 przol
T T Ty
No. of exp. 12 4 2
Mean medium T (mmol/liter) 0.54 (.27 1.03 (0.10) 4,13 (0.24}
Moan medivm FTy (pmol/liter) 8.9 (1.16) 4.7 (0.97) 206 (212}
T» metabolized® (pmol/60 min) 156 (17.8) 58.5 (20.8) 276 (15.2}
T, metabolized /pmol free Ty 7.6 (4.0} 12.4 (5,7 13.4 (L7)
Metabolites formed
T2 (pmol/60 min) 60.2 (13.5) 5.0 (10.9) 106.7 (0-4)
T3S (pmol/60 min} 15.6 (28} 8.4 (0.7) 36.0 (5.4)
I~ (pmol/60 min) 66.4 (11.1} 368 (3.6) 13231 (13.9)
T, (in bile) (pmol /60 min} 4.2 (25) 1.3 (04) 8.7 (3.7
Total (pmol/60 mia) 146.3 (19.7) 1.4 (10.3) 2825 (12.0)
As % of the T, transported into the cells 20.8 (2.5) 19.3 {3.1) 195 (1.2)
T tronsported
Total to liver (pmol/60 min) 1488 (212) 2017 {200} 9467 (758)
Total to liver/pmel free Ty 157 (32) 429 (74) 460 (45)
Into cells® (pmol/60 min) 06 I
To surface® {pmol/60 min) 783 1646
Into cells® (pmol/60 min) 625 1449
To surface’ (pmol/60 min) 864 8018
Values are the means, with 8Ds in parentheses.
¢ As calculated from the model,

¢ Caleulated from the data of columns I and 2.
< Colenlated from the data of columns 1 and 3.
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hormene decreases gradually, at each time point during
the experiment the liver is in equilibrium with the me-
dium because transport of hormone over the membrane
by influx and efflux is much greater than metabolism in
the liver itself. Therefore, the liver reaches equilibrium
with the medium within 2 period in which there is only
a smail change in T, concentration due-to metabolism.
Table 1 shows that this is actually the case; about 15%
of the total liver pool is replaced by hormone from the
medium per min, while only 1.5% of the total liver pool
18 metabolized per min.

During the perfusion a constant fraction of the metab-
olized T is converted into TG, T»S, and I7, while a
constant fraction is excreted in bile as Ts The relative
size of these fractions i1s not dependent on the amount
of albumin or free Ty present in the medium. This
indicates that the amount of hormone metabolized by
the cell is only dependent on the amount of hormone
taken up by the cells. We have previously shown {12)
that in rat hepatocytes in culture T, is also metabolized
to I and conjugates. However, much less conjugates (9%)
and much more I™ (85% of the metabolized amount of
T;) are formed than in the perfused liver, due to the fact
that hepatocytes in culture excrete the conjugates into
the medium. We have previously shown (13) that these
conjugates are taken up by the cells anew and are further
metaholized, in contrast to the liver perfusion, where a
large part of the conjugates is eucreted to the bile, which:
is collected, removing these conjugates from the system.
CQur data correspond more closely with in vive studies in
rats (14). Twenty-four hours after injection of {*I]T; in
rats with biliary fistulas 37% of the dose was metabolized
to I” and 21.% was excreted in the bile in the glucuronide
region, 5% in the sulfate region, and 1.5% as unchanged
T Expressed as a percentage of the amount of Ts
metabolized, almost the same figures are obtained as in
the liver perfusion studies reported here {Ref. 14 vs. this
study: 17, 57% vs. 48%; 148, 8% vs. 12% TyG, 33% vs.
38%; T in bile, 1.5% vs. 3%). The products in the sulfate
and glucuronide region were not fully characterized.
However, in a recent paper (15) it was shown that the
radioactive products of injected T appearing in the bile
of control rats are almost exclusively composed of ToG
and T,S, with only minor amounts of I”, dilodeothyronine,
and T,

The amount of hormone entering the cells is only
dependent on the free Ts, not the glbumin, concentra-
tior, because there is no sigeificant difference between
the amount of T, metabolized divided by the medium
free T in the three groups. This suggests that in the
perfused liver of normal rats the amount of hormone
transported into the cell is only dependent on the free
hormone concentration, in agreement with & recent re-
port (16), and thot metabolism is only dependent on the
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amount of hormone entering the cells,

Table 2 shows that there is no correlation between the
total amount of T, transported to the liver and the
amount of T metabolized during 60 min. Neither is
there a relation between the amount of T; transported
to the liver and the medium free T, when the albumin
concentrations in the medium are different. Thus, raising
the albumin concentration in the medium from 1% to
4% lowers the mean free T; concentration (at the end of
the perfusion) from 8.9 to 4.7 pmol/liter (P < 0.001), but
increases trangport to the liver from 1488 to 2017 pmol/
60 min (P < 0.001). However, Ty metabolism decreases
from 156 to 58 pmol/60 min. If only the mean medium
free T4 concentration is changed (with constant albumin
levels), total transport to the liver changes in parallel,
leading to a constant total tranaport to the liver per pmol
free Ty (Table 2, last fwo columns; 429 vs. 460 pmol T/
pmol free Ty; P > 0.5) and to a constant amount T;
metabolized per pmol free T (Table 2, lest two columns:;
12.4 vs. 13.4 pmol Tafpmol free Ty P > 0.5). Thus,
lowering the free T concentration, regaxdless of differ-
ences in albumin concentrations, leads to a decrease in
Ty metabolism. Furthermore, raising the albumin con-
centration increases total T, transport to the liver despite
2 decrease in free Ty, Thus, albumin per se has an
influence on T, transport to the liver, independent of the
free T concentration. This transport does not lead to
metabolism and, therefore, does not represent translo-
¢ation t¢ the intracellular compartment,

" Two explanations for this albumin-dependent trans-
port of T3 to the liver are possible. Firstly, we have
previously shown (17), that binding sites are present on
the outside of cultured rat hepatocytes, and that trans-
port of hormone to the pool composed by these sites can
be stimulated by raising the albumin concentration in
the medium. Secondly, there may be pools of albumin in
the liver which bind hormone, but are slowly exchangable
with the albumin in the medium, for instance albumin
sequestered in the space of Disse (18) or loosely bourd
to the surface of the cells (19-21). Transport to and size
of these pools will be linearly correlated with the albumin
concentration in the medium. If we assume that binding
and transport to these pools outside the liver cells are 4
times higher in livers perfused with 4% albumin than in
iivers perfused with mediuzm containing 1% albumin,
then it is pogsibie to calculate the amount ¢of hormone
actually transported into the cells, as outlined in Mate-
rials and Methods. The results of these calculations are
presented at the bottom of Table 2. About 45% of the
hormone transported to the liver enters the cell when
the livers are perfused with 1% albumin, in contrast to
about 17% with a medium containing 4% albumin. Thus,
20% of tke hormone actually transported into the cells
1s metabolized, regardless of the albumin or free hormone
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concentrations in the medium. These results make clear
that perhaps a three-pool model would give a better
description of the system. The finding of a two-exponen-
tial curve to descirbe the tracer kinetics in the medium
does not neeessarily imply that there are only two pools
in the system. It merely indicates that there are at least
two pools present. In the case of a three-pool model,
formula IV of the Appendiz, describing the medium
tracer disappearance, contains three exponential terms.
However, the curve-fitting procedure used is not able to
redolve all three terms if two of the A values are about
equal, in which case these two terms are lumped together,
and only two exponentials are found, even In a three-
pool aystem,

Due to the presence of these large extraceliular hor-
mone-binding pools, it is clear that it is not possible to
measure hormone uptake into liver celis with the single
pass injection techmique wsed by Pardridge and Mietus
(22, 23). In this technique tracer hormone is injected
together with tritiated water, 2 freely diffusable sub-
stance, In various media into the portal veir. After one
pass through the liver, cellular uptake of thyroid hor-
mone 13 celeulated from the difference between the
amount of tritiated water and thyroid hormone retained
by the Lver. However, besides methodological problems,
which were previously discussed (24, 25}, injected hor-
mone will for the greater part spread over these extra-
cellular pools and not enter the cells. Therefore, uptake
seems to follow diffusion kinetics in this system, because
binding of hormone to these pools is linearly related to
the free hormone concentration. The distribution of hor-
mone over the injected plasma proteins and these extra-
cellular pools will be governed by the relative affinities
and number of binding sites in the injected fluid and the
extracellular pools. We have shown that the binding sites
on the outside of the liver ¢ell have a Ky of 107° mol/
liter for Ty {26), the same order of magnitude or a little
higher than that for albumin. Thus, hormone bouné to
albumin in the injected fluid wiil distribute over all
binding sites in hoth the extracellular pools and the
injected belus, in contrast to hormone injected bound to,
for instance, T,-binding globulin, whick has a much
higher affinity for T. Therefore, it seems that albumin
plays a role in the transport of thyroid hormone to the
liver, but this is only in transport to the extraceliular
pools.

Because albumin plays a role in transport of thyreid
hormone to extracellular, but not intracellular, T, pools
and because it is not possible with the technique used by
Pardridge and Mietus (22, 23) to distinguish between
those two pools, it eannot be concluded from the studies
of Pardridge et &l that glbumin plays & role in translo-
cation of thyroid hormone into the cell.
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Appendix

The equations, describing the change of tracer masses
[a;(t) representing the tracer concentration in pool i at
time t,] are:

WD -~ felt) + ki) ®
daa{t;
—“;i—’ = k) = (s + keedal®) am
Y(t«.)=3l(m.vdth0<t.<T=tNkz1,...N (1
madaum

All of the individual fractional transport or disposal
rate parameters can be determined uniquely from this
model and medium data only, as is outlined below. Me-
dium tracer disappearance can be described as a two-
exponential fitted function giving two coefficients A; and
two exponents A (1 = 1,2):

L3
yit) = ‘_2_“. AeM )

where A; << A;. An analytical solution of the model output
¥i{t) in terms of the k; can be obtained by Laplace
transformation of the model BEq I-I1F

_ u 8= ku
Ly = (VM_J (s’ +h 5+ u.) i\

with &, = knke — kioks, and a; = —k;; — ke The
Laplace transformation of Eq IV gives:

= (Aaka + Az2) /(A + A
Liyt)] = (A + A (s { (:\a— )\;\(E )i'(&)'l- H

) V1)

These two functions (V and VI) are identical if A, + Az
=V, 8 — ke =38 — (A + A2 /{A; + A2), and s* +
s + a; = (8 — MJs — Ao).

These equations will result after algebraic manipula-
tion of the data in expression of all k; in terms of 4, and
At

ke = (Agdz + Acha) /(A + Ag)

oy = Rk — kigkn = Mdg

ag = w(lky + keg) = = + A0

ka = ~ky = A+ Ay = ke

kiz = (kyke — Mda)/kn
Further parameters of the model can be calculated as
follows:

Vo = 100/(A; + A

MCR = —100,’( i AJ')\.-)
V-

The total concentration of Ty diminishes during the
perfusion study, but because kg << k,» there exists equi-
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librium between liver and medium throughout the study,
and the following parameters can be calculated also:

TRaAt) = Vkn [Tale
MDR(t) = MCR[T:],
QM = Vo),
Quft) = ~TRolt)/kaa
Dalt) = Kea@alt} = Viktsskoo[Ts)/ =k

and the tota] disposal during the experiment

w0
D = (ValmlciFlez) J- [Ta]udt

Glossary

(1A12]w12 17j)

Time (min)

Medium activity at tixme t (% dose/ml)
Coefficient of the i-th exponential ¢omponent
(% dose)

Exponent of the i-th exponential ¢component
{(min™)

Size of pool 1 (medium pool; % dose)

Size of pool 2 (liver pool; % dose)

Dose of tracer introduced in medium (100%)
Fractional transport rate from pocl j to pool
i (min™)

Fractional disposal rate in pool 2 (min™)
Fractional turnover rate of pool i (min™)
Medium volume (ml) at time t

Bile volume (xol} at time t

Laplace transform of vw(t)

Laplace transform variable

Medium T, concentration (pmol/ml) at time
t

Free T concentration

Medivm clearance rate (rol/min)

Medium to Liver transport rate at time t
(pmol/min)

Medium disappearance rate at time t (pmol)
Bize of pocl I (medium pool) at time ¢ (pmol)
Size of pool 2 (liver pool) at time t (pmol)
Disposal in the liver at time t (pmol/min)

Total disposal during t min (pmol)

% of total counts present in medium as T
Counts/m] present in the medium at time t
Counts/ml present in the bile at time ¢
Specific activity of added Ty (cpm/prool)

1.

g

-

@
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SUMMARY

Thyroid bormone plays an important role in the development and in the
regulation of metabolic processes in vertebrates. The hormone is produced by the
thyroid, mainly as the biological inactive product thyroxine (T4), and secreted into
the blood. Normally more than $9.97% of the total amount of T4 is bound to three
plasma proteins ie. 75% to thyroxine binding globulin, 15% to thyroxine binding
prealbumin and 10% to albumin. In chapter II it is shown that a strongly elevated
binding of T4 to albumin occurs in subjects with "familial disalbuminemic hyperthy-
roxinemia” (FDH). This biochemical syndrome, characterized by elevated total serum
T4 and normal! FTy concentrations, and originally described by us, is caused by
albumin with high affinity for T4. This albumin is also present in low concenirations
in normals. From our disposal studies in FDH subjects it can be concluded that this
elevated serum binding does not influence cellular transport and metabolism of
thyroid hormone.

Up tll 1978 it has been assumed that thyroid hormone enters the cell by
diffusion. However since that time a large body of evidence has been accumulated,
indicating that tramsport of thyroid hormone into rat liver cells is an enmergy (ATP)
dependent process, mediated by specific transport systems in the plasma membrane.
In this way it could be shown that both T3 and T4 bind to two different sets of
binding sites, of which the binding sites with the highest affinity specifically mediate
the uptake of either T4 or T3. To investigate whether similar processes are present
in human cells, membrane transport of thyroid hormone into human erythrocytes and
fibroblasts was measured. Chapter IV shows that in erythrocytes a carrier mediated
transport for T3 is present, which is not energy (ATP) dependent. Chapter VII shows
that human cultured fibroblasts possess energy dependent transport systems both for
T4 and T3 which are comparable with those in rat hepatocytes.

As efflux of thyroid hormone out of the cell appears to be 2 passive mechanism
{Chapter V), it is not likely, that a regulatory role with regard to the free hormone
concentration is attributed to this process. However the uptake process is regulatory

in this respect, because inhibition of uptake of thyroid hormone leads to a lower
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occupancy of the T3 receptors in the nucleus and a to a lower metabolism of
hormone (Chapters V and VI), due 10 a lower subsirate availability to the deiodina-
ting and conjugating enzymes.

Chapter VIII shows that chemical modification of the membrane carrier protein
with an affinity label leads to a diminished transport into the cell, and consequently
to a diminished metabolism of hormone. However the affinity label used also inhibits
intracellular deiodinase, which leads to an even more decreased metabolism. Both
inhibitions appeared to be additive.

Finally we have shown with recirculating liver perfusions, that total thyroid
hormone transport to the liver has to be devided in two components (Chapter IX). It
could be shown that not all T3 transported to the liver is being metabolized, but that
part is bound outside the cellular compartment. This pool of T3 is not only depen-
dent on the free T3 concentration, but also on the albumin concentration in the
medinm. The amount of T3 metabolized is solely determined by the free medium T3
concentration and is independent of total T3 or albumin concentration in the
medivm. With 1% albumin in the medium, transport of T3 into the cells is about
50% of tbe total transport to the liver, but with 4% albumin in the medium transport
to the intracellular compartment is only 15% of the total transport to the Hver. This
implicates that at physiclogical albumin concentrations a much larger part of the
hormone actually entering the cell is metabolized than was assumed up til now, and
that even a large change in the transmembranal transport process will result in only
a small change in total tramsport to the liver, the only parameter which can be

measured by turnover studies in vivo.
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SAMENVATTING

De schildklier maakt voornamelijk het prohormoon thyroxine (3,3°,5,5- tetrajo-
dothyronine, T4) en slechts een kleine hoeveelheid van het biologisch akiieve
hormoon 3,3°,5-trijodothyronine (T3). Deze produktie van T4 staat onder invioed van
bet TSH (thyroid stimulating hormone), een peptide hormoon, dat geproduceerd
wordt door de thyrotrofe cellen in de hypofyse voorkwab. Deze cellen worden op
hun beurt gestimuleerd tot de synthese en afgifte van TSH door TRH (TSH
releasing hormone) uit de hypothalamus. Plasma T4 daarentegen remt de afgifie van
TSH door de hypofyse. Dit proces verloopt via binding van T3, gevormd door een
actieve lokale dejodering van T4 in de hypofyse, aan de kernreceptoren voor T3.
Ook plasma T3 kan door binding 2an de kernreceptor in de thyrotrofe cel de afgifie
van TSH remmen. Er is hier dus sprake van een regelkring die bij euthyreote
personen de plasma T4 concentratie constant houdt. Ongeveer 8§0% van het circule-
rende T3 wordt gevormd door buitenring-dejodering van T4 elders in het lichaam
(fig. 1). De buitenring is de ring met de fenolische hydroxyl-groep, de binnenring die
met de alanine zijketen. Beide ringen zijn door middel van een etherbrug met elkaar
verbonden. Docr perifere binnenring-dejodering van T4 ontstaat de biologisch
inaktieve metaboliet 3,35 -trijodothyronine (reverse T3, r'T3). Dejodering is ook een
belangrijke route voor het verdere metabolisme van T3 en rT3. Hierbij ontstaat
vrijwel altijd het inaktieve 3,3’-dijodothyronine (3,3°-T3), zowel door binnenring-dejo-
dering van T3 als door buitenring-dejodering van T3 (fig. 1). Dus, buitenring-dejode-
ring is een akiiveringsreaktie (produktie aktief T3} en binnenring-dejodering is een
inaktiveringsreaktie (produktie imaktief rT3 en afbraak T3). Jodothyromines werden
verder ook geconjugeerd met ghicuronzuur (Tg, T3} of sulfaar (T3, 3,3-T2), waarna
de glucuronides worden uitgescheiden in de gal, en de sulfaten een snelle verdere
dejodering ondergaan, met name in de lever, Aangezien de hier geschetste processen
intracellulair plaatsvinden, moet het hormoon dus viaz het plasma naar de cellen
getransporteerd worden, en daarna via het plasmamembraan worden opgencmen.

Met het in dit proefschrift beschreven onderzoek is getracht inzicht te krijgen in

de volgende problemen: Heeft de varierende serum binding van schildklier hormoon
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invloed op het opname in de cel van het hormoon. Zijn de opnameprocessen zoals
zangetoond in rattehepatocyten ook aanwezig in cellen van humane oorsprong.
Wordt de efflux van hormoon uit de cel ook gereguleerd net zoals de opname. En
heeft modulatie (remming) van het opnameproces invioed op het metabolisme,
activatie zowel als afbraak, van schildklier hormoon.

Van de totale hoeveelheid T4 in plasma is meer dan 99.97 % aan drie plasma
eiwitten gebonden, nl. 75 % aan TBG (thyroxine bindend globuline), 15 % zan
TBPA (thyroxine bindend prealbumine} en 10 % aan albumine. In hoofdstuk III
wordt aangetoond dat hiernaast bij sommige persomen een autosomaal dominant
overerfbare, sterk verhoogde binding aan albumine optreedt. Dit albumine met hoge
affiniteit voor T4 is in lage concentraties ook aanwezig in de normale populatie. In
de latere literatuur is voor dit door ons voor het eerst beschreven biochemische
syndroom de naam "familial disalbuminemic hyperthyroxinemia" (FDH) algemeen
gebruikelijk geworden. Uit meting van het hormoon verbruik bij personen met FDH
(hoofdstuk II) en uit literatuur gegevens kan worden geconcludeerd dat deze
verhoogde serum binding geen invloed op bet hormoon verbruik en de opname door
de cel heeft.

Op grond van de hydrofobe eigenschappen van jodothyromines en het feit dat in
vivo geen verzadiging van de cpname kon worden gevonden, werd aangenomen dat
schildklierhormoon via diffusie de cel binnen kwam. In de laatste jaren is echter
ondubbelzinnig aangetoond dat transport van schildklierhormoon door het plasma
membraan van levercellen van de rat een energie (ATP) afhankelijk proces is, dat
gemedieerd wordt door specificke transport systemen in het plasma membraan.
Aldus is aangetcond dat zowel T3 als T4 reageren met twee sets bindingsplaatsen,
waarvan die met de hoogste affiniteit hetzii T4 hetzij T3 specifiek de cel in transpor-
teren. Om te onderzoeken of dezelide processen ook aanwezig zijn in humane cellen,
werden bij erythrocyten en fibroblasten de membraan transport processen gemeten.
Hoofdstuk IV laat zien dat in humane erythrocyten een opname systeem aanwezig is,
echter ook dat dit niet energie (ATP) afhankelijk is. Hoofdstuk VII laat echter zien

dat menselijke fibreblasten wel een energie afhankeliik opname systeem voor
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schildklier hormoon bezitten, dat vergelijkbaar is met dat van ratte hepatocyten.
Efflux van schildklier hormoon uit de cel blilkt een passief proces te zijn
(hoofdstuk V) en kan dus geen rol spelen in de regulatie van de intracellulaire vrije
hormoon concentratie. Het opname proces is wel regulerend op deze imtracellulaire
hormoon concentratie. Zo blijkt een remming van de opname van schildklierhor-
moon t¢ leiden t0t ¢en vermindering van de bezetting van de T3 recepteren in de
kern en van het metabolisme van schildidierhormoon (hoofstukken V en VI).
Chemische modificatic van het membraan transport eiwit met een affiniteits
label leidt ook tot een verminderd transport van hormoon de cel in, en daardoor tot
een verminderd metabolisme van hormoon (hoofdstuk VHI). Echter het gebruikte
affiniteits label remt cok het intracellulaire dejodase, waardoor het metabolisme nog
verder wordt geremd. Deze beide remmende processen blijken additief te zijn.
Tenslotte hebben wij met behulp van recirculerende leverperfusies kunmen
aantonen dat het schildkiierhormoon transport naar de lever bestzat uit twee
deeltransporten (hoofdstuk IX). Eén naar het intracellulaire metabool actieve
compartiment, welk transport alleen afhankelijk is van de vrije hormoon concentra-
tie, (uiteraard bij een onveranderde kwaliteit van het membraan tramsport mecha-
nisme als zodanig), en een tweede deeltransport maar een metabool inactief
compartiment. Dit laatste transport is afhankelijk van de vrije hormoon concentratie
én de albumine concentratie in het medium. Bij 1 % albumine is dit deeltransport
ongeveer de helft van het totale transport, maar bij 4 % albumine in het medinm al
85 % van het totale transport naar de lever. De implicatie van deze bevinding is dat
een veel groter deel van het hormoon dat de cel binnen komt word: gemetaboliseerd
dan tot nu toe werd aangenomen. Onze bevindingen betekenen ook dat in de
fysiologische sitnatie, waarin de albumine concentratie 4 % bedraagt, een verande-
ring van het membraan transport slechis een kleine verandering in het totaal

transport veroorzaakt.
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NAWOORD

Velen hebben direct of indirect meegewerkt aan de totstandkoming van dit
proefschrift.

Voor een groot deel is het verschijnen ervan te danken aan de soms wat
sarcastische vragen van de ene keer Eric en de andere keer Marianne hoe het nu
met "bet boekje” stond, waarbij op hun gezicht te lezen was dat ze er eigenlijk niet
meer in geloofden.

De inhoud is ontstaan tijdens mijn jarenlange nauwe samenwerking met Jorg
Hennemann, Theo Visser en Eric Kremning, later aangevuld met Marion de Jong.
Hierbij is voortgebouwd op het fundament dat met Eric’s proefschrift gelegd is,
gekombineerd met de kennis van het metabolisme dat door Theo is uitgewerkt.
Verder zijn de studies met modellen zoals vastgelegd in het proefschrift van Hans
van der Heyden voor mij de vingeroefeningen geweest voor de ontwikkeling van het
leverperfusie model zoals beschreven in hoofdstuk §. De perfusietechnieken zijn
daarbij op vaardige wijze uitgewerkt door Marion Jorg, mijn promotor, ben ik
erkentelijk voor zijn stimulerende discussies en de bijna onbeperkte bewegingsvrij-
heid, Theo, mijn kamergenoot, met zijn haast encyclopedische kennis van de
literatuur, voor de opbouwende kritiek en zijn hulp bij het opzetten van dé metabo-
lsme studies, en tenslotte Eric voor de plezierige dinsdagmorgen discussies. Verder
wazrdeer ik het zeer dat Eric en Theo bij mijr promotie als paranimfen willen
optreden.

De experimenten zijn op het laboratorium door een groot aantal amalisten
uitgevoerd, waarbij Grietje Bos, Bert Bernard en Hans van der Hoek in het bijzon-
der genoemd moeten worden. Hans van Toor heeft het merendeel van de vrije
hormoon bepalingen verricht die noodzakelijk waren voor de berekening en de
interpretatie van de resultaten.

Wim Hiilsmann ben ik erkentelijk voor de kritische opmerkingen, die hij als lid
van de promotiecommissie bij het proefschrift heeft gemaakt.

Tenslotte realiseer ik mij ten zeerste dat Mariapne, Marcel en Dennis er onder
hebben moeten lijden dat ik vele avonden en weekeinden in mijn studeerkamer heb
doorgebracht, om dit proefschrift en de andere artikelen te schrijven en om alle

computerprogramma’s te ontwikkelen die nu op het laboratorium gebruikt worden,
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