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voor Claudia en Anika

The Road goes ever on and on

Down from the door where it began

Now far ahead the Road has gone,

And I must follow if I can,

Pursuing it with eager feet,

Until it joins some larger way

Where many paths and errands meet.

And wither then? I cannot say.

(J.R.R. Tolkien)
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1.1 Thyroid hormone production and metabolism

Thyroid hormones play an important role in overall body metabolism by regulation

of oxygen consumption and heat production. The thyroid gland produces and secretes

iodothyronines; about 90% of the output is 3,5,3’,5’-tetraiodothyronine (thyroxine or

T
4
), while 3,5,3'-triiodothyronine (T

3
) accounts for the remaining 10%. T

4
 is considered

to have little or no intrinsic bioactivity. T3 is the most important bioactive thyroid

hormone and virtually all the biological effects of T
4
 elicited in vivo can be ascribed

to its conversion into T
3
. The total T

4
 concentration in human serum is 75-135 nM,

while total T
3
 is present at a much lower concentration of 1.35–2.60 nM (Visser & de

Jong, 1998). Finally, about 1% of the output of the thyroid gland is the inactive

iodothyronine 3,3’,5’-triiodothyronine (rT
3
). Molecular structures of the iodothyronines

are shown in Figure 1.

T
3
 (Figure 2) and the other iodothyronines can be metabolized by deiodination,

conjugation or oxidative deamination (Visser, 1988, 1994). Deiodination is

quantitatively and qualitatively the most important pathway, which is catalyzed by a

family of three iodothyronine deiodinases, all containing the amino acid selenocysteine

in their catalytic site (Kohrle et al., 1991; Bianco et al., 2002). Deiodination of T
3
 and

rT
3
 yields the diiodothyronine 3,3'-T

2
. Conjugation, which mainly takes place in the

liver, consists of either sulfation, catalyzed by sulfotransferases located in the cytoplasm

or glucuronidation, catalyzed by enzymes located in the endoplasmic reticulum. Both

reactions result in water-soluble derivatives (e.g. T
3
 sulfate (T

3
S)). Increased water-

solubility facilitates the excretion in bile and urine. To a minor extent, thyroid hormones

undergo oxidative deamination of the alanine side chain leading to iodothyroacetic

acid derivatives e.g. triiodothyroacetic acid (Triac). Molecular structures of the

metabolites are also shown in Figure 1.

Functioning of the thyroid gland is controlled by a classic endocrine hypothalamus-

pituitary axis. Upon stimulation by thermal and caloric signals the hypothalamus

releases thyrotropin-releasing hormone (TRH), which activates the pituitary to produce

and secrete a 30 kDa glycoprotein, thyroid-stimulating hormone (TSH) (Grossman et

al., 1997). TSH controls the functioning of the thyroid gland through interaction with

the G-protein coupled TSH receptor.
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Figure 1 Structures of the iodothyronines

 

O HO 

NH3
+ 

CH2  CH COO- 

I I

I

triiodothyronine (T3) 

O HO 

NH3
+ 

CH2  CH COO- 

I I

3,3’-diiodothyronine (3,3’-T2) 

O HO 

NH3
+ 

CH2  CH COO- 

I

I

3,5-diiodothyronine (3,5-T2) 

O HO 

NH3
+ 

CH2  CH COO- 

I I

I

reverse T3 (rT3) 

COO- O 

NH3
+ 

CH2  CH 

I I

I

-O3SO T3 sulfate (T3S) 

O HO CH2 CH COO- 

I I

I

triiodothyroacetic acid  
(Triac) 

O HO 

NH3
+ 

CH2  CH COO- 

I I

II

thyroxine (T4) 

3’ 

5’ 

3 

5 

HFST1_pag1_10.p65 7/19/02, 4:15 PM11



Chapter 1

12

Figure 2 Three pathways for the metabolism of triiodothyronine (T
3
).

1.2 Thyroid hormone action

Mechanism

The action of T
3
 on metabolism includes an increase in the basal rate of oxygen

consumption and heat production, that is generated via stimulation of ATP-requiring

cellular processes such as the activity of enzymes and ion transport systems as well

as the synthesis of DNA, RNA and other cellular components (Clausen et al., 1991;

Yen, 2001). T
3
 is also essential for normal growth and development. The first step in

thyroid hormone action and metabolism is transport across the cell membrane. In the

cell, T
3
 associates with cytosolic binding proteins, mitochondrial binding proteins

and a specific nuclear receptor (Figure 3) (Ichikawa & Hashizume, 1995). Association

with cytosolic proteins is regarded as an intracellular reservoir and also allows transfer

of hormones in the cytosol.  Most actions of T
3
 are mediated via the nuclear receptor

(TR). TR is a member of a large superfamily that includes receptors for steroids,

retinoic acid, prostaglandins and fatty acids. In most cases TR acts as a heterodimer

with the retinoic acid receptor (RXR). Furthermore, it is a ligand-modulated

transcription factor capable to activate or repress gene expression (Muñoz & Bernal,

1997; Wu & Koenig, 2000). Several receptor subtypes have been described of which

the α-receptor and β
1
-receptor are expressed in the heart (Lazar, 1993; Muñoz &

Bernal, 1997). Transcription is modulated by binding of the unliganded TR to specific

DNA acceptor sites known as T
3
 response elements (TRE), resulting in a repression

of gene transcription. Association of T
3
 with TR leads to a change in conformation,
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thereby relieving the repression, resulting in induction of gene transcription.

In addition to the action of thyroid hormones mediated through binding to nuclear

receptors, direct and non-genomic effects have been described. Segal et al. (1989a;

1989b) showed that T3 increases cellular amino acid and sugar uptake in presence of

a protein-synthesis inhibitor. These non-genomic actions occur primarily at the plasma

membrane (Segal, 1990; Huang et al., 1999) and the mitochondria (Wrutniak-Cabello

et al., 2001). In a study of Goglia et al. (1999), high affinity binding sites for T3 have

been identified in the mitochondria and it was shown that T
3
 has a direct effect on

mitochondrial ATP production.

Figure 3 T
3
 action in the cell. T

3 
enters the cell via a carrier-mediated mechanism located in

the plasma membrane, and binds to nuclear T
3 
receptors to modulate transcription of genes. It

can also associate with cytosolic binding proteins or with sites at the mitochondria. Redrawn

after Ichiwaka et al. (1995). THT, plasma membrane thyroid hormone transporter; CTBP,

cytosolic binding protein; TR, nuclear thyroid hormone receptor; mTR, mitochondrial thyroid

hormone receptor
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On the heart

The heart is very sensitive to the action of thyroid hormones. Measurable changes in

cardiac performance are detected with small variations in thyroid hormone serum

concentrations. Most patients and animals with hyperthyroidism experience

cardiovascular manifestations, and the most serious complications of hyperthyroidism

occur as a result of cardiac involvement (Rijnberk, 1996; Fadel et al., 2000; Klein &

Ojamaa, 2001). Alterations in cardiac performance include an increase in resting

heart rate (a chronotropic effect), contractility (an inotropic effect), left ventricular

muscle mass, and predisposition to atrial arrhythmias. These effects are mediated by

thyroid hormone regulation of transcription of cardiac-specific genes (Polikar et al.,

1993; Klein & Ojamaa, 2001). T
3
 administration in animals enhances myocardial

contractility by stimulating the synthesis of the fast α myosin heavy chain and inhibiting

the expression of the slow β isoform (Zähringer & Klaubert, 1982; Korecky et al.,

1987; Williams & Ianuzzo, 1988; Dillmann, 1990). It also causes an increase in

sarcoplasmic reticulum (SR) Ca2+ adenosine triphosphatase (ATPase) and a decrease

in the expression of the Ca2+ ATPase regulatory protein phospholamban (Zähringer &

Klaubert, 1982; Simonides et al., 1996; Muller et al., 1997). The cardiac changes

typical of hypothyroidism are opposite to those of hyperthyroidism, but they are

accompanied by fewer signs and symptoms (Rijnberk, 1996; Klein & Ojamaa, 2001).

Finally, thyroid hormone induced cardiac hypertrophy can also result from changes

in the blood pressure and flow rate (Simpson et al., 1982; Klein et al., 1992). Thyroid

hormone decreases blood pressure and flow rate by dilating the resistance arterioles

of the peripheral circulation via effects on the vascular smooth muscle cells and by

increasing blood volume.

1.3 Transport of thyroid hormones

In blood

Thyroid hormones reach their sites of action bound to serum proteins. The three major

binding proteins in serum are thyroxine-binding globulin (TBG), transthyretin (TTR)

and albumin (Bartalena, 1990; Schussler, 2000). Human TBG circulates at a

concentration of only 0.4 – 0.8 µM (Wiersinga & Krenning, 1998). Nevertheless,

because of its high affinity, TBG carries most of the serum T
4
 (75% in humans) and
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T3 (38-80% in humans). TTR, a binding protein of much more ancient lineage than

TBG, is present in fish and higher vertebrates (Bartalena, 1990). TTR is synthesized

in the liver and the concentration of TTR in plasma is 5 µM (Visser & de Jong, 1998).

In addition, choroid plexus epithelial cells produce and secrete TTR, and it is suggested

that this is an important source for brain T
4
 (Bartalena, 1990; Schussler, 2000). Both

TBG and TTR are considered to function as an extrathyroidal storage and as a buffer

to protect cells from excessive hormone entry. The third binding protein for thyroid

hormones and a variety of other compounds e.g. fatty acids (Curry et al., 1998) in

serum is albumin, it circulates at a concentration of 640 µM and binds T
4
 with a 10-

fold higher affinity than T
3
. With the lowest affinity for thyroid hormones and the

fastest thyroid hormone release compared to TBG and TTR, albumin may promote

quick exchange of thyroid hormones with tissue sites (Krenning et al., 1979; Pardridge,

1987).

In tissues

Forty years ago, it was postulated that thyroid hormones would pass the lipid bilayer

of the cell membrane by passive diffusion (Lein & Dowben, 1961; Pardridge & Mietus,

1980). This was based on the fact that thyroid hormones are lipophilic and, as the

plasma membrane is constituted of a lipid bilayer, there seemed no need for any other

mechanism of translocation than that of diffusion. Today, it is clear that this assumption

is not correct and that cells exhibit carrier-mediated mechanisms for the entry of

thyroid hormones. The criteria for the existence of such mechanisms include: 1) The

mechanisms are specific; only structurally related compounds are transported or

compete with the mechanism; 2) it is saturable and has limited capacity; 3) there is no

significant diffusion; 4) it is subject to regulation. The number of transporters, energy-

status and possibly the Na+ gradient may be important factors in regulation. Finally,

5) thyroid hormone uptake is rate limiting for subsequent metabolism. In patients

with non-thyroidal illness (NTI) or during starvation, plasma T
3
 production from T

4

in the liver is decreased (Docter & Krenning, 1990), due to reduced cellular uptake

and not because of defective 5’-deiodination of T
4
 (Hennemann et al., 1993). Thus,

transmembrane transport of thyroid hormones is important in the overall body thyroid

hormone bioactivity.
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The first report describing specific, saturable and energy-dependent uptake of

thyroid hormones came from Rao et al. (1976). Since then, reports from several

laboratories using cell types from various species have confirmed carrier-mediated,

mostly energy- and Na+-dependent uptake of iodothyronines (see for reviews: Kragie,

1994; Hennemann et al., 2001). Hillier was the first to publish a series of studies on

the uptake of T
3
 and T

4
 in an intact rat heart (Hillier, 1968a, 1968b, 1969). While he

suggested that uptake is determined by the concentration of extra- and intracellular

binding proteins, the more recent studies of Rosic et al. (1998; 2001) presented

evidence for a specific uptake system for T
3
 and T

4
. The first reports on the presence

of a T
3
 transport mechanism in isolated heart cells came from our laboratory (Everts

et al., 1996b; Verhoeven et al., 2001). The characterization of this T
3
 transport system

is the subject of the present thesis, as well as the question whether a comparable

systems exists for T
4
.

Sofar, no information is available about the molecular structure of thyroid hormone

transporters. However, recently a number of plasma membrane transporters have been

identified as potential mediators of thyroid hormone uptake, such as 1) a Na+-dependent

organic anion transporter (NTCP) (Friesema et al., 1999), 2) members of Na+-

independent organic anion transporters (OATP) families (Abe et al., 1996; Friesema

et al., 1999; Fujiwara et al., 2001), and 3) the heterodimeric system L amino acid

transporter consisting of the 4F2 heavy chain associated with LAT1 or LAT2 light

chains (Friesema et al., 2001). To what extent these transporters are relevant for the

bioavailability of thyroid hormones in vivo is not known.

Efflux

Efflux of thyroid hormones has been studied in a number of cell types (Hennemann et

al., 2001). Efflux of T
3
 from rat cardiomyocytes has been shown to be saturable, but

not energy-dependent (Ribeiro et al., 1996). The authors suggested that the efflux

carrier for T
3
 may be related to the multi drug resistance-related ATP-binding cassette

(ABC) transporter family, but this has not been proven yet. Some reports show

stimulation of efflux by aromatic amino acid counter transport (Osty et al., 1990b) or

by albumin (Benvenga & Robbins, 1998). The latter may be explained by facilitating

diffusion of thyroid hormones through the water layer around the cell. T
4
 and rT

3

efflux from choriocarcinoma cells (JAR) (Mitchell et al., 1999) and human erythrocytes
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(Osty et al., 1990a), and T4 efflux from rat hepatocytes (Hennemann et al., 1984)

showed no saturation. In conclusion, efflux of thyroid hormones may occur along

various pathways. Whether this process requires a specific carrier remains to be

established.

1.4 Physiological significance of thyroid hormone transport

In pathophysiological conditions

In patients with liver disease or chronic renal failure serum T
3
 concentration is reduced,

serum rT
3
 concentration is increased, while serum T

4
 concentration is usually normal

and TSH does not rise (Docter et al., 1993). This syndrome is known as NTI and is

defined as any acute or chronic illness not related to the thyroid gland (Docter et al.,

1993). Like NTI, fasting is characterized by low serum concentration of T
3
 (van der

Heyden et al., 1986). The low serum T
3
 concentration has been ascribed to reduced

activity of the type I deiodinase in the liver, responsible for the conversion of T
4
 to T

3
.

However, since the activity of type I deiodinase also depends on the intracellular

substrate concentration, transport of T
4
 into the T

3
-producing tissues is at least as

important for peripheral production. This led to the hypothesis that the low serum T
3

concentration is caused by a reduction of T
4
 transport into the liver (Vos et al., 1995).

Several reports underline this hypothesis. When human obese volunteers were

subjected to a calorie restricted diet, T
4
 kinetic studies revealed a 50% decrease in T

4

transport into tissues, that could account for half of the reduction in T
3
 production

(Docter et al., 1993; Hennemann et al., 1998). The effects of fasting on T
4
 transport

were also studied in vitro by incubating rat hepatocytes with serum from subjects

before and after a 10-day period of calorie restriction (Lim et al., 1994). This revealed

a decreased iodide production from T
4
 probably due to inhibition of T

4
 transport.

Similarly, when hepatocytes were incubated with serum of NTI patients, T
4
 transport,

but not type I deiodinase activity was impaired (Lim et al., 1993). Identification of

the factors in serum responsible for this inhibition, showed that several compounds

are circulating at increased levels in serum of patients with NTI; among them 3-

carboxy-4-methyl-5-propyl-2-furan propanoic acid (CMPF) and indoxylsulfate in

patients with renal failure, and bilirubin and non-esterified fatty acids (NEFAs) in

patients with liver disease (Docter et al., 1993; Lim et al., 1993). Serum levels of
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NEFAs are also increased in mild NTI and during caloric deprivation to concentrations

that inhibit T
4
 transport (Lim et al., 1994). Interestingly, in pituitary cells, where T

3

and T
4
 probably share a common transport system (Everts et al., 1994), T

3
 and T

4

uptake were not inhibited by these compounds (Everts et al., 1995; Wassen et al.,

2000), suggesting that this may be part of the mechanisms accounting for the absence

of a rise in TSH in spite of the low serum T
3
 in NTI patients (Everts et al., 1996a;

Hennemann et al., 1998, 2001).

For treatment of heart disease

Patients undergoing coronary bypass surgery (Holland et al., 1991; Klemperer et al.,

1995) and patients with congestive heart failure (Hamilton, 1993; Hamilton &

Stevenson, 1996) may show the typical changes in serum thyroid hormone parameters

known as NTI. It is still a matter of debate whether or not this condition should be

treated (Klemperer et al., 1995; Utiger, 1995; Camacho & Dwarkanathan, 1999).

During the last 5 – 10 years clinical studies have explored the possibility of improving

heart function by administration of T
4
 or T

3
 (Moruzzi et al., 1996; Chowdhury et al.,

1999; Mullis-Jansson et al., 1999) both in children with congestive heart failure and

in adult patients undergoing coronary-artery bypass surgery. It has been shown that

T
4
 or T

3
 administration decreased vascular resistance and improved cardiac

performance in the early post-operative period. Though, administration over a longer

period did not reduce the need for treatment with inotropic agents and mechanical

devices like a pacemaker. Thus, it was concluded that T
4
 or T

3
 should not be used as

a substitute for recommended drug therapy (Gomberg-Maitland & Frishman, 1998).

Moreover, prolonged administration of T
4
 or T

3
 caused an increase in heart frequency,

a chronotropic effect, which may be deleterious in patients with heart failure (Spooner

et al., 1999; Peters et al., 2000). Since some of the effects of thyroid hormones could

potentially benefit patients with heart failure, thyroid hormone analogs are being

developed, which possibly have more inotropic than chronotropic properties (Morkin

et al., 1996; Spooner et al., 1999; Pujol et al., 2000; Trost et al., 2000; Lameloise et

al., 2001). The propionic acid analog of 3,5-diiodothyronine, 3,5-diiodothyropropionic

acid (DITPA) has been used to improve contractility of the heart after infarction, up

to now only in animals (Spooner et al., 1999). It has been shown that DITPA associates

with bacterially expressed TRs (Morkin et al., 1996). Furthermore, at the cellular
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level, DITPA induces sarcoplasmic reticulum Ca2+ transport and protein expression,

while it has been more complicated to interpret data on myosin heavy chain expression

(Spooner et al., 1999). From this point of view there is still a lack of understanding

how this thyroid hormone analog works (Spooner et al., 1999). In addition, DITPA

shows no specificity with respect to receptor subtypes and the affinity is a 100-fold

less that for T
3
 (Morkin et al., 1996). Recently, another thyroid hormone analog, the

non-iodinated GC-1, has been developed (Chiellini et al., 1998; Trost et al., 2000).

GC-1 has a high affinity for TR and shows receptor subtype specificity. It has a much

greater potency in lowering cholesterol and TSH levels than T
3
, but it has a smaller

effect on heart rate (Trost et al., 2000). These properties suggest that GC-1 may be a

useful therapeutic agent.

In summary, the inotropic effects of thyroid hormone analogs could potentially

benefit patients with heart failure. The mechanisms by which these analogs work are

not fully understood and may involve tissue-selective uptake as suggested for GC-1

(Trost et al., 2000). This stresses the importance of identification of thyroid hormone

uptake mechanisms, which, on the other hand, may provide tools for development of

drugs with tissue-selective thyromimetic activity, preferentially without chronotropic

effects.

1.5 Aim, experimental models, and scope of the thesis

Aims of the study

There is abundant evidence that thyroid hormone transport across the plasma

membrane occurs by facilitated mechanisms in many tissues and cell types. This

thesis describes the characterization of thyroid hormone uptake mechanism(s) in heart

cells and the attempts to identify a putative thyroid hormone transport protein. Cultured

cells have proven to be a useful experimental model in the characterization of thyroid

hormone transport mechanisms. We used neonatal rat cardiomyocytes and the

embryonic heart cell line, H9c2(2-1). Furthermore, expression cloning in Xenopus

laevis oocytes has proven to be a useful strategy in the cloning of a number of other

transport proteins. In this thesis the following questions are addressed:

1. Are thyroid hormones transported by a specific transport mechanism(s) in cultured

heart cells, and what are the characteristics of this mechanism,

HFST1_pag1_10.p65 7/19/02, 4:15 PM19



Chapter 1

20

2. What is the molecular structure of such a mechanism,

3. Are known transport proteins involved in uptake of thyroid hormones?

Experimental models

Three experimental models were used to address the questions described above.

Neonatal cardiomyocytes

Primary cultures of neonatal rat cardiomyocytes have proven to be a valid model in

studies concerning intracellular signaling and gene transcription (van Heugten et al.,

1995; Muller et al., 1997; Huang et al., 1999; Sugden et al., 1999; Gloss et al., 2000).

Moreover, studies to characterize uptake mechanisms for thyroid hormones and other

compounds have successfully used this type of culture (Stremmel, 1988; Everts et

al., 1996b; Verhoeven et al., 2001). In brief, cardiomyocytes are prepared from 2 to

3-day old Wistar rats by stepwise trypsinization (Everts et al., 1996b), followed by a

preplating step to obtain an enriched myocardial fraction consisting of more than

90% cardiomyocytes (Blondel et al., 1971; van Heugten et al., 1994). In our studies,

the cells are plated at a density of 0.5 - 1.0 × 106 cells per well, and cultured in

presence of 5% fetal calf serum (FCS) and 5% horse serum (HS). Experiments are

routinely performed after 5 days at which time the cardiomyocytes form a

spontaneously and synchronously contracting monolayer. It has been shown that these

beating cells reflect the in vivo heart cells, since they generate action potentials and

maintain their specificity towards drugs and hormones (Pinson, 1990).

The embryonic heart cell line H9c2(2-1)

We planned to continue the studies with neonatal rat cardiomyocytes with adult heart

cells to be able to examine thyroid hormone transport during development and in

pathophysiological conditions. For isolation of adult cardiomyocytes, we used a

Langendorff perfusion method, in which the whole heart is perfused with proteolytic

enzymes (Ikeda et al., 1990; Piper et al., 1990; Eppenberger et al., 1994; Schlüter et

al., 1995). However, the quality of these adult cells was poor and the yield too low to

perform experiments.

The myogenic cell line, H9c2(2-1), was established by Kimes and Brandt (1976)

from embryonic rat heart tissue (ventricle). This cell line propagates as mononucleated
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myoblasts, which are large, flat and spindle-shaped cells. Upon reduction of the serum

concentration from 10 to 1%, the myoblasts organize themselves into linear parallel

arrays and fuse to multinucleated myotubes. Several studies show that H9c2(2-1)

cells possess properties of skeletal and cardiac cells (Ménard et al., 1999; Wang et

al., 1999). Nevertheless, these cells have become an accepted model for heart cells to

study the effects of ischaemia and diabetes (Eckel, 1996; Brostrom et al., 2000;

Wayman et al., 2001) and we use this cell line to examine cardiac thyroid hormone

uptake. Compared to primary cultures of neonatal rat cardiomyocytes, the H9c2(2-1)

cells are phenotypically more homogenous and can be adapted to continuous cell

culture conditions. Furthermore, the culture consists of pure myogenic cells. These

advantages and the possibility to explore thyroid hormone uptake during differentiation

from myoblast into myotube prompted us to use this cell line for continuation of our

study on thyroid hormone transport mechanisms.

Xenopus laevis oocytes

Expression cloning using oocytes from the South African clawed toad, Xenopus laevis,

has been shown to be an excellent tool for the structural/functional identification of

various transport proteins (Wolkoff, 1996; Palacín et al., 1998). The oocyte system,

pioneered by Gurdon et al. (1971) and described in detail by Romero et al. (1998),

offers several unique features (Wang et al., 1991; Romero et al., 1998). The oocyte is

a relatively large cell (0.8–1.3 mm in diameter), making it convenient for micro-

injection of RNA (either mRNA or cRNA). It is able to efficiently translate injected

RNA, to correctly process proteins and to target them to subcellular compartments.

This process takes about two to four days, after which functional expression of the

protein can be examined by tracer uptake studies comparable to studies with

cardiomyocytes or H9c2(2-1) cells. Furthermore, some advantages over other

expression systems (e.g. eukaryotic cells) include simple handling of single cells, a

maximal proportion of cells expressing transferred genetic information and good

control of the environment of the oocytes.

Docter et al. (1997) adopted the expression cloning strategy in oocytes to

characterize thyroid hormone transport in liver. Already in their studies, it appeared

that the quantification of induction of thyroid hormone transport has difficulties,

because oocytes possess an endogenous transport mechanism for thyroid hormones
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and amino acids (van Winkle, 1993; Friesema et al., 1998). Thyroid hormone uptake

by such a mechanism may partly mask the uptake induced by injected RNA.

Scope of the thesis

Two studies with neonatal rat cardiomyocytes suggested the presence of a specific

transport mechanism for T
3
 (Everts et al., 1996b; Verhoeven et al., 2001). Based on

these studies, we continued the characterization of T3 uptake in neonatal rat

cardiomyocytes, with emphasis on the cellular compartmentalization of T
3
 in the

cells. In addition, we tested the effects of the amino acids tryptophan and tyrosine for

their effects on T
3
 uptake (Chapter 2). To gain more insight in the specificity of

plasma membrane transport, Chapter 3 describes experiments in which we compared

uptake of T
3
 with that of Triac. Furthermore, we tested various analogs and metabolites

for their effects on the uptake of T
3
 in neonatal rat cardiomyocytes. In Chapter 4, we

analyzed the uptake mechanism for T
3
 and T

4
 in H9c2(2-1) cells and investigated the

possible role of thyroid hormone transport during the differentiation process. The

results of the previous Chapters (2 – 4) suggested the existence of at least one uptake

mechanism for thyroid hormones. Expression cloning was used to identify the

molecular structure of these cardiac thyroid hormone transporter(s). Xenopus laevis

oocytes were injected with rat heart mRNA (adult and neonatal). Experiments were

performed in which T
3
 and T

3
 sulfamate (T

3
NS) uptake by oocytes injected with heart

mRNA was compared with that of water-injected controls (Chapter 5).

Apart from the involvement of amino acid transporters, fatty acid transporters

could participate in thyroid hormone uptake in heart. The uptake of fatty acids, the

preferred energy substrates for the heart, is mainly regulated by the fatty acid

translocase (FAT). FAT cRNA was injected in Xenopus laevis oocytes. Its ability to

transport iodothyronines was explored and compared with its functional expression

as fatty acid transporter (Chapter 6). Finally, the findings of the preceding chapters

are discussed in Chapter 7.
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2.1 Abstract

The uptake of triiodothyronine (T
3
) in cultured neonatal rat cardiomyocytes was investigated

and compared with the uptake of reverse T
3
 (rT

3
) and thyroxine (T

4
). Cellular

compartmentalization of T
3
 was studied by distinguishing T

3
 activity associated with the plasma

membrane from that in the cytosol or incorporated in the cell nucleus. T
3
 and T

4
 uptake displayed

similar temperature dependencies which, in magnitude, differed from that of rT
3
 uptake. T

3

uptake was Na+ independent, and sensitive to oligomycin and monodansylcadaverine (42-

49% and 25% inhibition of 15-min cellular uptake, respectively). Furthermore, T
3
 uptake

could be inhibited by tryptophan (20%) and tyrosine (12%), while 2-aminobicyclo-

[2,2,1]heptane-carboxylic acid (BCH) had no effect. Co-incubation with tryptophan and

oligomycin resulted in an additive inhibition of T
3
 uptake (77%). We therefore conclude that

(i) T
3
 uptake is energy-dependent, (ii) receptor-mediated endocytosis may be involved and

(iii) the aromatic amino acid transport system T may play a role, while system L is not involved

in T
3
 transport in cardiomyocytes. Co-incubation with unlabeled iodothyronines showed that

3,3’-di-iodothyronine and T
3
 itself were the most effective inhibitors of T

3
 uptake (30% and

36% inhibition of 15-min cellular uptake respectively). At 15-min incubation time, 38% of

the total cell-associated T
3
 was present in the cytosol and nucleus, and 62% remained associated

to the plasma membrane. Unidirectional uptake rates did not saturate over a free T
3

concentration range up to 3.9 µM. We conclude that T
3
 uptake in neonatal rat cardiomyocytes

occurs by an energy- and temperature-dependent mechanism that may include endocytosis

and amino acid transport system T, and is not sensitive to the Na+ gradient. Elucidation of the

molecular basis for the T
3
 transporter is subject of current investigation.

Key words: hormone transport, thyroid hormone, triiodothyronine, cardiomyocytes
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2.2 Introduction

The heart is a major target organ for thyroid hormone action. Thyroid hormone-induced

changes in cardiac function are achieved through activation of iodothyronine-sensitive

genes (Dillmann, 1990; Gloss et al., 1999), or through indirect, non-genomic pathways

(Craelius et al., 1990; Davis & Davis, 1993). Genomic triiodothyronine (T
3
)-mediated

effects result from the association of the hormone to nuclear receptors that modify

transcription of specific mRNAs, coding for, e.g. the α-isoform of myosin heavy

chain or sarcoplasmic reticulum Ca2+-ATPase (Rohrer et al., 1991). A prerequisite

for binding to the nuclear receptor is transmembrane transport of the hormone and, in

the past, a non-protein-mediated diffusion pathway for T
3
 transport has been proposed

(Lein & Dowben, 1961; Pardridge & Mietus, 1980). However, a diffusion pathway is

unlikely due to the lipophilic nature of thyroid hormones which makes it energetically

unfavorable to cross the membrane unfacilitated, as evidenced by results from electron

spin resonance studies and experiments on artificial lipid bilayers (Lai et al., 1985;

Chehín et al., 1999). Moreover, a transport mechanism would confer a regulatory

step in thyroid hormone metabolism (Hennemann et al., 1993, 1998). For example,

in patients with non-thyroidal illness or during starvation, plasma T
3
 production by

thyroxine (T
4
) deiodination in the liver is decreased (Docter & Krenning, 1990), and

Hennemann et al. (1993) showed that this resulted from a reduced cellular uptake of

T
4
, not from defective 5’-deiodination. Thus, the transmembrane transport of thyroid

hormones is important in the overall body thyroid hormone bioactivity.

Although the heart is one of the most responsive target organs to thyroid hormones,

little is known about the mechanisms of transport of these hormones across the plasma

membrane of the cardiomyocyte. During the past decade evidence has been presented

for T
3
 uptake through a pathway mediated by a specific carrier protein (Oppenheimer

& Schwartz, 1985; Docter et al., 1987; Pontecorvi & Robbins, 1989; Kragie, 1994;

Everts et al., 1996b) and for receptor-mediated endocytosis (Cheng, 1983a). To our

knowledge, only our previous report examines T
3
 transport in cardiomyocytes (Everts

et al., 1996b). In the current report, we continue the investigation on the transport of

T
3
 in heart and its compartmentalization, using cultured neonatal cardiomyocytes of

the rat as a model system. Since in some organs T
3
 and T

4
 share the same transporter

(Everts et al., 1996a), uptake of T
3
 in cardiomyocytes was compared with that of T

4
.



Chapter 2

36

The substrate specificity of the putative transporter was further assessed by comparing

the uptake of T
3
 with that of reverse T

3
 (rT

3
), and by testing the effects of 3,5-di-

iodothyronine (3,5-T
2
) and 3,3’-di-iodothyronine (3,3’-T

2
). Furthermore, a growing

number of studies demonstrate that uptake systems for aromatic amino acids e.g.

system L and system T, are involved in the transport of thyroid hormones (Everts et

al., 1994; Mitchell et al., 1999; Ritchie et al., 1999). In our previous report, we

investigated the effect of tyrosine and tryptophan on T3 uptake and suggested that

part of the T
3
 uptake may occur through these systems (Everts et al., 1996b). In the

present report, we have continued these studies by examination of the dose-dependency

of the effect of tryptophan (Trp) and tyrosine (Tyr), and 2-aminobicyclo[2,2,1]heptane-

carboxylic acid (BCH), a system L inhibitor, on T
3
 uptake.

2.3 Materials and Methods

Animals

Wistar rats, 3-day-old and of both sexes, were obtained from laboratory stock (Utrecht

University, the Netherlands). They were killed by decapitation, and hearts were quickly

dissected and processed as described below to obtain primary cultures of

cardiomyocytes.

Materials

All reagents used for cell isolation and cell culture were obtained from Life

Technologies BV (Breda, the Netherlands), with the exception of trypsin and

deoxyribonuclease which were purchased from Boehringer (Mannheim, Germany).

Polystyrene culture dishes (24-wells) were obtained from Corning Costar Europe

(Badhoevedorp, the Netherlands). Iodothyronines (T
4
, T

3
, 3,3’-T

2
, 3,5-T

2
),

monodansylcadaverine (MDC), oligomycin, ouabain, Trp, Tyr, sulfobromophthalein

(BSP), and BCH were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

[125I]T
3
 (81.4 TBq/mmol), [125I]rT

3
 (24.4 TBq/mmol) and [125I]T

4
 (4.3 TBq/mmol)

were purchased from NEN Life Science Products, Inc. (Boston, MA, USA).

Cell culture

Primary cultures of neonatal rat cardiomyocytes were prepared using a trypsin digestion
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method as described previously (Everts et al., 1996b; Verhoeven et al., 2001). An

enriched myocardial fraction was obtained by including a preplating step (60 min at

37 °C; 5% CO
2
; in 250 ml culture flasks) to remove fibroblasts (Blondel et al., 1971).

After this procedure, the preparation consists of more than 90% cardiomyocytes (van

Heugten et al., 1994). Cardiomyocytes were seeded into 24-well culture dishes at a

density of 1.0 × 106 cells per well, and cultured at 37 °C in a 5% CO
2
 atmosphere in

4:1 w/w Dulbecco’s modified Eagle’s medium (DMEM) – medium 199 (M199)

supplemented with 5% horse serum (HS), 5% fetal calf serum (FCS), and 2% penicillin/

streptomycin. One day after isolation the culture medium was replaced by fresh

medium. Experiments were routinely performed after 5 days of culture at which time

the cardiomyocytes reached confluency and were in a spontaneously and

synchronously contracting monolayer (Verhoeven et al., 2001). Cell density was

virtually constant, as the amount of total cellular protein per well (30 to 40 µg) varied

only slightly between preparations. Cell viability on the day of experimentation, as

judged by the ability of cells to exclude trypan blue, was virtually 100%. Although

culture in the presence of serum might result in proliferation of fibroblasts that also

show active uptake of [125I]T
3
 and [125I]T

4
 (Docter et al., 1987), it has previously been

shown that uptake of [125I]T
3
 and [125I]T

4 
was similar in cardiomyocytes cultured in

the absence and presence of serum (Everts et al., 1996b). Moreover, the uptake of

[125I]T
3
 expressed per µg protein is more than tenfold higher in cardiomyocytes than

in cardiac fibroblasts (S. van der Heide, personal communication).

Cellular uptake studies

After removal of the culture medium, cardiomyocytes were preincubated for 30 min

at 37 °C in 0.5 ml Krebs-Ringer buffer (139 mM NaCl, 4.2 mM KCl, 1.5 mM CaCl
2
,

1.4 mM KH
2
PO

4
, 1.4 mM MgSO

4
, 5.0 mM glucose; prepared in Tris at pH 7.4)

supplemented with 0.5% bovine serum albumin (BSA). Incubation was initiated by

quickly replacing the preincubation medium with 0.5 ml Krebs-Ringer buffer

containing the additions described below and either [125I]T
3
 (4 × 105 cpm/ml; 82 pM),

[125I]rT
3
 (4 × 105 cpm/ml; 273 pM) or [125I]T

4
 (4 × 105 cpm/ml; 1.6 nM). The

concentrations of BSA and iodothyronines in our incubation media were chosen so

as to resemble free plasma hormone concentrations in neonatal rat. Incubations were

performed at 37 °C, and the culture wells were mildly agitated. Uptake was terminated
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by quick aspiration of the incubation medium, and culture wells were rinsed three

times with 1 ml ice-cold saline. Cells were dissolved in 1 ml 0.1 M NaOH and analyzed

for 125I activity in a gamma-counter (Packard Cobra II, Packard Instruments Co.,

Meriden, CT, USA). The time-course of T3 uptake was assayed in the presence or

absence of sodium. Sodium-free conditions were attained by replacing sodium with

choline on a mol-for-mol basis in the preincubation and incubation media. To test the

temperature dependency of iodothyronine uptake, cardiomyocytes were pre-incubated

and incubated at 0, 20 or 37 °C. Unidirectional iodothyronine uptake was measured

by incubation of cardiomyocytes for 5 min in Krebs-Ringer buffer containing [125I]T
3

and increasing concentrations of the unlabeled hormone (10 nM – 100 µM).

Experiments in which the effect of analogues on 15-min T
3
 uptake was measured

were performed by adding 10 µM of the analogue to the Krebs-Ringer buffer containing

4 × 105 cpm/ml [125I]T
3
. In experiments in which the effects of oligomycin and MDC

were investigated, they were added to both the preincubation and incubation medium.

Possible involvement of other known transport systems in the uptake of [125I]T
3
 was

examined by preincubation and incubation with 0.5 or 2 mM Tyr or Trp, 10 or 25 µM

BSP, or 5 mM BCH.

The amount of [125I]T
3
, [125I]rT

3
 or [125I]T

4
 associated with the cells was expressed

as either percentage of added 125I activity (percentage of dose) or as pmol/106 cells.

Results were corrected for the amount of 125I activity associated with the walls of the

culture wells by subtracting the amount of 125I activity extracted from the wells

incubated without cells.

Compartmentalization studies

To distinguish [125I]T
3
 activity partitioned within the plasma membrane from [125I]T

3

activity present in the cytosol, cardiomyocytes were treated with detergent to release

cytosolic tracer contents. After incubation in Krebs-Ringer buffer, as described above,

cells were treated at room temperature with a permeabilization buffer containing 50

µg/ml saponin in 160 mM NaCl and 5 mM MgCl
2
 (pH 7.4). During permeabilization,

the incubation wells were mildly agitated to ensure efficient exchange of cellular

contents with the overlying medium. Saponin treatment effectively permeabilized

the cells, as judged by the failure of treated cells to exclude trypan blue. Total protein

content of cardiomyocytes did not change after permeabilization, indicating that
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saponin did not solubilize cells. After 30 min, the medium was aspirated and analyzed

for [125I]T
3
 activity, which we interpreted to originate from the cytosol and, hence,

resulting from the activity of the putative plasma membrane T
3
 transport mechanism.

After permeabilization, the remaining cellular debris was dissolved in 1 ml 0.1 M

NaOH and analyzed for [125I]T
3
 activity. We interpreted the latter activity to be mainly

associated to the plasma membrane.

To isolate cell nuclei, the cellular debris remaining after treatment with saponin

was scraped from the well using a rubber spatula and collected in 1 ml ice-cold

phosphate-buffered saline (PBS), pH 7.4 (42.5 mM Na
2
HPO

4
, 7.5 mM NaH

2
PO

4
, 150

mM NaCl). The well was rinsed once with 1 ml ice-cold PBS, and both 1-ml fractions

were pooled and centrifuged at 300 × g for 7 min at 4 °C. The pellet thus obtained was

dissolved and thoroughly mixed in 1 ml 0.5% (vol/vol) Triton X-100 in PBS and

centrifuged at 900 × g for 5 min at 4 °C. This yielded a pellet consisting of nuclei with

virtually no contamination by membrane or organelle fragments as judged from protein

and DNA measurements. Pellet and supernatant were analyzed separately for [125I]T
3

activity. All results were corrected for the amount of [125I]T
3
 activity collected from

the wells in the absence of cells.

Protein and DNA measurements

Cellular protein was measured according to the method of Lowry et al. (1951). DNA

was quantified using a Hoechst fluorescence staining method (Downs & Wilfinger,

1983).

Free hormone fraction measurements

Calculations of free T
3
, rT

3
 and T

4
 concentrations were based on the determinations

of the free hormone fraction by equilibrium dialysis (Sterling & Brenner, 1966). In

Krebs-Ringer buffer containing 0.5% BSA and 82 pM [125I]T
3
, 273 pM [125I]rT

3
, or

1.6 nM [125I]T
4
, the free hormone fractions were 2.39 ± 0.2% (n = 6), 1.46 ±  0.02% (n

= 3), and 0.58 ±  0.04% (n = 3), respectively (mean ± SD). Furthermore, the free

[125I]T
3
 fractions in the presence of 1, 10 or 100 µM unlabeled T

3
 were 2.54 ± 0.4%,

2.92 ± 0.5%, and 3.90 ± 0.4% (n = 3) respectively (mean ± SD). From the latter data a

calibration curve was constructed to calculate unknown free [125I]T
3
 fractions by

interpolation.
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Statistics and calculations

A single experiment consisted of duplicate or triplicate observations. Data are presented

as means ± SEM, unless stated otherwise. Statistical significance was evaluated by

repeated measures ANOVA or Student’s t-test, where appropriate. Statistical

significance was accepted at P < 0.05. Transport data were analyzed using a non-

linear regression data analysis program.

2.4 Results

[125I]T3 uptake and Na+-dependency

Figure 1 shows the time-course of [125I]T
3
 uptake. Hormone uptake leveled off after

30 min. No significant difference was found between uptake of [125I]T3 in the presence

of 139 mM Na+ or an equimolar concentration choline in the incubation medium,

indicating that T
3
 uptake was not Na+-dependent. This is corroborated by the

observation that preincubation and incubation of cardiomyocytes with 1 mM ouabain,

an inhibitor of the plasma membrane sodium pump, did not affect the uptake of T
3

(data not shown).

Effects of temperature on iodothyronine uptake

Figure 2 shows the temperature sensitivity of iodothyronine uptake by neonatal

cardiomyocytes measured at 5-min incubation time. Cellular [125I]T3 uptake values,

expressed as a percentage of the dose, increased 3.6- to 3.8-fold from 0 to 20 °C, and

2.2- to 2.8-fold from 20 to 37 °C (P < 0.001). Uptake of [125I]rT
3
 at 20 °C was increased

compared with 0 °C; however, uptake did not rise significantly upon increasing the

temperature from 20 to 37 °C (Fig. 2A).

Figure 2B shows that uptake of [125I]T
4
, expressed as a percentage of the dose,

rose 2.8- and 2.1-fold upon increases in incubation temperature from 0 to 20 °C and

from 20 to 37 °C, respectively, the only statistically significant increase being from 0

to 37 °C. Compared with [125I]T
4
, uptake of [125I]T

3
 at 37 °C was 2.3-fold higher.

Calculations of free T
3
, rT

3
 and T

4
 concentrations were based on determinations of

the free fractions by equilibrium dialysis performed at 37 °C. Uptakes at 37 °C of T
3
,

T
4
 and rT

3
  expressed in fmol/pM free hormone were 0.36 ±  0.12 (n=7), 0.70 ±  0.28

(n=4), and 0.21 ±  0.03 (n=3) respectively.
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Effects of thyroid hormone analogues

Fifteen-minute uptake of [125I]T
3
 (total concentration: 82 pM) was significantly

inhibited by 10 µM unlabeled T
3
 (36%, P < 0.05, n = 5) and 10 µM 3,3’-T

2
 (30%, P

< 0.05, n = 4), while the effects of 3,5-T
2
 (20%, n = 4) and T

4
 (22%, n = 4) were not

significant (data not shown).

Effects of inhibitors on [125I]T3 uptake

To test the energy dependence of [125I]T
3
 uptake and the possible involvement of

endocytosis, cardiomyocytes were incubated for 5 or 15 min with either 10 or 50 µM

oligomycin, or 100 µM MDC. Oligomycin at a concentration of 50 µM significantly
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Figure 1 Time-course of [125I]T
3
 uptake in neonatal cardiomyocytes. Cardiomyocytes from 3-

day-old rats were cultured at a density of 1 × 106 cells/well for 5 days in DMEM/M199

supplemented with 5% FCS-5% HS. The uptake of [125I]T
3
 (4 × 105 cpm/ml; 82 pM) was

measured in Krebs-Ringer buffer with Na+ (�) or in Krebs-Ringer buffer in which Na+ was

replaced by choline (O), both supplemented with 0.5% BSA. Incubations were performed at

37 °C. Mean ±  SEM of three experiments are shown.
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Figure 2 Effect of temperature in neonatal rat cardiomyocytes measured at 5-min incubation

time of (A) [125I]T
3
 (solid bars) and [125I]rT

3
 (hatched bars) (n = 3) and (B) [125I]T

3
 (solid bars)

and [125I]T
4
 (open bars) (n = 4). Uptake values are expressed as a percentage of the dose. † P

< 0.05 vs 0 °C; * P < 0.05 vs 20 °C.
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inhibited [125I]T3 uptake by 44% (P < 0.05) at 5 min and by 42 - 49% (P < 0.001) at 15

min (Fig. 3 and Table 1). MDC, an inhibitor of receptor-mediated endocytosis, reduced

the uptake of [125I]T
3
 by 25% at 15 min (P < 0.001) (Table 1). To examine whether

oligomycin and MDC affected T3 transport through separate mechanisms,

cardiomyocytes were preincubated and incubated for 15 min with 50 µM oligomycin

together with 100 µM MDC. This co-incubation resulted in a 47% reduction of T
3

uptake, which was comparable to the effect of oligomycin alone (Table 1).

Participation of other transporters in [125I]T3 uptake; effects of Trp, Tyr, BCH

and BSP

To test the possible involvement of amino acid transport system T and L in the uptake

of [125I]T
3
, cardiomyocytes were preincubated and incubated (15 min) with 0.5 or 2

mM Trp, 0.5 or 2 mM Tyr (substrates for system T and L), or 5 mM BCH, a specific

Table 1 Effects of oligomycin, MDC, Trp and combinations of these compounds

on 15-min uptake of [125I]T
3
. Data show the mean ± SEM of two to four

experiments (shown in parentheses).

   [125I]T3 uptake         Effect

       (% dose)          (%)               P

Experimental conditions

No additions    3.82 ± 0.05 (4)

+ 50 µM oligomycin    1.93 ± 0.13 (4)           -49          < 0.001

+ 100 µM MDC    2.87 ± 0.11 (4)           -25          < 0.001

+ 2 mM Trp    2.98 ± 0.07 (3)           -22          < 0.001

+ 50 µM oligomycin + 100 µM MDC    2.04 ± 0.17 (3)†          -47          < 0.001

+ 50 µM oligomycin + 2 mM Trp    0.87 ± 0.07 (2)∗           -77          < 0.001

The cardiomyocytes were preincubated (30 min) and incubated (15 min) in

absence or presence of oligomycin, MDC, Trp, oligomycin with MDC or

oligomycin with Trp. The inhibitory effect of these compounds on [125I]T
3
 uptake

is compared with no additions and expressed as %. Statistical differences between

additions and no additions are indicated. †P < 0.001, oligomycin + MDC vs.

MDC alone; ∗ P < 0.001, oligomycin + Trp vs. oligomycin or Trp alone.
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system L inhibitor (Broer et al., 1998) (Fig. 4). Trp and Tyr showed a dose-dependent

inhibition of [125I]T
3
 uptake (20% and 12% maximal inhibition), of which the effect

of Trp was significant (0.5 mM: P < 0.05; 2 mM: P < 0.001). Incubation with BCH

showed no reduction of 15-min [125I]T
3
 uptake (Fig. 4) nor of 60-min [125I]T

3
 uptake

(data not shown). The combined effect of 50 µM oligomycin and 2 mM Trp was

tested in two experiments and showed a larger and additive reduction of [125I]T
3
-

uptake (77%, P < 0.001) compared with the effects of the two compounds alone

(49% and 22%, respectively) (Table 1). In addition, possible participation of an organic

anion transport system in the uptake of [125I]T
3
 was examined in two independent

experiments by preincubation and incubation for 5 min with 10 or 25 µM BSP. BSP

is transported by members of the family of organic anion transporters (OATP family)

(Wolkoff 1996). This gave the following values as percentage of the dose: controls,

2.36 ±  0.16 (n=8); 10 µM BSP, 2.51 ± 0.18 (n=4); 25 µM BSP, 2.22 ± 0.30 (n=4),

showing that BSP does not inhibit T
3
 uptake.
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Figure 3 Effects of 10 and 50 µM oligomycin on 5-min (n = 3), and on 15-min [125I]T
3
 uptake

(n = 4). Oligomycin was present during the preincubation (30 min) and incubation. * P < 0.05

vs. control; ** P < 0.01 vs. control.
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Substrate dependent unidirectional uptake

From Fig. 1 we chose a time-point of 5 min to measure unidirectional T
3
 uptake rates.

Figure 5A shows that unidirectional uptake rate of T
3
, although not adequately

described by a straight line, does not saturate over a total T
3
 concentration ranging

from 10 nM to 100 µM. When T
3
 uptake data were analyzed as a function of the free

T
3
 concentration, the curve describing cellular uptake deviated notably from a straight

line (Fig. 5B). Although uptake data appeared to converge on a rectangular hyperbola,

the curve could not be adequately described by simple saturation kinetics.

Compartmentalization of T3

Our observation of the apparent non-saturability of cellular T
3
 uptake rates prompted

us to investigate the passive incorporation of the lipophilic triiodothyronine in the

plasma membrane as a possible confounding factor in our uptake assays. After an

incubation period of 15 min and following detergent treatment of the cardiomyocytes,

35% of the total [125I]T
3
 activity in the cells was retrieved in the cytosolic fraction.
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Figure 4 Effect of 0.5 and 2 mM tryptophan (Trp), 0.5 and 2 mM tyrosine (Tyr), and 5 mM

BCH on 15-min uptake of [125I]T
3
. Substrates were present during preincubation and incubation.

Data show mean ± SEM of two to four experiments. * P < 0.05 vs. control; ** P < 0.001 vs.

control.
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Figure 5 Unidirectional T
3
 uptake rates as a function of (A) the total T

3
 concentration, and (B)

the calculated free T
3
 concentration. The dotted line shows the result of a non-linear regression

analysis of the data points to the linear function y = ax + b, indicating the deviation of the data

from a straight line. Data points represent the mean ± SEM of three to seven experiments.

Please note the different abscissa ranges in panels A and B.
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The plasma membrane fraction contained 62% of the total [125I]T
3
 activity, and 3%

was incorporated in the nuclei. After an incubation period of 120 min, total cellular

[125I]T
3
 activity was increased 2.2-fold compared to 15 min. Now, 50% of the total

[125I]T
3
 activity was associated with the membrane, and 47% was recovered from the

cytosolic fraction, while 3% was incorporated into the nuclei (Table 2). In one

experiment we determined the recovery of DNA in the nuclear fraction. As the DNA

content of intact cells amounted to 6.8 ± 0.6 µg DNA/0.5 × 106 cells (n=3), DNA

content of the isolated nuclear fractions after 15 and 120 min amounted to 4.9 ± 0.3

µg DNA/0.5 × 106 cells (n=3) (72% recovery) and to 5.0 ± 0.1 µg DNA/0.5 × 106

cells (n=3) (74% recovery) respectively.

[125I]T3 uptake   % of whole

   (% dose) cellular uptake

Fraction

15 min

      Membrane    1.4 ± 0.03     62 ± 0.1

      Cytosol    0.8 ± 0.02     35 ± 0.1

      Nucleus    0.06 ± 0.001     3 ± 0.1

      Total    2.2 ± 0.06     100

120 min

       Membrane    2.5 ± 0.5     50 ± 6

      Cytosol    2.3 ± 0.2     47 ± 6

       Nucleus    0.17 ± 0.03     3 ± 0.4

       Total    5.0 ± 0.43     100

Table 2 Compartmentalization of T
3
 in membrane, cytosol and nucleus of

cardiomyocytes. Cardiomyocytes were incubated and treated with saponin as

described in Materials and Methods. Data show the mean ± SD of two (15-min

uptake) to four (120-min uptake) different preparations.
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We again determined the unidirectional T
3
 uptake rate as a function of the free T

3

concentration, but now measuring the [125I]T
3
 activity released from the cytosol by

detergent treatment and the [125I]T
3
 activity remaining in the plasma membrane after

permeabilization. Figure 6 shows that the uptake rates measured in the membrane-

bound and cytosolic fraction did not saturate over a free T
3
 concentration ranging

from 25 nM to 3.9 µM.

2.5 Discussion

The main outcome of this study was that the uptake of T
3
 in neonatal rat cardiomyocytes

(cultured with serum) is temperature dependent, MDC, oligomycin and Trp sensitive,

but not dependent on the Na+ gradient. Apart from the Na+ dependency (see below),
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Figure 6 Unidirectional T
3
 uptake rates in the membrane-bound (Ο) and cytosolic (�)

fractions of cultured neonatal cardiomyocytes as a function of the free T
3
 concentration.

Data points represent the mean ± SEM of three experiments.
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this confirms our observations in cardiomyocytes cultured in absence of serum (Everts

et al., 1996b). The present study also included examination of the cellular

compartmentalization of T
3
 showing that, although a high amount of T

3
 is associated

with the plasma membrane, T3 is transported into the cytosol and to the nucleus.

Finally, T
3
 uptake did not saturate at very high free hormone concentrations.

In our first study on thyroid hormone uptake in cardiomyocytes (Everts et al.,

1996b), T3 uptake was found partly to be dependent on the Na+ gradient as judged

from the inhibitory effects (20-30%) of 10 µM monensin. In the present study where

Na+ dependency was judged from incubations with choline buffer, no such Na+

dependency could be demonstrated. A similar discrepancy was previously observed

when [125I]T
4
 uptake by cultured anterior pituitary cells was examined (Everts et al.,

1994). While [125I]T
4
 uptake was reduced by 40% in presence of 10 µM monensin, it

was reduced by only 20% in choline containing buffer (Everts et al., 1994). Probably,

by inducing the Na+ influx, monensin causes a more pronounced rundown of the Na+

gradient across the plasma membrane, as compared to replacing the Na+ by choline.

The present results indicate that neonatal rat cardiomyocytes possess a specific T
3

uptake system, as evidenced by the fact that T
3
 itself is the most potent inhibitor of

[125I]T
3
 uptake and by the difference in temperature sensitivities between the uptake

of T
3
 and its analogue rT

3
. A plasma membrane receptor or an integral membrane

carrier protein would confer substrate specificity to the T
3
 transport mechanism but,

to date, no such protein has been identified. It has been found, however, that a

monoclonal antibody directed against a M
r
 52 000 membrane protein inhibited T

3
 and

T
4
 uptake in rat liver cells (Mol et al., 1986). This coincides remarkably with the

observation that two M
r
 53 000 and 55 000 membrane-associated proteins were

sensitive to N-bromoacetyl-[125I]T
3
 affinity labeling in cultured mouse fibroblasts

(Cheng, 1983b), a cell type shown to take up T
3
 by receptor-mediated endocytosis

(Cheng, 1983a). It remains to be investigated whether these observations are the

manifestations of the putative T
3
 transporter/receptor.

In whole cell uptake experiments, a large amount of T
3
 activity was associated to

the plasma membrane. Similar findings were reported by others (Yusta et al., 1988;

Chehín et al., 1999), and this is in line with the known lipophilicity of native

iodothyronines (Pontecorvi & Robbins, 1989). The presence of this (non)-specific

binding of substrate to the plasma membrane could explain why the time-course of T
3
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uptake could not be adequately described by a single exponential. These results would

imply that passive partitioning of the substrate in the lipid bilayer of the plasma

membrane masks the uptake performed by a specific transport mechanism, thus

confounding the results of whole cell uptake studies. In addition, several groups

described presence of receptors at the plasma membrane which initiate non-genomic

effects e.g. modulation of Na+ channels (Craelius et al., 1990; Davis & Davis, 1993).

Association of T3 with these receptors presumably excludes uptake of the hormone.

This warrants the use of a method which distinguishes membrane associated (non)-

specific activity from that translocated across the plasma membrane by a transport

system. We used a detergent treatment to determine this non-specific activity, resulting

in values comparable to those reported by others (Cheng, 1983a; Pontecorvi & Robbins,

1989). It is noteworthy to remark that the magnitude of the unlabeled T
3
-inhibitable

component in whole cell uptake (i.e. 36%, see results) is comparable to the fraction

of T
3
 activity released from cardiomyocytes by detergent treatment (i.e. 35%, see

Table 2), both measured at 15 min. Measurements after 2 h of incubation showed

similar values (37%) for reduction of whole cell uptake by unlabeled T
3
 (Verhoeven

et al., 2001). However, the large effect (80%) on nuclear T
3
 binding after this incubation

period (Verhoeven et al., 2001) and the increase of T
3
 activity in the cytosol (this

report) indicate that T
3
 uptake is regulated by a specific mechanism at the plasma

membrane.

Data on plasma thyroid hormone, especially rT
3
, concentrations in neonatal rat

are scant. From data in the literature we estimated values of 2-7 pM free T
3
, 2-17 pM

free T
4
 and 1 pM free rT

3
 respectively (Rutgers et al., 1987; Rondeel et al., 1988;

Aláez et al., 1992; Schröder-van der Elst & van der Heide, 1992), and we chose the

composition of our incubation media to approximate to the free plasma hormone

concentrations in neonatal rat. The cardiomyocytes were exposed to 2 pM free T
3
, 10

pM free T
4
, or 4 pM rT

3
. This allowed us to compare thyroid hormone uptake in

cardiomyocytes under physiological conditions. T
3
 uptake at 37 °C, expressed as

percentage of dose, was higher than the uptake of T
4
 and rT

3
 (around two- and fourfold,

respectively). These results indicate that, under physiological conditions in-vitro,

cardiomyocytes take up thyroid hormone with a distinct preference for T
3
 over T

4
 and

rT
3
. Taking into account the differences in experimental conditions (e.g. different

BSA and total hormone concentrations, seeded cell densities), the present uptake
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values for T4 and T3 correspond well with those reported in our previous study (Everts

et al., 1996b).

The inhibition of T
3
 uptake by MDC hints at the involvement of receptor-mediated

endocytosis in the transmembrane transport of the hormone in cardiomyocytes. This

is corroborated by results from other studies presenting evidence for a physiological

role for endocytosis in the uptake of substrates in rat cardiomyocytes (Iida & Shibata,

1989; Page et al., 1994). Not only in our cardiomyocyte preparation but also in other

cell types, MDC was found to inhibit the uptake of T
3
 (Goncalves et al., 1989;

Pontecorvi & Robbins, 1989; Everts et al., 1993; McLeese & Eales, 1996), suggesting

that receptor-mediated endocytosis participates in cellular T
3
 uptake. The inhibitory

effects of MDC and oligomycin on T
3
 uptake were not additive. Oligomycin, affects

the energy status of the cardiomyocyte by reducing its ATP content. Receptor-mediated

endocytosis is an energy-dependent process (Barouch et al., 1994), and this would

explain the inhibition by oligomycin. Further examination of the involvement of this

process is the subject of current studies.

Neither in the presence nor in the absence of Na+ could the uptake of T
3
 be

adequately described by a single exponential, indicating the involvement of more

than one component in T
3
 uptake by cardiomyocytes. Interestingly, the effects of co-

incubation with oligomycin and Trp on T
3
 uptake were additive. It has been shown

previously that members of the organic anion transporter family (rat Oatp1 – 3, human

OATP-C or liver-specific organic anion transporter (LST-1)) transport thyroid

hormones in a Na+-independent manner (Abe et al., 1996; Friesema et al., 1999).

Expression profiles show that some members of the OATP family are localized in

heart (Tamai et al., 2000). Furthermore, Abe et al. (1996) showed that BSP, which is

an organic anion, inhibits OATP-mediated uptake of thyroid hormones. T
3
 uptake in

neonatal cardiomyocytes was not affected by BSP, indicating that this type of

transporters is not involved in uptake of thyroid hormones in rat heart. Other likely

candidates for a putative accessory transport system could be members of amino acid

transport systems T or L. Both system T and L are Na+ independent, and both systems

transport aromatic amino acids (Kragie, 1994; Palacín et al., 1998). It has been shown

that the aromatic amino acids Tyr and Trp, which can be transported by both system

L and T, inhibit the uptake of T
3
 in neonatal cardiomyocytes and transfected Xenopus

oocytes (Everts et al., 1996b; Ritchie et al., 1999). Only system L is sensitive to the
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synthetic amino acid analogue BCH (Broer et al., 1998; Ritchie et al., 1999). Our

results show that uptake of T
3
 was not sensitive to BCH, from which we conclude

that system L does not participate in uptake of T
3
 in neonatal rat cardiomyocytes.

However, based on the inhibition of T3 uptake by Trp and Tyr shown in this report

and the previous study in neonatal rat cardiomyocytes (Everts et al., 1996b) we cannot

exclude system T as a candidate for a putative accessory transport system., We therefore

plan to explore the participation of system T in uptake of thyroid hormones in

cardiomyocytes further.

In summary, the results of our study on neonatal cardiomyocytes indicate the

presence of an energy- and temperature-dependent uptake mechanism for T
3
 that is

not dependent on the transmembrane Na+ gradient. Based on the inhibitory effect of

MDC, an endocytosis-mediated uptake mechanism cannot be excluded. Our data

also suggest the presence an additional uptake system, e.g. amino acid transport system

T. We are currently deploying an expression-cloning strategy to further characterize

the T
3
 uptake mechanism in neonatal rat cardiomyocytes.
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3.1 Abstract

Cellular and nuclear uptake of [125I]triiodothyronine (T
3
) and [125I]triiodothyroacetic acid (Triac)

were compared in cardiomyocytes of 2-3 day old rats, and the effect of thyroid hormone

analogues on cellular T
3
 uptake was measured. Cells (5-10 × 105 per well) were cultured in

DMEM-M199 with 5% horse serum and 5% FCS. Incubations were performed for 15 min to

24 h at 37 oC in the same medium, 0.5% BSA and [125I]T
3
 (100 pM), or [125I]Triac (240 pM).

Expressed as % dose, T
3
 uptake was five times Triac uptake, but expressed as fmol/pM free

hormone, Triac uptake was at least 30% (P<0.001) higher than T
3
 uptake, while the relative

nuclear binding of the two tracers was comparable. The 15 min uptake of [125I]T
3
 was

competitively inhibited by 10 µM unlabeled T
3
 (45-52%; P<0.001) or 3,3´-T

2
 (52%; P<0.001),

and to a smaller extent by T
4
 (27%; 0.05<P<0.1). In contrast, 10 µM 3,5-T

2
 , Triac, or

tetraiodothyroacetic acid (Tetrac) did not affect T
3
 uptake after 15 min or after 24 h.

Diiodothyropropionic acid (DITPA) (10 µM) reduced 15-min T
3
 uptake by around 24%

(P<0.05), but it had a greater effect after 4 h (56%, P<0.001). Exposure to 10 nM DITPA

during culture reduced cellular T
3
 uptake, as did 10 nM T

3
, suggesting down-regulation of the

plasma membrane T
3
 transporters. We conclude that i) Triac is taken up by cardiomyocytes;

ii) 3,3´-T
2
, and, to a lesser extent, DITPA and T

4
 interfere with plasma membrane transport of

T
3
, whereas 3,5-T

2
, Triac, or Tetrac do not; iii) the transport mechanism for Triac is probably

different from that for T
3
.

Key words: neonatal rat, cardiomyocytes, culture, 3,3',5-triiodothyronine uptake, 3,3’,5-

triiodothyroacetic acid uptake, free hormone fraction, thyroid hormone metabolites and

analogues
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3.2 Introduction

Thyroid hormone induces an increase in cardiac contractility and frequency, resulting

in a greater cardiac output (Polikar et al., 1993; Toft & Boon, 2000; Klein & Ojamaa,

2001), and a proportional change in energy turnover (Clausen et al., 1991). Thyroid

hormone also induces relaxation of vascular smooth muscle (Ojamaa et al., 1996),

and it is very effective in reducing serum cholesterol (Staels et al., 1990). Recently,

the concept has been discussed that initiation of thyroxine (T4) replacement therapy

may precipitate angina pectoris (Gammage & Franklyn, 1997), whereas increased

serum triiodothyronine (T
3
) at the time of admission to hospital is associated with a

greater risk for the development of myocardial ischemia (Peters et al., 2000). This

underscores the importance of developing thyromimetic compounds with lipid-

decreasing activity, without cardiovascular and thermogenic effects (Boyd & Oliver,

1960; Underwood et al., 1986; Stephan et al., 1996; Ichikawa et al., 2000; Trost et

al., 2000).

Patients undergoing coronary bypass surgery (Holland et al., 1991; Klemperer et

al., 1995) and patients with congestive heart failure (Hamilton, 1993; Hamilton &

Stevenson, 1996) may show typical changes in serum thyroid hormone parameters

— low serum T
3
, high serum reverse T

3
 and normal T

4
 and thyrotropin (TSH) levels

— known as the euthyroid sick syndrome (Docter et al., 1993). Whether or not this

condition should be treated remains a matter of debate (Klemperer et al., 1995; Utiger,

1995; Camacho & Dwarkanathan, 1999). However, during the past 5-10 years clinical

studies have explored the possibility of improving heart function using treatment

with T
3
 or T

4
 (Moruzzi et al., 1996; Chowdhury et al., 1999; Mullis-Jansson et al.,

1999) both in children with congenital heart disease and in elderly patients with

congestive heart failure. To date, the thyroid hormone analogue diiodothyropropionic

acid (DITPA), which possibly has a greater effect on cardiac contractility than on

frequency has been applied in animal studies (Pennock et al., 1993; Morkin et al.,

1996; Spooner et al., 1999).

With the purpose of suppressing thyrotropin (TSH) secretion in patients with thyroid

cancer (Pujol et al., 2000), triiodothyroacetic acid (Triac) has been tested for specificity

at the pituitary and the peripheral level (Beck-Peccoz et al., 1988; Sherman &

Ladenson, 1992; Everts et al., 1994; Sherman et al., 1997). In addition,
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tetraiodothyroacetic acid (Tetrac) was more potent than T4 in reducing TSH release

in isolated pituitary cells (Everts et al., 1995) and in hypothyroid rats (Lameloise et

al., 2001), but it was less efficient in inducing cardiac hypertrophy (Lameloise et al.,

2001). Recent work on mitochondria indicates that T3 metabolites such as 3,5-T2 may

have thermogenic effects (Goglia et al., 1999). Finally, several studies have

demonstrated acute effects of T
3 

 (Davis & Davis, 1993) and 3,5-T
2
 (Huang et al.,

1999) on the heart, in particular on ion channels.

In view of the significance of plasma membrane transport for the bioavailability

of thyroid hormones (Hennemann et al., 1998, 2001), and the possible existence of

different transport systems in different tissues (Kragie, 1994; Everts et al., 1996a),

we have previously explored the thyroid hormone transport system in heart (Everts et

al., 1996b; van der Putten et al., 2001; Verhoeven et al., 2001). In the present study

we continued this work by comparing the uptake of [125I]T
3
 with that of [125 I]Triac in

neonatal rat cardiomyocytes.  Furthermore, we tested the effects of T
4
, the analog

DITPA, and the metabolites 3,3’-T
2
, 3,5-T

2
, Triac, and Tetrac on the uptake of [125I]T

3
.

3.3 Materials and methods

Animals

All experiments were performed using 2-3-day-old Wistar rats of both sexes, obtained

from laboratory stock. Rats were killed by decapitation, and hearts were quickly

dissected and processed as described below, to isolate cardiomyocytes.

Cell culture

Primary cultures of neonatal rat cardiomyocytes were prepared as described in detail

previously (Blondel et al., 1971) with some modifications (van Heugten et al., 1994;

Everts et al., 1996b; Verhoeven et al., 2001). In brief, hearts were cut for 1 min and

dissociated with 0.1% trypsin for 10 min at 33 oC. Cells from the first treatment with

trypsin were decanted and discarded, and the remaining tissue was further digested

with fresh enzyme and decanted. DMEM with medium 199 (M199) (4:1), 5% FCS,

5% horse serum, and 2% penicillin/streptomycin was then added to the suspended

cells. This procedure was repeated seven times until all tissue was dissociated.

Deoxyribonuclease (20 U/ml) was added, and the remaining tissue from the last step
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together with the trypsinized cells was centrifuged (100 g) for 5 min. The supernatant

was discarded, and the cells were resuspended in 30 ml DMEM-M199 with 5% FCS,

5% horse serum, and 2% penicillin/streptomycin. The cell suspension was passed

through nylon mesh, and the dispersed cells were preplated (Blondel et al., 1971)

into 250 ml culture flasks for 60 min (37 oC, 5% CO
2
) to remove fibroblasts. After

this procedure, the preparation consists of more than 90% cardiomyocytes (van

Heugten et al., 1994). Cells of the enriched cardiomyocyte fraction were plated into

48-well culture dishes at subconfluent density (5 × 105 cells/well) in 1-ml volumes of

DMEM-M199 with 5% FCS-5% horse serum-2% penicillin/streptomycin, and in some

cases at a density of 106 cells/well in 2-ml volumes in 24-well culture dishes.

The cells were incubated in a humidified 5% CO
2
 atmosphere at 37 oC for 1 day.

After 1 day, the cells revealed spontaneous and synchronous beating, and the medium

was replaced by the original culture medium. Experiments were routinely performed

after 5 days. In a series of experiments, the cultured cells were exposed to 10 nM T
3

or DITPA from the start of culture.

Although culturing cardiomyocytes in the presence of serum may result in

proliferation of contaminating fibroblasts that also show thyroid hormone transport

(Docter et al., 1987), we have previously shown that uptake of thyroid hormones is

comparable in cardiomyocytes cultured for 5 days in absence or presence of serum

(Everts et al., 1996b; Verhoeven et al., 2001). Moreover, the uptake of [125I]T
3
,

expressed per µg protein, is more than 10-fold greater in cardiomyocytes than in

cardiac fibroblasts (SM van der Heide, personal communication).

Cellular uptake of [125I]T3 and [125I]Triac

The incubation medium was identical to the culture medium, except that serum was

replaced by 0.5% BSA for measurements of [125I]T
3
 or [125I]Triac uptake (Everts et

al., 1994, 1996b). Cells were preincubated (0.5 ml) for 30 min and incubated (0.25

ml) for 15 min-24 h at 37 oC without or with 10 µM unlabeled T
3
, Triac, Tetrac, 3,3'-

T
2
, 3,5-T

2
, or 1 nM-10 µM DITPA, T

3
, T

4
 or Triac, and in all cases [125I]T

3
 (100,000

cpm; 100 pM) or [125I]Triac (200,000 cpm; 240 pM).

After incubation, the medium was removed and the cells were washed with 1 ml

ice-cold saline to remove tracer not bound to the cells. This washing procedure proved

to be sufficient (Verhoeven et al., 2001). Cells were dissolved in 1 ml 0.1 N NaOH
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and counted for iodine-125 activity in a 16-channel gamma-counter (NE 1600, Nuclear

Enterprises, Edinburgh, UK). The amount of [125I]T
3
 or [125I]Triac taken up was

expressed as a percentage of the added radioactivity (percentage of the dose). The

same procedure was applied to incubations without cells (blanks). All results were

corrected for the amount of radioactivity recovered from the wells without cells.

Nuclear [125I]T3 and [125I]Triac binding

Cells were cultured at a density of 106 cells/well in 24-well culture dishes as described

above. Preincubation (30 min) and incubation (2 h) were performed at 37 oC in a

volume of 0.5 ml, and [125I]T
3
 (200,000 cpm; 100 pM) or [125I]Triac (500,000 cpm;

300 pM) during incubation. Unlabeled T
3
 or Triac (both 10 µM) were present only

during incubation. After incubation, cells were washed once with 2 ml ice-cold saline.

The cells were scraped from the wells with a rubber policeman in 1 ml PBS (on ice)

and the wells were washed with 0.5 ml PBS. These two aliquots were combined and

centrifuged (300 g at 4 °C for 7 min), the cell pellet counted (30 sec), and solubilized

in 1 ml PBS containing 0.5% Triton X-100 (Everts et al., 1996b; Verhoeven et al.,

2001). After 2 min of continuous vortexing, nuclei were spun down (900 g at 4 °C for

5 min) and washed once with 1 ml PBS containing 0.5% Triton X-100. The nuclear

pellets were counted for 5 min and frozen for DNA determination.

Free hormone concentrations

Calculation of the free hormone concentration was based on determination of the free

fraction by equilibrium dialysis (Sterling & Brenner, 1966). As shown previously

(Everts et al., 1994), the free fractions of T
3
 and Triac in medium with 0.5% BSA

were 3.45 ± 0.19% (n=8) and 0.41 ± 0.03% (n=5), respectively — a ninefold difference.

In the present study, the free T
3
 fraction was not changed by addition of 10 µM

unlabeled T
3
, 3,3’-T

2
, 3,5-T

2
, Triac or Tetrac, and only slightly by 10 uM T

4
 (4.21%;

n=2). Upon addition of 0, 1 nM, 10 nM, 100 nM, 1 µM or 10 µM DITPA, the free T
3

fraction also showed a slight increase: from 3.22 ± 0.08% (n=5) to 3.61% (n=2),

3.49% (n=2), 3.45% (n=2), 3.78% (n=2) and 4.36 ± 0.06% (n=3), respectively. The

free Triac fraction was 0.38 ± 0.02% (n=6), and did not change with 10 µM unlabeled

Triac.
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DNA and protein determinations

DNA content was determined using a fluorimetric method (Downs & Wilfinger, 1983).

The cellular protein content was determined with the Bio-Rad Protein Assay-Kit (Bio-

Rad, München, Germany). Cells plated at a density of 5 × 105 cells/well contained

around 0.1 mg protein/well after 5 days of culture.

Chemicals and isotopes

All reagents used for cell isolation and cell culture were obtained from Gibco Europe

(Breda, The Netherlands), with the exception of trypsin and deoxyribonuclease

(Boehringer, Mannheim, Germany). Culture dishes (48 and 24 wells) were obtained

from Costar (Cambridge, MA, USA). All iodothyronines, 3,5-diiodothyroacetic acid

(3,5-Diac), Triac, and Tetrac were obtained from Henning Berlin (Berlin, Germany).

Bovine serum albumin (BSA) (fraction V) and 3,5-diiodothyropropionic acid (DITPA)

were purchased from Sigma Chemical Co. (St. Louis, MO, USA). [3'-125I]T
3
 (3070

µCi/µg) was purchased from Amersham International (Aylesbury, UK). [3'-125I]Triac

(2730 µCi/µg) was prepared from Na125I and 3,5-Diac using the chloramine-T method

(Rutgers et al., 1989). Sephadex LH-20 was from Pharmacia (Uppsala, Sweden). All

other reagents were of the highest purity available.

Calculations and statistics

On the basis of the free hormone fractions in the incubation buffer with 0.5% BSA,

the chemical concentration of T
3
 (100 pM) or Triac (240 pM) in the buffer, and the

incubation volume, the counts per min (percentage added dose) were converted to

fmol/pM free hormone. In case the free hormone fraction was unknown — for example

in the cellular pellet and the nuclei (Table 1) —, data were only expressed as percentage

of the added radioactivity .

The statistical significance of any of the tested compounds on [125I]T
3
 or [125I]Triac

uptake was evaluated by Student’s t-test or by one-way analysis of variance and

Bonferroni’s test for multiple comparisons. P<0.05 was regarded statistically

significant.

HFST3.p65 7/19/02, 5:04 PM63



Chapter 3

64

3.4 Results

Comparison of [125I]T3 and [125I]Triac uptake

Time course of cellular uptake Figure 1 shows the time course of [125I]T3 uptake (O)

compared with that of [125I]Triac (�) in cardiomyocytes, expressed as percentage of

the dose (Fig. 1A) and as fmol/pM free hormone (Fig. 1B). Both uptakes showed a

steep phase up to 1 h of incubation. Between 1 and 4 h of incubation, [125I]Triac

uptake reached equilibrium, whereas [125I]T
3
 uptake showed a further increase. As

can be seen in Fig. 1A, [125I]T
3
 uptake was fivefold higher than that of [125I]Triac,

when expressed as percentage of the dose. However, when expressed per pM free

hormone (Fig. 1B), the uptake of [125I]Triac was 30% greater than that of [125I]T
3
.The

free fraction of the two hormones in buffer with 0.5% BSA was 3.5% for [125I]T
3
 and

0.4% for [125I]Triac — a ninefold difference.

Nuclear binding To assess nuclear binding of T
3
 and Triac, cardiomyocytes were

preincubated for 30 min, and incubated for 2 h with [125I]T
3
 or [125I]Triac in the absence

or presence of 10 µM unlabeled T
3
 or Triac (Table 1). Again, cellular uptake expressed

as percentage of the dose of [125I]T
3
 was fivefold greater than that of [125I]Triac.

Incubation with 10 µM unlabeled T
3
 or Triac inhibited cellular binding of [125I]T

3
 and

[125I]Triac, but this effect was smaller than the inhibition of nuclear binding: 19%

compared with 72% for T
3
, and 34% compared with 60% for Triac. The DNA contents

of the nuclear pellets in absence or presence of 10 µM of the unlabeled hormone were

the same.

Effect of DITPA [125I]T
3 
uptake was also measured over a 4-h incubation period in the

absence or presence of 10 µM DITPA (Fig. 2). Results are expressed as fmol/pM free

T
3
. At incubation times 15 min, 1 h, and 4 h, the presence of 10 µM DITPA reduced

[125I]T
3
 uptake by 28%, 45% and 56% (all n=6; P<0.05), respectively.

Plasma membrane transport of [125]T3

Effects of T
3
, T

4
, Triac, DITPA, Tetrac 3,3’-T

2
, and 3,5-T

2
 Figure 3 shows the

competitive effects of increasing concentrations of unlabeled T
3
, T

4
, Triac and DITPA

on the 15-min uptake of [125I]T
3
, expressed as fmol/pM free T

3
. T

3 
itself resulted in a
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Figure 1 Time course of uptake of [125I]T
3 
(o) and [125I]Triac (�) in neonatal rat cardiomyocytes

expressed as % dose (A) and as fmol/pM free hormone (B). Cardiomyocytes were cultured

for 5 days at a density of 500.000 cells/well. Thereafter, culture medium was removed and

cells were preincubated for 30 min in incubation medium with 0.5% BSA, followed by

incubation in the same medium with [125I]T
3
 (100.000 cpm/well) or [125I]Triac (200.000 cpm/

well) for periods of 15 min-4 h. Data represent mean ± SE of six observations from two

independent experiments.
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clear dose-dependent inhibition, and the maximum effect was seen with 10 µM (45%;

P<0.01) (Fig. 3A). T
4
 showed a dose-dependent inhibition, but the maximum effect

at 10 µM (27%) was not significant (Fig. 3B). Exposure to Triac did not result in

reduction of [125I]T
3
 uptake (Fig. 3C), whereas DITPA showed a stepwise reduction

with increasing concentrations (Fig. 3D), but the maximum effect was now 20%

(NS) as compared to 28% in Fig. 2.

The effects of a number of metabolites tested at a concentration of 10 µM on

[125I]T
3
 uptake at 15 min (Fig. 4A) and 24 h (Fig. 4B) of incubation are shown in Fig.

4. The uptake curve for [125I]T
3
 increased up to 4 h of incubation and reached

equilibrium between 4 and 24 h. Under control conditions, [125I]T
3
 uptake at 15 min,

Table 1 Cellular (A) and nuclear (B) uptake of [125I]T
3
 and [125I]Triac in cultured

rat cardiomyocytes

Data show mean ± SE of triplicate observations of 2 experiments.

Cardiomyocytes were prepared from 2-day old rats, and cultured for one day in

24-wells dishes in DMEM-M199/5% FCS/5% HORSE SERUM at a density of

around 106 cells/well. After one day the culture medium was changed, and culture

was continued for 4 days. Cells were incubated at 37 C for 2 h with [125I]T
3

(200,000 cpm) or [125I]Triac (500,000 cpm) in medium with 0.5% BSA. Cells

were scraped from the wells in PBS, centrifuged and the cell pellet (A) counted.

The nuclear pellet (B) was obtained after treatment with Triton X-100. The

third column shows nuclear [125I]T
3
 or [125I]Triac uptake relative to cellular [125I]T

3

or [125I]Triac uptake. The fourth column represents the DNA content of the

nuclear pellet.

[125I]T3 or [125]Triac activity (% dose)

Cell pellet (A) Nuclear pellet (B)     (B/A)          DNA content

                   x 100%                (ng)

Experimental

conditions

[125I]T3 (5) 2.20 ± 0.25               0.18 ± 0.04  10.2 ± 2.4        904 ± 118

+ 10 µM T3 (6) 1.78 ± 0.25 0.05 ± 0.01  3.1 ± 0.9          1122 ± 110

[125I]Triac (6) 0.41 ± 0.03 0.05 ± 0.01  11.1 ± 3.0        1394 ± 163

+ 10 µM Triac (6) 0.27 ± 0.01 0.02 ± 0.00  5.6 ± 0.9          904 ± 118
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1 h, 4 h, and 24 h was 0.089 ± 0.017 (n=9), 0.222 ± 0.017 (n=9), 0.433 ± 0.038 (n=9),

and 0.352 ± 0.038 (n=9) fmol/pM free T
3
, respectively. After 15 min, [125I]T

3
 uptake

was inhibited by 52% (n=9; P<0.001) in the presence of 10 µM 3,3'-T
2
, and by 17%

(n=9; NS) in the presence of 10 µM 3,5-T
2, 

whereas 10 µM Triac or Tetrac had no

effect at all (both n=9; NS). After 24 h of incubation, the relative effect of 3,3’-T
2
 was

less (26%; n=9; P<0.02) than that observed after 15 min of incubation, whereas the

effects of 3,5-T
2 
 (13%), Triac and Tetrac (both 19%) were still not significant. The

effects of 10 µM unlabeled T
3
 are given for comparison, and amounted to 52%

(P<0.001) and 63% (P<0.001) after 15 min and 24 h, respectively.

Presence of DITPA and T3 during culture

A second approach to evaluate possible effects of DITPA on the T
3
 uptake system

was to add 10 nM DITPA during culture for 5 days and compare its effect with the

presence of 10 nM T
3
. This experiment was performed twice, and after culture, the

time course of [125I]T
3
 uptake was tested for 15 min to 24 h in absence or presence of

10 µM unlabeled T
3 
(Fig. 5). The time-course of [125I]T

3
 uptake in the presence of 10

µM unlabeled T
3
 was about the same in the three culture conditions (compare Fig.

Figure 2 Time course of the effect of 10 µM DITPA on the uptake of [125I]T
3
 in cardiomyocytes.

Cells were cultured, preincubated and incubated as described in legend to Figure 1, with 10

µM DITPA present during incubation. Data are expressed as fmol/pM free T
3
, and represent

mean ± SE of six observations from two independent experiments.
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5A, B, and C, lower curves). However, uptake of [125I]T3 without additions during

incubation was significantly greater in cells that had been cultured under control

conditions (Fig. 5A) than in cells that had been cultured in presence of 10 nM T
3
 (Fig.

5B) or DITPA (Fig. 5C). Whereas the absolute reduction in T3 uptake by 10 µM

unlabeled T
3
 after 24 h of incubation was 2.01% of the dose (42% inhibition; P<0.001)

in the cells cultured under control conditions, this was only 0.44% and 0.47% of the

Figure 3 Competitive effects of unlabeled T
3
, T

4
, Triac and DITPA on the 15-min uptake of

[125I]T
3
 in cardiomyocytes. The cells were cultured, preincubated and incubated with [125I]T

3

as described in legend to Figure 1, with increasing concentrations (1 nM-10 µM) of the

unlabeled compounds present during incubation. Data are expressed as fmol/pM free T
3
. Bars

represent mean ± SE of nine observations from three independent experiments.
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dose (12% inhibition; NS) in cells cultured in the presence of 10 nM T
3
 or DITPA.

The protein content per well under the different culture conditions was the same.

3.5 Discussion

In the present study, we explored further the uptake mechanism for T
3
 in heart by

comparing uptake of [125I]T
3
 with that of [125I]Triac and by testing the effects of thyroid

hormone metabolites and the analog DITPA on T
3
 uptake in neonatal rat

cardiomyocytes. Our previous studies showed that T
3
 uptake in neonatal heart occurred

by a temperature- and energy-dependent mechanism that was slightly dependent on

∗

CTRL 3,3'T2 3,5T2 Triac Tetrac

A. 15 min

B. 24 h

[1
25

l]T
3 

up
ta

ke
 (

fm
ol

/p
M

 fr
ee

 T
3)

0.2

0.1

0.0
0.4

0.2

0.0

∗
∗

∗

∗

T3

Figure 4 Effects of thyroid hormone metabolites on [125I]T
3
 uptake in cardiomyocytes at 15

min (A) and 24 h (B) of incubation. The cells were cultured, preincubated and incubated with

[125I]T
3
 as described in legend to Figure 1, with 10 µM of the unlabeled metabolites present

during incubation. Data are expressed as fmol/pM free T
3
. Bars represent mean ± SE of nine

observations from three independent experiments. *P<0.001, and **:P<0.02 vs. controls

(CTRL).
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Figure 5 Time course of [125I]T
3  

uptake in absence (o) or presence (�) of 10 µM unlabeled T
3

in rat cardiomyocytes cultured without additions (A), with 10 nM T
3
 present (B) or with 10

nM DITPA present (C). Data are expressed as % dose, and represent mean ± SE of six-twelve

observations from two independent experiments.
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the Na+ gradient (Everts et al., 1996b; van der Putten et al., 2001), and sensitive to

Ca2+ blockers (Verhoeven et al., 2001), whereas results for T
4
 uptake were less clear.

The effects of the Ca2+ channel inhibitors were not secondary to inhibition of Ca2+

influx, suggesting interference with the putative T3 carrier in the plasma membrane,

rather than an energetic linkage to effects of T
3
 on ion channels (Verhoeven et al.,

2001).

Comparison of the time-courses of T3 and Triac uptake in neonatal rat

cardiomyocytes showed that, when expressed as fmol/pM free hormone, Triac uptake

was around 30% greater than that of T
3 

, but the difference was not as large as in

cultured pituitary cells, in which an almost twofold difference was found (Everts et

al., 1994). When the 2-h cellular uptakes of T
3
 and Triac were measured and expressed

as percentages of the dose, a fivefold greater value for T
3 
was observed, whereas the

relative inhibition by 10 µM of the respective unlabeled hormone was roughly the

same. Together, these findings indicate that Triac is taken up by cardiomyocytes, and

bound to their nuclear receptors, as in pituitary cells (Everts et al., 1994). In contrast

to pituitary cells, in which T
3
 uptake was inhibited by Triac and vice versa (Everts et

al., 1994), the 15-min T
3
 uptake in cardiomyocytes was not significantly inhibited by

increasing concentrations of Triac. Since T
3
 and T

4
 are scarcely metabolized by

deiodination or conjugation in neonatal cultured cardiomyocytes within 24 h (Everts

et al., 1996b), we extended the incubation periods to test the various analogs up to 24

h. However, even after 24 h of incubation, we could not detect any inhibitory effect of

10 µM Triac, suggesting different transport mechanisms for T
3
 and Triac in heart.

Addition of Triac to the diet of rats induced an increase in oxygen consumption and

heart rate, roughly to the same extent as addition of D-T
3
 (Boyd & Oliver, 1960). In

contrast, neither Triac nor D-T
3
 acutely stimulated Na+ currents in cardiomyocytes

(Huang et al., 1999). Tetrac 10 µM reduced neither the plasma membrane uptake of

T
3
 at 15 min, or its cellular uptake after 24 h. This is clearly at variance with the

findings in pituitary cells, in which Triac and Tetrac inhibited [125I]T
3
 uptake over the

range 15 min-4 h to the same extent as unlabeled T
3
, and both suppressed thyrotropin

releasing hormone (TRH)-stimulated TSH release (Everts et al., 1994, 1995). Tetrac

has also been reported to be more effective than T
4
 in suppressing TSH secretion in

vivo in hypothyroid rats (Lameloise et al., 2001), whereas it was less effective in

inducing cardiac hypertrophy. In our study, the inhibitory effect of T
4
 (around 25%)
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on T3 uptake was, if anything, greater than that of Tetrac, albeit not significantly so.

Of the two other metabolites tested, 3,3’-T
2
 significantly reduced T

3
 uptake in

cardiomyocytes, the effect after 15 min (52% inhibition) being twice as large as that

after 24 h (26% inhibition), suggesting that 3,3’-T2 primarily interacted at the level of

the plasma membrane. The other diiodothyronine, 3,5-T
2 
, had no effect on T

3
 uptake

in heart cells between 15 min and 24 h of incubation. Interestingly, 3,5-T
2
 has been

shown to be more effective than 3,3’-T2 in suppression of TRH-induced TSH release

in pituitary cells (Everts et al., 1995). It is also regarded as the important

diiodothyronine with respect to (direct) stimulation of heat production in mitochondria

(Goglia et al., 1999), and is just as effective as T
3
 in acutely stimulating Na+ currents

in neonatal rat cardiomyocytes (Huang et al., 1999).

Because of its possible preferential effect on myocardial contractility, the analog

DITPA has been used, with the purpose of improving heart function after infarction,

but so far only in animal studies (Pennock et al., 1993; Morkin et al., 1996; Spooner

et al., 1999; Pennock et al., 2001). It has been shown that DITPA binds to bacterially

expressed thyroid hormone receptors (Morkin et al., 1996). At the cellular level,

DITPA induces sarcoplasmic reticulum Ca2+ transport and protein expression (Pennock

et al., 2001), but interpretation of data on myosin heavy-chain isoenzyme changes

has been more complicated (Spooner et al., 1999). From this point of view, there

remains a lack of understanding of how DITPA works (Spooner et al., 1999). In the

present study, DITPA was tested for effects on T
3 
 uptake in the cardiomyocytes. Up

to a concentration of 10 µM, DITPA had a less clear effect on the 15-min T
3
 uptake

(20-28%) as compared with 10 µM T
3
 itself (46-52%). In contrast, the effect of 10

µM DITPA after 4 h of incubation was at least as great (56%) as that of unlabeled T
3

(42-63%)(compare Figs. 2 and 5A), suggesting that DITPA can bind to the cytosolic

or nuclear T
3 
binding sites of the cardiomyocytes. When DITPA was added during

culture at a concentration of 10 nM, its effect was comparable to that of the same

concentration T
3
: the inhibitory effect of 10 µM T

3
 on cellular T

3
 uptake at 24 h was

only 12%, whereas it was 42% in cells cultured under control conditions. As we have

not tested whether DITPA interacts with the nuclear T
3
 receptors, it is difficult to

conclude whether DITPA primarily interferes with plasma membrane T
3
 transport or

with cytosolic or nuclear T
3
 binding. To what extent the inhibitory effect of DITPA

on T
3 
uptake in the cardiomyocyte results in attenuation or stimulation of thyromimetic
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effects, for example on the Na+,K+-ATPase isoform expression, is currently being

investigated.

The aromatic amino acid tyrosine, the precursor of iodothyronines, and tryptophan

(Trp) share the same transport system (Christensen, 1990). In two studies with

cardiomyocytes, we reported that tryptophan in concentrations of 0.5 and 2 mM

significantly reduced T
3
 uptake (maximum response 30-45%; (Everts et al., 1996b;

van der Putten et al., 2001). Moreover, the effects of tryptophan were additive to

those of oligomycin, an inhibitor of oxidative phosphorylation, suggesting that at

least two different transport systems may be responsible for T
3
 uptake in neonatal

heart (van der Putten et al., 2001). One of those could be a transport system that is

capable of transporting aromatic amino acids. Kragie (1994) and Hennemann et al.

(2001) have reviewed the properties of thyroid hormone transport mechanisms in

many cell types. We have previously compared uptake mechanisms for thyroid

hormones in pituitary, and liver, and postulated that regulation of the transport in

these two tissues was different (Everts et al., 1996a). This difference could play a part

in maintenance of the low serum T
3 
and normal TSH concentrations in non-thyroidal

illness and fasting (Everts et al., 1996a; Hennemann et al., 1998, 2001). When the

present data are compared with the results obtained in pituitary cells (Everts et al.,

1994; Everts et al., 1995), it seems that the transport mechanism for T
3
 into the heart

is different. Whether T
3
 uptake in heart is similar or different as compared to that in

liver (Everts et al., 1996a) remains to be established. This question is of relevance in

to the development of drugs with tissue-selective thyromimetic activity (Ichikawa et

al., 2000; Trost et al., 2000).

Conclusion

3,3’-T
2
, and to a lesser extent DITPA and T

4
, inhibit plasma membrane T

3
 uptake in

the cardiomyocyte, while 3,5-T
2
, Triac and Tetrac have no significant effects. In

contrats, Triac itself is taken up by the cardiomyocyte, but probably through a transport

mechanism other than that for T
3
. Our current research plan includes investigation of

whether exposure of cardiomyocytes to Triac and DITPA results in thyromimetic

effects, and whether exposure to compounds that inhibit T
3
 transport (in particular

3,3’-T
2
) results in reduction of T

3
-induced effects in the cardiomyocyte.
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4.1 Abstract

Uptake of T
3
 was compared with that of T

4
 in the embryonic heart cell line H9c2(2-1). These

cells propagate as myoblasts and form differentiated myotubes upon reduction of the serum

concentration, as indicated by a 31-fold increase in creatine kinase activity. Protein and DNA

content per well were around 2-fold higher in myotubes than in myoblasts. T
3
 and T

4
 uptakes

showed similar characteristics in myoblasts and myotubes, but both were 2.5-fold higher in

myotubes, when expressed per well. At any time point, T
4
 uptake was 2-fold higher than that

of T
3
, and both uptakes were energy-, but not Na+ dependent. T

3
 and T

4
 uptake exhibited

mutual inhibition in myoblasts and myotubes: 10 µM unlabeled T
3
 reduced T

4
 uptake by 51-

60% (P < 0.001), while 10 µM T
4
 inhibited T

3
 uptake by 48-51% (P < 0.001). Furthermore, T

3

and T
4
 uptake in myoblasts was dose-dependently inhibited by tryptophan (maximum inhibition

around 70%; P < 0.001). Exposure of the cells to T
3
 or T

4
 during differentiation significantly

increased the fusion index (35 and 40%; P < 0.01). Finally, both myoblasts and myotubes

showed a small deiodinase (D) I activity, while DII activity was undetectable. In conclusion,

T
3
 and T

4
 share a common energy-dependent transport system in H9c2(2-1) cells, that may be

important for the availability of thyroid hormone during differentiation.

Keywords: H9c2(2-1) cell line – T
3
 and T

4
 uptake – myoblasts - myotubes - heart
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4.2 Introduction

Thyroid hormones, thyroxine (T
4
) and triiodothyronine (T

3
), play a crucial role in

normal growth and development of all organs including the heart. Early in the prenatal

period, the fetus is supplied by maternal T
4
 through transport across the placenta

(Obrégon et al., 1998). The fetal thyroid starts to produce thyroid hormones after 18-

22 weeks of gestation in humans (Burrow et al., 1994) and at embryonic day 18 in

rats (Obrégon et al., 1998). Both in humans and in rodents, the start of fetal thyroid

activity is associated with a rise in cardiac contractility (Cluzeaut & Maurer-Schultze,

1986; Mayhew et al., 1997). Canavan et al. (1994) showed that hypothyroidism

significantly delayed this development of the heart, while hyperthyroidism led to the

opposite result.

The mechanisms by which T
3
 exerts its effects on the heart include binding of T

3

to specific nuclear receptors (Lazar, 1993; Muñoz & Bernal, 1997) as well as acute

cellular actions via the plasma membrane (Davis & Davis, 1993; Huang et al., 1999).

T
4
 action on the heart is less well characterized. It has been shown that T

4
 stimulates

differentiation of cardiomyocytes (Brik & Shainberg, 1990) and skeletal muscle cells

(Nakashima et al., 1998a, 1998b), although the mode of action is not clear. The affinity

of T
4
 for nuclear receptors is only one-tenth that of T

3 
(Muñoz & Bernal, 1997),

thereby making a nuclear pathway less likely. In some tissues, most of the T
3
 associated

with the nuclei is derived from the intracellular deiodination of T
4
, catalyzed by

deiodinase type II (DII) (Visser, 1996). Whether type II deiodinase is present in human

or rodent heart is still a matter of debate (Nauman et al., 1994; Croteau et al., 1996;

Sabatino et al., 2000).

Rosic et al. (2001) examined the kinetics of T
3
 and T

4
 uptake in intact hearts and

reported a saturable mechanism for the uptake of both T
3
 and T

4
. In our laboratory,

uptake of T
3
 and T

4
 was investigated in cultures of neonatal rat cardiomyocytes (Everts

et al., 1996b; van der Putten et al., 2001; Verhoeven et al., 2001, 2002). Under

conditions where the free T
3
 and T

4
 concentrations were in the picomolar range,

evidence was provided for a specific energy- and temperature dependent mechanism

for the uptake of T
3
, while the results for T

4
 were less equivocal. However, in two of

these studies, it was found that unlabeled T
4
 reduced the uptake of T

3
 indicating that

T
4
 might enter the cardiomyocytes through a mechanism comparable to that of T

3
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(van der Putten et al., 2001; Verhoeven et al., 2002). This idea is further explored in

the present study.

While primary cultures of neonatal cardiomyocytes consist of a heterogeneous

population of non-dividing and fully differentiated cells (Pinson, 1990), the myogenic

cell line H9c2(2-1) is a homogenous population of cardiac cells derived from

embryonic rat heart tissue (Kimes & Brandt, 1976). A major advantage of this cell

line is its ability to differentiate from mononucleated myoblasts into myotubes upon

reduction of the serum concentration (Hescheler et al., 1991). Moreover, during the

differentiation process, the cells retain several elements of the electrical and hormonal

signaling pathway of cardiac cells (Kimes & Brandt, 1976) and have therefore become

an accepted in vitro model to study the effects of ischaemia and diabetes on the heart

(Eckel, 1996; Brostrom et al., 2000; Wayman et al., 2001). In addition, Gerrelli et al.

(1994) showed that exposure of the H9c2(2-1) cells to thyroid hormone resulted in an

increased expression of the cardiac spliceosome protein SmN, indicating that the

cells are T
3
 responsive.

In the present study, T
3
 and T

4
 uptake were characterized and compared in the

H9c2(2-1) cells. To understand the role of thyroid hormone uptake mechanisms during

cardiac differentiation, T
3
 and T

4
 uptake were compared in undifferentiated myoblasts

and differentiated myotubes. In addition, we examined the effects of T
3
 and T

4
 on the

fusion index as an indicator of the degree of differentiation.

4.3 Materials and Methods

Materials

Cell culture reagents were purchased from Life Technologies (Breda, The Netherlands).

Bovine serum albumin (BSA) (fraction V) was obtained from Boehringer (Mannheim,

Germany). Triiodothyronine (T
3
), thyroxine (T

4
), tryptophan (Trp), and oligomycin

were purchased from Sigma (St. Louis, MO, USA), [125I]T
3
 (24.4 TBq/mmol), [125I]T

4

(4.3 TBq/mmol) and [125I]rT
3
 (28.0 TBq/mmol) were from NEN (Boston, MA, USA).

Prior to use [125I]T
4
 and [125I]rT

3
 were purified by Sephadex LH-20 column

chromatography (Mol & Visser, 1985).
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Cell Culture

The rat embryonic cardiac cell line H9c2(2-1) was obtained from the European

Collection of Cell Cultures (Salisbury, Wiltshire). Cells were seeded into 24-well

culture dishes at a density of 0.5 × 105 cells/well and propagated as myoblasts at 37

°C in a 5% CO
2
 atmosphere in DMEM supplemented with 10% (v/v) FCS and 100 U/

ml penicillin-streptomycin. At day 2 after seeding, half of the cultures was used for

uptake experiments, while the other half was continued for 7 days in DMEM containing

1% (v/v) FCS and 100 U/ml penicillin-streptomycin to obtain fused myotubes. Medium

was changed every 48 h. For the deiodinase assays, cells were cultured in 75 cm2-

culture flasks to a density of 2 × 106 cells/flask at day 2 under the same conditions as

described above for cells seeded in 24-well culture dishes.

Cellular uptake studies

Uptake experiments were performed at day 2 and 9 after seeding, at which time the

culture consisted of myoblasts and myotubes, respectively. After removal of the culture

medium, cells were preincubated for 30 min at 37 °C in 0.5 ml Krebs-Ringer medium

(139 mM NaCl, 4.2 mM KCl, 1.5 mM CaCl
2
, 1.4 mM KH

2
PO

4
, 1.4 mM MgSO

4
, 5.0

mM glucose; prepared in Tris at pH 7.4) supplemented with 0.1% BSA for

determinations of T
4
 uptake or 0.5% BSA for T

3
 uptake. Incubation was initiated by

quickly replacing the preincubation medium with 0.5 ml Krebs-Ringer buffer

containing the additions described below and either 4 × 105 cpm/ml [125I]T
4
, 10 nM T

4

and 0.1% BSA, or 4 × 105 cpm/ml [125I]T
3
, 10 nM T

3
 and 0.5% BSA. Incubations

were performed at 37 °C, and the culture dishes were mildly agitated. Uptake was

terminated by quick aspiration of the incubation medium, and cells were washed

three times with 1 ml ice-cold saline. Cells were dissolved in 1 ml 0.1 M NaOH and

analyzed for 125I activity in a gamma-counter (Packard Cobra II, Packard Instruments

Co., Meriden, CT, USA). The time-course of T
3
 and T

4
 uptake was assayed in the

presence or absence of sodium. Sodium-free conditions were attained by replacing

sodium with choline on a mol-for-mol basis in the preincubation and incubation media.

When the effects of unlabeled T
3
 and T

4
 on 30-min uptake were examined, 10 µM of

the unlabeled compound was added to the incubation medium. In all other experiments,

the compounds were present during preincubation and incubation (10 µM oligomycin

and 0.5 or 2 mM tryptophan (Trp).
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The amount of [125I]T3 or [125I]T4 associated with the cells was expressed as fmol/

pM free hormone (see free hormone fraction). Results were corrected for the amount

of 125I activity associated with the walls of the culture wells.

Light microscopy and determination of fusion index

At day 2, 7 and 9 after seeding, cultures were fixed subsequently with 70% (v/v) and

96% (v/v) ethanol and stained with 100% haematoxilin. Nuclei were counted using

an inverted microscope (Nikon TMS-F, Bunnik, The Netherlands). Digital images

were acquired using a Nikon Coolpix 990 camera. The fusion index was determined

in ten microscopic fields and calculated by dividing the number of nuclei in the

myotubes by the total number of nuclei. Myotubes were defined as cells containing

three or more nuclei.

Creatine kinase (CK) activity measurements

After removal of the culture medium, the cells were lysed in 500 ìl 0.5% (v/v) Triton

X-100 in PBS and mildly agitated for 10 minutes at room temperature. The cellular

debris was scraped from the well using a rubber spatula and the lysate was collected

in a tube. CK activity was determined with a NAC-Activated CK-kit (Sigma) according

to the manufacturer’s protocol.

Protein and DNA measurements

Cellular protein was measured according to the method of Lowry et al. (1951). DNA

was quantified using a Hoechst fluorescence staining method (Downs & Wilfinger,

1983).

Free hormone fraction

Calculations of free T
3
 and T

4
 concentrations were based on the determination of the

free hormone fraction by equilibrium dialysis (Sterling & Brenner, 1966). In Krebs-

Ringer medium containing 4 × 105 cpm/ml [125I]T
3
, 10 nM T

3
 and 0.5% BSA

,
 the free

T
3
 fraction was 3.9 ± 0.3% (n=5). Addition of 10 µM T

3
, 10 µM T

4
, 10 µM oligomycin

or a combination of oligomycin and T
3
 (both at 10 µM) changed the free T

3
 fraction

to 4.6 ± 0.1% (n=3), 4.7 ± 0.0% (n=4), 3.8 ± 0.1% (n=4) and 4.9 ± 0.1% (n=4),

respectively. The free T
4
 fraction in Krebs-Ringer medium with 4 × 105 cpm/ml [125I]T

4
,
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10 nM T4 and 0.1% BSA was 3.3 ± 0.5% (n=3) and changed in the presence of 10 µM

T
4
, 10 µM T

3
, 10 µM oligomycin or a combination of oligomycin and T

4
 (both at 10

µM) to 5.1 ± 0.4% (n=3), 4.1 ± 0.3% (n=4), 3.5 ± 0.1% (n=4) and 5.4 ± 0.5% (n=4),

respectively. The presence of 2 mM Trp did not alter the free fraction of T3 or T4.

Furthermore, the free T
3
 and T

4
 fractions, analyzed in DMEM supplemented with

1% FCS, were 4.4 ± 0.4% (n=3) and 3.0 ± 0.1% (n=3), respectively.

Deiodinase assays

DI and DII activities were determined in myoblasts and myotubes and compared to

those of adult rat liver homogenate. DI and DII assays were performed as previously

described (Sabatino et al., 2000) with the following modifications. After removal of

the culture medium, the cells were scraped from the culture flask using a rubber

spatula and collected in 1 ml buffer consisting of 250 mM sucrose, 10 mM Hepes, 10

mM Tris pH 8, 1 mM DTT. Subsequently, the cells were homogenized using a Potter-

Elvejhem device (Heidolph RZR 2020, Schwabach, Germany) equipped with a Teflon

pestle. For measurement of DI activity, 100 µl aliquots of the homogenates (10 µg

protein in a total assay volume of 200 µl) were incubated in triplicate for 15 min at 37

°C in 100 µl incubation medium (100 mM phosphate buffer, 2 mM EDTA, 10 mM

DTT) containing 1 × 106 cpm/ml [125I]rT
3
 and 1 µM rT

3
 in presence or absence of 100

µM PTU. The reaction was quenched by adding 100 µl 5% (w/v) ice-cold BSA

followed by 500 µl 10% (v/v) TCA for deproteinization. Samples were centrifuged

for 15 min at 4 °C and 1500 × g (Heraus labofuge 400R, Hanau, Germany) and 500 µl

of the supernatant was acidified with 500 µl 1 M HCl. Liberated iodide was analyzed

by Sephadex LH-20 column chromatography. The first three eluates were collected

with three times 1 ml 0.1 M HCl and analyzed for 125I activity in a ã-counter (Packard

Cobra II). Specific DI activity was defined as the PTU-inhibitable part of iodide

production. For measurement of DII activity, 100 µl aliquots of homogenates (10 µg

protein in a total assay volume of 200 µl) were incubated in triplicate under the same

conditions as for the DI assay, using 1 × 106 cpm/ml [125I]T
4
 and 0.5 µM T

4
 with 20

mM DTT. PTU was omitted from the incubation medium.
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Statistics

Data are presented as means ± SEM, unless stated otherwise. Statistical significance

was evaluated by repeated measures ANOVA or Student’s t-test, where appropriate.

Statistical significance was accepted at P < 0.05.

4.4 Results

Characterization of the cell culture

In initial experiments, we followed the differentiation of the H9c2(2-1) myoblasts

into myotubes. DNA and protein content both increased during the first days of culture

(Figure 1A and C). At day 9, DNA content of the cells had reached a constant level,

characteristic for non-dividing myotubes. Furthermore, DNA and protein contents of

the myotubes (day 9) were around 1.8- and 1.9-fold higher, respectively, compared

with myoblasts (day 2) (P < 0.001).

Myotubes are characterized by the expression of CK and the activity of this enzyme

is markedly increased during differentiation (Kimes & Brandt, 1976). CK activity

per well measured at day 2, 7 and 9 is shown in Figure 1B. CK activity increased 9-

fold from day 2 to day 7 (P < 0.001) and 3.5-fold from day 7 to 9 (not significant).

The total rise from day 2 to 9 was 31-fold (P < 0.001).

Myoblast differentiation into myotubes can be quantified by measuring the fusion

index, which is the percentage of nuclei incorporated into myotubes relative to the

total number. Figure 1D shows that the fusion index increased from 0% to 18 ± 4% at

day 7 and further increased to 28 ± 3% at day 9, the only statistical significant increase

being from day 2 to day 7 (P < 0.01).

In Figure 2 a light microscopic view of myoblasts (Fig. 2A) and myotubes (Fig.

2B) is shown. Myoblasts are large, flat, spindle-shaped, mononucleated cells which

do not organize themselves into orderly arrays. In contrast, myotubes are fused multi-

nucleated cells organized in linear parallel arrays.

Time-course of T3 and T4 uptake

Figure 3 shows the time-course of [125I]T
3
 uptake in myoblasts and myotubes. Both in

myoblasts and myotubes, uptake leveled off after 90 min of incubation. When

expressed per well, [125I]T
3
 uptake in myotubes was 2-fold higher than in myoblasts.
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However, when the data were expressed relative to the protein content, [125I]T
3
 uptake

in myotubes was around 1.3-fold higher compared to myoblasts (P < 0.05). [125I]T
3

uptake in myoblasts and myotubes was not inhibited by replacement of Na+ by choline

in the medium, indicating that [125I]T
3
 uptake is Na+ independent (Figure 3).

[125I]T
4
 uptake in myoblasts and myotubes as a function of incubation time leveled

off after 1 h of incubation (Figure 4). [125I]T
4
 uptake per well was 2-fold higher in
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Figure 1 Characterization of H9c2(2-1) cell line during differentiation. Myoblasts were seeded

at a density of 5 × 105 cells/well and cultured for two days in DMEM supplemented with 10%

FCS. At day 2 the FCS in the medium was reduced to 1% to induce differentiation of myoblasts

into myotubes. DNA (A)(n=3) and protein (C)(n=3) content of the cells were determined

throughout the culture period. The creatine phosphokinase (CK) activity per well (B)(n=10)

(C) and the degree of fusion in percent (D)(means ± SD, n=2) were determined at day 2, 7 and

9 of culture.
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 A  B 

Figure 2 Phase-contrast pictures (10×) of H9c2(2-1) myoblasts (A) and myotubes (B).

Myoblasts were seeded at a density of 5 × 105 cells/well and cultured for two days in DMEM

supplemented with 10% FCS. At day 2 the FCS in the medium was reduced to 1% to induce

differentiation of myoblasts into myotubes. The digital image of the myoblasts was taken at

day 2, and that of the myotubes at day 9.
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Figure 3 Time-course of [125I]T
3
 uptake in myoblasts (circles) and myotubes (triangles).

H9c2(2-1) cells were cultured as described in the legend to Fig. 1. Uptake experiments were

performed at day 2 with myoblasts and at day 9 with myotubes. The uptake of [125I]T
3
 was

measured in Krebs-Ringer medium with Na+ (closed symbols) or in Krebs-Ringer in which

Na+ was replaced by choline (open symbols), both supplemented with 0.5% BSA. Data show

the means ± SEM of 7 - 13 observations of 5 experiments.
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myotubes than in myoblasts. When the uptake was expressed relative to the protein

content of the wells, [125I]T4 uptake in myotubes was around 1.4-fold higher than in

myoblasts (P < 0.05). This is comparable to the difference in [125I]T
3
 uptake between

myotubes and myoblasts (see above). Furthermore, [125I]T
4
 uptake in myoblasts and

myotubes was Na+ independent (data not shown).

Comparison of [125I]T3 and [
125I]T4 uptake

Figure 5 shows 30-min uptake of [125I]T3 (left panel) and [125I]T4 (right panel) in

myoblasts. The control values for uptake of [125I]T
3
 and [125I]T

4
 were 0.040 ± 0.001

fmol/pM FT
3
 and 0.072 ± 0.003 fmol/pM FT

4
, respectively, a 1.8-fold difference (P <

0.001). [125I]T3 uptake was significantly inhibited by 10 µM unlabeled T3 (73%; P <

0.001) and 10 µM unlabeled T
4
 (48%; P < 0.001) (Figure 5, left panel). Oligomycin,

added at a concentration of 10 µM, significantly inhibited [125I]T
3
 uptake by 20% (P
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Figure 4 Time-course of [125I]T
4
 uptake in H9c2(2-1) myoblasts (circles) and myotubes

(triangles). H9c2(2-1) cells were cultured as described in the legend to Fig. 1. Uptake

experiments were performed at day 2 with myoblasts and at day 9 with myotubes. The uptake

of [125I]T
4
 was measured in Krebs-Ringer medium with Na+, supplemented with 0.1% BSA.

Data show the means ± SEM of 6 observations from 2 experiments (myoblasts) and 9

observations from 3 experiments (myotubes).
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< 0.01). Co-incubation with 10 µM unlabeled T
3
 and 10 µM oligomycin resulted in a

65% (P < 0.001) reduction of T
3
 uptake, comparable to the effect of unlabeled T

3

alone. Similar experiments were performed with [125I]T
4
 uptake in myoblasts (Figure

5, right panel). [125I]T
4
 uptake was significantly reduced by 10 µM unlabeled T

4
 (33%;

P < 0.001) and 10 µM unlabeled T
3
 (60%; P < 0.001). [125I]T

4
 uptake in myoblasts

was not inhibited when 10 µM oligomycin was added to the incubation medium. Co-

incubation of 10 µM unlabeled T
4
 and 10 µM oligomycin resulted in a comparable

inhibition as the effect of T
4
 alone (35%; P < 0.001).

Uptake of [125I]T
3
 and [125I]T

4
 was examined in parallel in myotubes (Figure 6)

and showed the following control values: 0.088 ± 0.005 fmol/pM FT
3
 and 0.180 ±

0.008 fmol/pM FT
4
, respectively, a 2-fold difference (P < 0.05). Unlabeled T

3
 (10

µM) inhibited [125I]T
3
 and [125I]T

4
 uptake by 56% (P < 0.001) and 51% (P < 0.001),

respectively. Unlabeled T
4
 inhibited [125I]T

3
 and [125I]T

4
 uptake by 51% (P < 0.001)
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Figure 5 Effect of unlabeled T
3
, T

4
, oligomycin (OM) and combinations of these compounds

on the 30-min [125I]T
3
 and [125I]T

4
 uptake in myoblasts. Unlabeled T

3
 and T

4
 (10 µM) were

only present during incubation, whereas OM (10 µM) was present during preincubation (30
min) and incubation. The effect of the combination of OM with unlabeled hormone on T

3
 and

T
4
 uptake was tested by incubations with OM and T

3
 or OM and T

4
, respectively. Data are

presented as means ± SEM of 6 - 18 observations from three experiments. ∗ P <  0.001 vs.
control; #P < 0.01 vs. control.
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and 39% (P < 0.001), respectively. When myotubes were incubated with 10 µM

oligomycin, [125I]T3 uptake was reduced by 31% (P < 0.001) (Figure 6, left panel) and

[125I]T
4
 uptake was reduced by 26% (P < 0.01) (Figure 6, right panel). The effect of

co-incubation of oligomycin and unlabeled T
3
 on [125I]T

3
 uptake in myotubes was

comparable to the effect of unlabeled hormone alone (56%; P < 0.001). This was also

found for [125I]T
4
 uptake in presence of oligomycin and unlabeled T

4
 (40%; P < 0.001)

Effect of Trp on [125I]T3 uptake

To test the possible involvement of amino acid transport system T in the uptake of

[125I]T
3
 and [125I]T

4
, we preincubated and incubated (30 min) myoblasts and myotubes

with 0.5 and 2 mM Trp. [125I]T3 and [125I]T4 uptake were dose-dependently inhibited

by Trp, with a maximal effect of 69% and 71%, respectively (P < 0.001)(Table 1).

In myotubes, [125I]T
3
 uptake decreased from 0.063 ± 0.001 fmol/pM FT

3
 to 0.032

± 0.001 fmol/pM FT3 in presence of 2 mM Trp (49%, P < 0.001).
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Figure 6 Effect of unlabeled T
3
, T

4
, oligomycin (OM) and combinations of these compounds

on the 30-min [125I]T
3
 and [125I]T

4
 uptake in myotubes. Experiments were performed exactly

as described for myoblasts (Fig. 5). Data are presented as means ± SEM of 6 - 18 observations
from three experiments. ∗ P < 0.001 vs. control; #P < 0.01 vs. control.
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Effect of T3 and T4 on differentiation of H9c2(2-1) cells

By comparing the fusion index of cultures exposed to 5 nM T
3
 or 50 nM T

4
 with that

of control cultures, the effect of T
3
 or T

4
 treatment on differentiation could be examined.

Under these conditions with 1% FCS in the medium, the free T
3
 and T

4
 concentrations

were 0.2 and 1.5 nM, respectively. The fusion index was determined on day 2, 3, 7

and 9 (Figure 7). In general, fusion index increased from day 2 to 9, reflecting the

morphological differentiation of the cells (see also Figure 1D). Only at day 9, exposure

to T
3
 and T

4
 significantly stimulated fusion: T

3
 treatment by 35 ± 2% (P < 0.01 vs.

control at day 9), and T
4
 by 40 ± 2% (P < 0.001 vs. control at day 9), as compared to

26 ± 1% in the control cultures. This effect was not accompanied by an increase in

DNA and protein content nor in CK activity (data not shown). The control values of

these parameters resembled those depicted in Figure 1.

Deiodinase activity

DI activity was 0.32 ± 0.05 fmol/µg protein/min in myoblasts (n=3), and 0.22 ± 0.07

fmol/µg protein/min in myotubes (n=3), respectively. The H9c2(2-1) cells did not

exhibit DII activity (data not shown). In the same experiments, DI and DII activity in

homogenates of adult rat liver amounted to around 30 fmol/µg protein/min and less

than 1 fmol/µg protein/min, respectively.

Table 1. Effects of Trp on 30-min uptake of [125I]T
3
 and [125I]T

4 
in myoblasts.

H9c2(2-1) myoblasts were preincubated (30 min) and incubated in the absence or

presence of Trp. Data show the mean ± SEM from two independent experiments.

∗ P < 0.001, Trp vs. no additions.

[125I]T3 uptake     Effect [125I]T4 uptake     Effect

(fmol/pM FT3)       (%) (fmol/pM FT4)   (%)

No additions 0.035 ± 0.001 0.112 ± 0.003

0.5 mM Trp 0.014 ± 0.001∗       -60 0.077 ± 0.003∗   -31

2 mM Trp 0.011 ± 0.001∗       -69 0.032 ± 0.007∗   -71
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4.5 Discussion

In the present study we examined T
3
 and T

4
 uptake in the H9c2(2-1) cell line derived

from embryonic rat heart. Uptake of T3 in these cells was inhibited by unlabeled T3,

T
4
 and Trp. Incubation with oligomycin reduced T

3
 uptake, indicating energy-

dependence of the process. T
3
 uptake was not Na+ dependent. These observations

provide evidence for a specific T3 uptake mechanism in H9c2(2-1) cells. T4 uptake at

30 min was around 2-fold higher than that of T
3
, and the characteristics of uptake e.g.

energy-dependence, Na+-independence and ligand specificity were comparable to that

of T3. These observations support the idea that T4 and T3 share a common uptake

mechanism in the H9c2(2-1) cells. Moreover, both T
3
 and T

4
 stimulated differentiation

at concentrations (0.2 – 1.5 nM) in the range of that used in the uptake studies (both
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Figure 7 Effect of T
3
 and T

4
 on fusion index. Cells were cultured from day 2 to 9 in DMEM

supplemented with 1% FCS and 5 nM T
3
 (white bars) or 50 nM T

4
 (hatched bars). Fusion

index was determined at day 2, 3, 7 and 9 as described in Materials and Methods. Data are

presented as means ± SEM of 2 independent experiments. #P < 0.01, and ∗ P < 0.001 T
3
 or T

4

vs. control at day 9.
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around 0.3 nM).

We here present evidence that the H9c2(2-1) cells possess a specific mechanism

for the uptake of T
4
. Whereas carrier-mediated uptake of T

3
 has been demonstrated in

various tissues (Kragie, 1994; Hennemann et al., 2001), evidence for an active transport

mechanism for T
4
 is not as abundant. T

4
 uptake has been explored in hepatocytes

(Krenning et al., 1981), anterior pituitary cells (Everts et al., 1994), neuroblastoma

cells (Lakshmanan et al., 1990), and skeletal muscle (van Hardeveld & Kassenaar,

1978). T
4
 uptake in these cell types is mediated by a saturable and energy-dependent

mechanism. The characteristics of T
3
 and T

4
 uptake were comparable in myotubes

and myoblasts. First, T
3
 and T

4
 uptake were inhibited roughly to the same extent by

oligomycin (most clearly in myotubes), and thus, T
3
 and T

4
 uptake depend on the

energy status of the cell. Second, T
3
 and T

4
 uptake did not depend on the Na+ gradient.

Third, the uptakes exhibited mutual inhibition, but the effect of unlabeled T
3
 on T

4

uptake was somewhat larger than that of unlabeled T
4
, probably because of the higher

free T
3
 concentration in medium with 0.1% BSA. Together these findings are consistent

with the idea that T
3
 and T

4
 share the same transporter in cardiac cells. Studies with

cultured anterior pituitary cells also suggested a common carrier for uptake of T
3
 and

T
4
 (Everts et al., 1994). This is different from the situation in the liver, where separate

carriers presumably are involved in uptake of T
3
 and T

4
 (Krenning et al., 1981).

These differences suggest that thyroid hormone uptake is regulated in a tissue-specific

manner, which may significantly influence total thyroid hormone bioactivity (Everts

et al., 1996a; Hennemann et al., 1998, 2001).

The H9c2(2-1) cell line is frequently used as a model for cardiac myocytes (Eckel,

1996; Brostrom et al., 2000; Wayman et al., 2001). However, the ability of the cells

to form multinucleated tubes is a skeletal muscle rather than a cardiac muscle

characteristic (Kimes & Brandt, 1976; Hescheler et al., 1991). Nevertheless, the

morphological characteristics and several elements of the electrical and hormonal

signaling pathway are similar to those of embryonic and adult cardiomyocytes,

respectively (Hescheler et al., 1991). An active transport mechanism has also been

described for the uptake of T
3
 in intact rat skeletal muscle (van Hardeveld & Kassenaar,

1978; Pontecorvi & Robbins, 1986) and in a skeletal muscle cell line (Pontecorvi et

al., 1987); a mechanism that is dependent on the Na+ gradient (Centanni & Robbins,

1987). In agreement with our study in cardiomyocytes where Na+ dependency was
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also evaluated by substituting Na+ with choline (van der Putten et al., 2001), T3 uptake

in H9c2(2-1) cells was Na+ independent. Thus, based on Na+-independency, the

differentiated H9c2(2-1) cells exhibit a cardiac like T
3
 transport mechanism.

Previously, we showed that Trp inhibited T3 uptake and suggested that amino acid

transport system T may be an accessory transport system in the uptake of thyroid

hormones in heart (Everts et al., 1996b; van der Putten et al., 2001). In H9c2(2-1)

cells, Trp also inhibited the uptake of T3, supporting this idea. Moreover, the effect of

Trp on T
3
 uptake was comparable to the effect of unlabeled T

3
: 69% and 73% in

myoblasts, 49% and 60% in myotubes, respectively. In general, incubations with

excess unlabeled T
3
 distinguish membrane-associated T

3
 from that translocated across

the plasma membrane by a specific mechanism (Cheng, 1983; Pontecorvi & Robbins,

1986; van der Putten et al., 2001). Thus, it seems that Trp inhibits specific T
3
 uptake

in H9c2(2-1) cells. Trp also inhibited the uptake of T
4
 to the same extent as that of T

3

(71% and 69%, respectively). When compared to the inhibition by unlabeled T
4
 (33%),

the effect of Trp was higher (71%), but comparable to the inhibitory effect of unlabeled

T
3
 on T

4
 uptake (60%). These findings further support the idea that T

4
 and T

3
 share a

common mechanism, in which amino acid transport system T may play a role. Recently,

a novel member of this system, called TAT1, has been identified (Kim et al., 2001).

When expressed in Xenopus laevis oocytes, TAT1 did not induce uptake of T
3
 or T

4

(Kim et al., 2001). In addition to TAT1, a number of transporters belonging to different

families have been identified as potential thyroid hormone transporters (Hennemann

et al., 2001). It is possible that some of these transporters are involved in thyroid

hormone transport into the heart.

T
3
 and T

4
 significantly increased the fusion index at day 9, indicating that the T

3

and T
4
 uptake mechanisms are important for the availability of thyroid hormones

during differentiation. Although actions of T
4
 on differentiation have been described

(Brik & Shainberg, 1990; Nakashima et al., 1998a, 1998b), it is generally thought

that T
3
 and not T

4
 is the main regulator of such processes. The affinity of T

4
 for the

nuclear T
3
 receptor is one-tenth that of T

3
 (Muñoz & Bernal, 1997). The effects on

differentiation of the H9c2(2-1) cells were examined under conditions in which the

free T
4
 concentration was 7-fold higher than that of T

3
 i.e. 1.5 and 0.2 nM, respectively.

Thus, theoretically T
4
 may have stimulated differentiation of the H9c2(2-1) cells by

association with the nuclear T
3
 receptor. If T

4
 not by itself induces differentiation, it
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should be deiodinated to T3 to allow binding to the nuclear T3 receptor. We found a

small DI activity in myoblasts and myotubes of the H9c2(2-1) cells, that was around

1% of the activity in rat liver. This is consistent with the findings of Mori et al.

(1991), who reported DI activity in neonatal rat cardiomyocytes. In a recent study of

Sabatino et al. (2000) DI activity in rat and human heart was measured. The values

were comparable, and amounted to around 1% of DI activity in rat liver. Although DI

converts T4 into T3, it is supposed to play a minor role in the local production of T3

(Visser, 1996). Local T
3
 production is primarily mediated by DII (Visser, 1996), but

we could not detect DII activity in H9c2(2-1) myoblasts. Studies on the presence of

DII have only been performed in adult heart. DII mRNA was found in human, but not

in rat heart (Croteau et al., 1996). While Naumann et al. (1994) could not detect DII

activity in rat heart, Sabatino et al. (2000) found a low DII activity in human and rat

heart.

In summary, the H9c2(2-1) cell line provides a useful model system for examination

of thyroid hormone uptake in cardiac cells. Uptake of T
3
 and T

4
 is regulated by a

specific and energy-dependent mechanism, and it appears that T
3
 and T

4
 share a

common transport mechanism in H9c2(2-1) cells. Furthermore, the ability of both T
3

and T
4
 to induce differentiation suggests that the thyroid hormone uptake mechanisms

are important for the availability of thyroid hormones during further development.

Another potential application of our study is the therapeutic approach to target the

heart with T
3
, T

4
 or analogs (Klein & Ojamaa, 2001; Verhoeven et al., 2002), since a

failing heart recapitulates the fetal profile of gene expression (Klein & Ojamaa, 2001;

Sussman, 2001).
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5.1 Abstract

In heart and other organs, thyroid hormones cross the plasma membrane by a specific energy-

dependent transport system, referred to as thyroid hormone transport protein. The structure of

this protein has not yet been characterized. We micro-injected Xenopus laevis oocytes with

mRNA isolated from neonatal and adult rat heart to induce expression of the putative cardiac

thyroid hormone transport protein and subsequently, to examine thyroid hormone uptake. In

parallel, oocytes were injected with rat liver mRNA and tested for T
3
 uptake. Injection of

neonatal or adult heart mRNA did not result in stimulation of T
3
 uptake, whereas oocytes

injected with liver mRNA showed a 1.2-fold induction of T
3
 uptake. The presence of 0.5%

BSA did not result in a higher induction of T
3
 uptake by the mRNAs, but total T

3
 uptake

relative to the free T
3
 concentration was increased by BSA. Size-fractionation seemed to

improve the results, but the induction observed after injection with size-fractionated neonatal

heart mRNA was low (1.1-fold). Moreover, some fractions reduced T
3
 uptake compared to

uninjected and water-injected oocytes. Finally, the use of an alternative ligand, T
3
 sulfamate

(T
3
NS), diminished the background, but there was no detectable stimulation of T

3
NS

 
uptake

in oocytes injected with heart mRNA. In contrast, injection of liver mRNA resulted in a 6- to

7-fold induction of 10 and 100 nM T
3
NS uptake, respectively.

In conclusion, injection of oocytes with mRNA isolated from neonatal or adult rat heart did

not result in stimulation of T
3
 or T

3
NS uptake. The results obtained with injection of liver

mRNA were comparable to those previously reported. We conclude that this expression cloning

method using Xenopus laevis oocytes can be used for the characterization of a liver thyroid

hormone transport protein, but is less attractive for characterization of such a protein in heart.

Key words: thyroid hormone transport, oocytes, expression cloning, mRNA
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5.2 Introduction

Heart function is regulated by hemodynamic (Klein et al., 1992; Ojamaa et al., 1996)

and humoral factors, of which thyroid hormones are most extensively studied

(Dillmann, 1990; Polikar et al., 1993; Klein & Ojamaa, 2001). Thyroxine (T
4
) is

synthesized and produced by the thyroid gland. T
4
 is relatively inactive and is converted

to T3, the biologically active hormone (Visser, 1988). This conversion mainly takes

place in the liver. T
3
 mediates, via specific nuclear receptors, transcription of mRNAs

encoding cardiac specific proteins e.g. myosin heavy chain isoforms (Ojamaa & Klein,

1993) and sarcoplasmic reticulum Ca2+-ATPase (Muller et al., 1997). Furthermore,

T
3
 induces, without nuclear receptor involvement, uptake of fatty acids (Blennemann

et al., 1992), glucose (Segal, 1989; Segal & Ingbar, 1990) and calcium (Warnick et

al., 1988), thereby improving cardiac efficiency and contractile function (Liu et al.,

1998). The intracellular actions of T
3
 require transport across the plasma membrane.

Studies in cultured neonatal cardiomyocytes suggested that T
3
 uptake occurs via an

energy-dependent carrier-mediated mechanism (Everts et al., 1996; van der Putten et

al., 2001; Verhoeven et al., 2001). Such a mechanism has also been described for

other cell types e.g. hepatocytes (Rao et al., 1976; Krenning et al., 1979; Pardridge &

Mietus, 1980; Blondeau et al., 1988; Weisiger et al., 1992; de Jong et al., 1994;

Kragie, 1994; Hennemann et al., 2001). However, the recent review by Hennemann

et al. (2001) provided information about the possible molecular characteristics of

these plasma membrane transport mechanisms.

For a number of uptake mechanisms, functional transporters have been cloned

with an expression cloning strategy using Xenopus laevis oocytes. These include

transporters for amino acids (Palacín et al., 1990), and organic anions (Wolkoff, 1996),

substrates of which the molecular structure is comparable to that of T
3
. Therefore,

Docter et al. (1997) adopted this technique to identify the thyroid hormone transport

protein in liver. Injection of oocytes with a 0.8-2.1 kb fraction of liver mRNA resulted

in a rapid stimulation of saturable, Na+-dependent T
3
 transport, indicating the presence

of a T
3
 transporter. In addition, they showed that stimulation of the uptake of T

3

sulfamate (T
3
NS), a less lipophilic hormone, was comparable to that of T

3
. Moreover,

the background in these experiments was low due to a negligible uptake of T
3
NS in

native oocytes (Friesema et al., 1999). Based on similarities between the results of
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cell physiological studies with hepatocytes and cardiomyocytes, we decided to further

investigate the transport of T
3
 in heart using the expression cloning strategy. We injected

oocytes with neonatal or adult rat heart mRNA or size-fractionated neonatal mRNA

and examined uptake of T3 and T3NS. For validation of the method and comparison

with previous studies of Docter et al. (1997), oocytes were also injected with rat liver

mRNA, and uptake of T
3
 and T

3
NS was measured.

5.3 Materials and methods

Animals

Male adult Wistar rats, body weight 300 g, and 3-day old Wistar rats, of both sexes,

were obtained from laboratory stock (Utrecht University, The Netherlands). Adult

rats were killed by cervical dislocation, 3-day old rats were killed by decapitation.

Hearts and livers were quickly dissected and frozen in liquid nitrogen. Two to 3-yr

old Xenopus laevis were obtained from Amrep (Breda, The Netherlands) and

maintained as described previously (Docter et al., 1997; Friesema et al., 1998). Under

MS-222 anesthesia (Sigma, St. Louis, MO, USA; 1 g/l 3-aminobenzoic acid ethyl

ester, in tap water) and hypothermia, ovarian fragments were removed for isolation

of oocytes (Docter et al., 1997).

Materials

Unlabeled T
3
 was obtained from Henning Berlin (Berlin, Germany), bovine serum

albumin (BSA) fraction V and 1 g/l MS-222  from Sigma. [125I]T
3
 (74 TBq/mmol)

was purchased from Amersham (Amersham, UK). [125I]T
3
NS and T

3
NS were prepared

and purified as described previously (Mol & Visser, 1985).

mRNA preparation

We used a commercial mRNA isolation kit (Stratagene, La Jolla, CA, USA) for

isolation of mRNA from heart and liver tissue. To isolate mRNA from hearts, 1 g

deep-frozen material was pulverized in a mortar, disrupted with an ultra-turrax blender

(IKA-Werke, Staufen, Germany) in guanidinium isothiocyanate buffer supplemented

with β-mercaptoethanol and finally homogenized in the same buffer using a Potter-

Elvejhem device (Heidolph RZR 2020, Schwabach, Germany) equipped with a glass
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pestle. Livers were directly homogenized in the guanidinium isothiocyanate buffer

supplemented with β-mercaptoethanol. After homogenization, the protein precipitate

was removed by centrifugation, and mRNA was bound to oligo(deoxythymidine)-

cellulose (oligodT). After rinsing the mRNA-oligodT mixture, mRNA was eluted

with elution buffer at 65 °C. For size-fractionation of neonatal heart mRNA, 75 µg

mRNA in water was heated to 65 °C for 5 min and then loaded on a linear 6-20% (wt/

vol) sucrose gradient containing 15 mM piperazine-N,N´[2-ethanesulfonic acid]

(PIPES) (pH 6.4), 5 mM Na
2
-EDTA, and 0.25% (wt/vol) Sarkosyl. The gradient was

centrifuged for 19 h at 4 °C at 80,000 × g in a Beckman SW 41 rotor (Beckman, Palo

Alto, CA, USA). Subsequently, 0.7 ml fractions were collected from the bottom of

the tube. Total and size-fractionated mRNA was precipitated with 0.3 M sodium

acetate pH 5.2 in ethanol (Sambrook et al., 1989), and resuspended in sterile water.

The concentration of mRNA was measured spectrophotometrically (wavelength 260

nm). mRNA was stored at –80 °C at a concentration of 1 µg/µl. The integrity of the

mRNA was checked by electrophoresis of 1 µg mRNA on a 1.0 % agarose gel, stained

with ethidium bromide, which was also used for estimation of size-fractions of neonatal

rat heart mRNA. Each fraction contains a maximum concentration of one size of

mRNA (mRNA
max

) with gradually lower concentrations of smaller and larger species

of mRNA, extending about 0.6 kb on each side of the mRNA
max

.

Oocyte isolation and mRNA injection

Oocytes were prepared as described previously (Docter et al., 1997). After a 3-h

collagenase B (2 mg/ml; Roche, Mannheim, Germany) treatment, oocytes were

selected manually using morphological criteria, such as size, pigmentation, and absence

of follicular layer debris. Healthy-looking stage V-VI oocytes (Dumont, 1972) were

transferred to six-well tissue culture plates and incubated overnight at 18 °C in modified

Barth’s solution (88 mM NaCl, 1 mM KCl, 0.82 mM MgSO
4
, 0.4 mM CaCl

2
, 0.33

mM Ca(NO
3
)

2
, 2.4 mM NaHCO

3
, 10 mM HEPES (pH 7.4)), containing 20 IU/ml

penicillin, and 20 µg/ml streptomycin. The day after isolation, oocytes were injected

with 23 ng mRNA in 23 nl water or with water alone, using the Nanoject system

(Drummond, Broomall, PA, USA). Injected and uninjected (native) oocytes were

kept at 18 °C for 4 days in modified Barth’s solution, with a daily change of medium.
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Uptake assays in oocytes

Experiments were performed as described previously (Docter et al., 1997). Ten oocytes

were incubated for 1 h at 25 °C in 100 µl incubation medium (100 mM NaCl, 2 mM

KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM Tris, pH 7.5)

supplemented with 0.5% BSA (as indicated in figure legends), and to which 10 - 100

nM T
3
 and 4×105 cpm [125I]T

3 
, or 10 - 100 nM T

3
NS and 4×105 cpm [125I]T

3
NS  was

added. We assessed Na+-dependency of the uptake by substituting NaCl by choline

chloride on a mole-for-mole basis in the incubation medium. After 1 h, incubation

was terminated by aspiration of the incubation medium, followed by washing four

times with 2.5 ml ice-cold Na+-containing incubation medium supplemented with

0.1% BSA. Oocytes were transferred to new tubes and analyzed individually in a γ-

counter (Nuclear Enterprise, Edinburgh, UK). The amount of [125I]T
3
 and [125I]T

3
NS

associated with the oocytes was expressed as fmol/oocyte/h.

Statistics

Data are presented as means ± SEM. Statistical significance was evaluated by one-

way ANOVA, followed by Student’s t-test, or paired t-test where appropriate. Statistical

significance was accepted at P < 0.05.

5.4 Results

Uptake experiments

According to Docter et al. (1997), incubations were performed in medium without

BSA. Fig. 1 shows the  results of T
3
 uptake (100 nM) by uninjected oocytes, water-

injected oocytes and oocytes injected with mRNA isolated from liver, adult heart

(AH) and neonatal heart (NH). Oocytes injected with liver mRNA (L) showed an

1.2-fold increase in T
3
 uptake compared to water-injected controls (P < 0.05). T

3

uptake was not induced after injection with adult heart mRNA or neonatal heart mRNA.

Uptake of T
3
 was not altered by replacement of Na+ in the medium with choline

(results not shown). Note that there is a significant amount of T
3
 uptake in uninjected

oocytes: 65.4 fmol/oocyte/h.

In our previous studies with cultured neonatal cardiomyocytes, T
3
 uptake was

examined in the presence of 0.5% BSA to mimic physiological conditions (Everts et
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Figure 1 Uptake of T
3
 by uninjected oocytes (—) and oocytes injected with water, or 23 ng

liver (L), adult heart (AH) or neonatal (NH) mRNA. Four days after injection, oocytes were

incubated for 1 h at 25 °C in medium supplemented with 100 nM [125I]T
3
. Data are presented

as means ± SEM of 4 to 5 experiments. *: P < 0.05 liver mRNA vs. water-injected oocytes.

al., 1996; van der Putten et al., 2001; Verhoeven et al., 2001). Fig. 2 shows the results

of T
3
 uptake by uninjected and injected oocytes incubated in medium supplemented

with 0.5% BSA. In the presence of 0.5% BSA, uptake of T
3
 by oocytes injected with

adult (AH) or neonatal heart mRNA (NH) was not increased. On the other hand,

parallel incubations with oocytes injected with liver mRNA (L) resulted in an increase

from 5.5 ± 0.4 fmol/oocyte/h in uninjected oocytes and 5.3 ± 0.3 fmol/oocyte/h in

water-injected oocytes to 6.2 ± 0.5 fmol/oocyte/h. Actually, incubations in the presence

of 0.5% BSA resulted in around 10-fold lower total T
3
 uptake values in uninjected,

water-injected and mRNA injected oocytes. However, when the data were analyzed

relative to the free T
3
 concentration, incubations with 0.5% BSA resulted in 2.8 to

3.6-fold higher uptake values in all oocytes examined independent of injected RNA.

Previous studies showed that size-fractionation of liver mRNA on a 6-20% sucrose

gradient resulted in enrichment of mRNAs inducing T
3
 uptake (Docter et al., 1997).

In Fig. 3 the results of size-fractionation of neonatal heart mRNA are shown. After

fractionation, mRNA with a size of 0.8 – 2.0 kb (fraction c) showed an 1.1-fold

stimulation of T
3
 uptake, compared to uninjected oocytes and water-injected oocytes.
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Figure 2 Uptake of T
3
 in presence of 0.5% BSA by uninjected oocytes (—) and oocytes

injected with water, or 23 ng liver (L), adult heart (AH) or neonatal (NH) mRNA. Four days

after injection, oocytes were incubated for 1 h at 25 °C in medium supplemented with 100 nM

[125I]T
3
 and 0.5% BSA. Data are presented as means ± SEM of 2 to 3 experiments.
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Figure 3 Uptake of T
3
 by oocytes injected with size-fractionated neonatal heart mRNA. Four

days after injection, injected oocytes were incubated for 1 h at 25 °C in medium supplemented

with 10 nM [125I]T
3
. In parallel incubations, uptakes in uninjected- and water injected-oocytes

were examined. Data are presented as means ± SEM of 10 observations from a representative

experiment. Size ranges of mRNA fractions: a, 2.3-3.5 kb; b, 1.6-2.8 kb; c, 0.8-2.0 kb; d, 0.5-

1.7 kb; e, 0.3-1.5 kb.



Expression cloning of the cardiac T
3
 transport protein

109

__ water L

T
3N

S
 u

pt
ak

e 
(f

m
ol

/o
oc

yt
e/

h)

0

10

20

30

40

__ water AH

A B∗

Figure 4 Uptake of T
3
NS by uninjected oocytes (—) and oocytes injected with water or 23 ng

liver (L) mRNA (A) or adult heart mRNA (B). Four days after injection, oocytes were incubated

for 1 h at 25 °C in medium containing 100 nM [125I]T
3
NS. Data are presented as means ± SEM

from 7 and 3 experiments, respectively. *: P < 0.001 liver mRNA vs. water-injected oocytes.
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Figure 5 T
3
NS uptake in uninjected oocytes and oocytes injected with water or 23 ng liver

mRNA (A) or neonatal heart mRNA (B). Four days after injection, oocytes were incubated

for 1 h at 25 °C in medium containing 10 nM [125I]T
3
NS. Data are presented as means ± SEM

of 10 observations from a single experiment. *: P < 0.001 liver mRNA vs. uninjected and

water-injected oocytes.
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The other four mRNA size-fractions a, b, d and e showed lower uptake values compared

to uninjected and water-injected oocytes.

We examined T
3
NS uptake (100 nM) in the absence of BSA in oocytes injected

with liver (L) (Fig. 4a) or adult heart mRNA (AH) (Fig. 4b). T3NS uptake by uninjected

or water-injected oocytes was 14.5 and 12.6-fold lower, respectively, compared to

the uptake of T
3
 in these oocytes (see Fig. 1). T

3
NS uptake was increased from 4.5 ±

0.5 fmol/oocyte/h in uninjected oocytes and 4.8 ± 0.6 fmol/oocyte/h in water-injected

oocytes up to 34.2 ± 7.8 fmol/oocyte/h (P < 0.001, n=7) after injection of liver mRNA

(L) (Fig. 4A), whereas no increase of T
3
NS uptake was found after injection of adult

heart mRNA (5.0 ± 0.3 in uninjected oocytes, 5.5 ± 0.5 fmol/oocyte/h in water-injected

oocytes and 5.0 ± 0.5 fmol/oocyte/h in adult heart mRNA-injected oocytes) (n=3,

Fig. 4B). Comparable experiments were performed with a 10-fold lower concentration

of T
3
NS (Fig. 5). Again, oocytes injected with liver mRNA showed a marked rise in

T
3
NS uptake (6.2-fold compared to uninjected and water-injected oocytes, P < 0.001,

n=10 observations from a single experiment) (Fig. 5A). Furthermore, the results of

injection with neonatal heart mRNA are shown in Fig. 5B, and were not different

from uptake observed in uninjected and water-injected oocytes.

5.5 Discussion

The present study was conducted to characterize the molecular structure of a putative

cardiac thyroid hormone transport protein. We adopted an expression cloning strategy

to express this protein in Xenopus laevis oocytes using neonatal, adult rat heart mRNA

and fractions of neonatal heart mRNA, followed by examination of T
3
 and T

3
NS

uptake. Injection of neonatal or adult heart mRNA in oocytes did not result in a

stimulation of T
3
 or T

3
NS uptake. In contrast, after injection of rat liver mRNA, both

T
3
 and T

3
NS uptake were significantly increased.

Absence of induction of T
3
 uptake after injection of neonatal or adult heart mRNA

was not expected. First, our previous studies clearly suggest the presence of a specific

carrier-mediated mechanism for T
3
 uptake in neonatal heart (Everts et al., 1996; van

der Putten et al., 2001; Verhoeven et al., 2001), which was also established in other

cell types including hepatocytes (Kragie, 1994; Hennemann et al., 2001). Incubation

of rat hepatocytes with a monoclonal antibody raised against a plasma membrane
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protein with a Mr of 55 kDa inhibited T3 and T4 uptake in rat liver cells (Mol et al.,

1986). In addition, this coincides remarkably with the observation that two membrane

associated proteins with a Mr of 53 and 55 kDa, respectively, were sensitive to N-

bromoacetyl[125I]T3 affinity labeling in cultured mouse fibroblast (Cheng, 1983b), a

cell type shown to exhibit carrier-mediated T
3
 uptake (Cheng, 1983a). Thus, it was

concluded that liver expresses a protein involved in thyroid hormone transport. The

next step involved characterization of the mRNA encoding this protein by expression

of liver mRNA in Xenopus laevis oocytes and examination of T
3
 and T

3
NS uptake

(Docter et al., 1997; Friesema et al., 1999). This procedure was repeated in the present

study and we obtained comparable values for uptake after injection of liver mRNA.

In addition, these experiments proved the validity of the method. Second, in a recent

study of Vasilets et al. (2001) oocytes were injected with RNA isolated from rat heart

leading to functional expression of other cardiac proteins, i.e. the Na+,K+-ATPase

from the plasma membrane. This again shows that the Xenopus expression system

provides a valuable tool for identification of mRNAs and their products in particular

for transport proteins.

In our cell physiological studies, T
3
 uptake was examined in medium containing

0.5% BSA to mimic the in vivo situation in which almost all of the hormone is

associated with protein (Bartalena, 1990). In addition, it has been suggested that

albumin facilitates the uptake of thyroid hormones (Krenning et al., 1979; Pardridge

& Mietus, 1980). Overall, total T
3
 uptake in medium with albumin was lower than

that observed in medium without albumin, confirming the general agreement that

only the unbound T
3
 determines the rate of uptake (Docter & Krenning, 1990).

However, when the data were analyzed as function of the free T
3
 fraction, which is

2.5% in medium with 0.5% BSA (van der Putten et al., 2001), T
3
 uptake in presence

of albumin was higher compared to incubations without albumin, confirming the

suggested facilitating role of albumin. On the other hand, albumin prevents a significant

fraction of thyroid hormone from absorbing to assay tubes and pipette walls (Abumrad

et al., 1998). Despite these advantages, incubations of oocytes injected with neonatal

or adult heart mRNA in medium supplemented with 0.5% BSA did not improve the

results and thus, again no induction of T
3
 uptake was observed.

Docter et al. (1997) showed that size-fractionation of total liver mRNA resulted in

a larger increase in T
3
 uptake compared with injection of unfractionated liver mRNA.
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Furthermore, information on the size-range of mRNA stimulating T3 uptake may

lead to the characterization of the mRNA encoding the putative thyroid hormone

transport protein. When compared with the controls, size-fractionation of neonatal

heart mRNA resulted in a little or no increase of T3 uptake with mRNA fraction

ranging from 0.8 to 2.0 kb, a size in the range of the fraction of liver mRNA that most

clearly stimulated T
3
 uptake (Docter et al., 1997). Finally, injection of smaller and

larger fractions of neonatal mRNA resulted in a decrease of T3 uptake, of which the

functional implication remains to be established.

We (Docter et al., 1997; Friesema et al., 1999) observed a high amount of T
3

uptake by uninjected and water-injected oocytes, which is a major drawback, because

it masks the uptake expected after injection of mRNAs encoding exogenous transporter

proteins. The high background implicates that oocytes themselves exhibit thyroid

hormone transport mechanism. The structure of this mechanism has not yet been

identified, and attempts to find specific inhibitors for this mechanism were not yet

successful (Friesema et al., 1999). Because T
3
 is very hydrophobic and binds non-

specifically to any available surface, this will also mask uptake performed by a specific

mechanism (Lai et al., 1985). In a previous report, we showed that a high amount of

T
3
 (62%) was associated with the plasma membrane of isolated rat cardiomyocytes

(van der Putten et al., 2001). Similar findings were reported by others (Yusta et al.,

1988; Chehín et al., 1999). Water-solubility of lipophilic substances can be increased

by sulfate conjugation (Visser, 1988, 1994), which results in decreased non-specific

binding. Friesema et al. (1999) showed that uptake of sulfonated iodothyronines e.g.

T
3
NS resembles uptake of T

3
 by oocytes injected with liver mRNA and suggested the

involvement of a common transporter. Thus, examination of T
3
NS uptake seemed to

be an attractive approach. Our results show that uptake of T
3
NS is negligible in native

oocytes, but high in oocytes injected with liver mRNA. From this we can conclude

that mRNA is intact and translated to functional proteins. Unfortunately, no induction

of T
3
NS uptake was observed after injection of adult heart mRNA. Incubations of

oocytes with a lower T
3
NS concentration resulted in a similar picture: uptake was

induced after injection of liver mRNA, but not after injection of neonatal heart mRNA.

Together with the finding that we did not observe uptake of T
3
NS in neonatal rat

cardiomyocytes (unpublished results), we conclude that neonatal rat heart does not

express a transport protein for T
3
NS and thus, for our purpose T

3
NS is not a suitable
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alternative ligand in contrast to what seems the case for identification of liver thyroid

hormone transporters.

Finally, in this study we isolated mRNA from total rat heart and thus from all the

cell types present in heart. On a protein basis cardiomyocytes cover around 90% of

the heart. However, measured by cell numbers the cardiac fibroblast is the most

abundant cell type, covering two-third of the total cell population (Eghbali, 1992).

This suggests that the pool of mRNAs in our preparation is mainly derived from

cardiac fibroblasts. In addition, we have shown in a previous study that both cell

types transport T
3
, but the uptake of T

3
 expressed per µg protein is more than 10-fold

higher in cardiomyocytes than in cardiac fibroblasts (Verhoeven et al., 2001). Thus,

in total cardiac mRNA the abundance of the mRNA encoding the thyroid hormone

transport protein of the cardiomyocyte may be too low to induce significant uptake in

oocytes. Therefore, it would be interesting to examine thyroid hormone transport

activity of oocytes injected with mRNA isolated from cultured cardiomyocytes.

In summary, in this report we show that injection of oocytes with neonatal and

adult heart mRNA did not result in stimulation of T
3
 uptake, examined under various

conditions. This cannot be explained by failure of the method itself, because in parallel

incubations, oocytes injected with liver mRNA show a significant induction of T
3

uptake. Expression cloning in Xenopus laevis has also been applied for further

identification of cDNAs encoding e.g. amino acid transporters (Palacín et al., 1998),

one of the mechanisms we suggested in our previous studies to be involved in uptake

of thyroid hormones in heart (Everts et al., 1996; van der Putten et al., 2001). Other

interesting types of transporters which may be involved in thyroid hormone uptake in

heart, are the fatty acid transporters. Their role in cardiac thyroid hormone uptake is

subject of our current study.
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6.1 Abstract

We examined the hypothesis that rFAT, rat fatty acid translocase, mediates cellular uptake of

T
3
 and other iodothyronines. Uninjected Xenopus laevis oocytes and oocytes injected 4 days

previously with rFAT cRNA were incubated for 60 min at 25 C in medium containing 0.01-10

µM [125I]T
3 
and 0.1% BSA, or 1-100 µM [3H]oleic acid and 0.5% BSA. Injection of rFAT

cRNA resulted in an 1.9-fold increase in uptake of T
3
 (10 nM) and an 1.4-fold increase in

uptake of oleic acid (100 µM). Total T
3
 uptake was lower in the presence than in the absence

of BSA, but relative to the free T
3
 concentration uptake was increased by BSA. The fold

induction of T
3
 upake by rFAT was not influenced by BSA. By analyzing uptake as function

of the ligand concentration, we estimated a K
m
 value of 3.6 µM for (total) T

3
 and 56 µM for

(total) oleic acid. In addition to T
3
, rFAT also mediates uptake of T

4
, rT

3
, 3,3’-diiodothyronine

and T
3
 sulfate. Injection of human type III deiodinase cRNA with or without rFAT cRNA

resulted in the complete deiodination of T
3
 taken up by the oocytes, indicating that it is indeed

transported to the cytoplasm. In conclusion, our results demonstrate transport of T
3
 and other

iodothyronines by the rat fatty acid translocase.

Key words: expression cloning, iodothyronines, oleic acid, oocytes, uptake
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6.2 Introduction

Thyroid hormones, most importantly triiodothyronine (T
3
), induce a rise in cardiac

contractility and frequency (Polikar et al., 1993; Klein & Ojamaa, 2001). To meet the

energy requirements necessary for its work, the heart depends on uptake of fatty

acids (Neely & Morgan, 1974) for supplying around 70% of the energy demand,

while oxidation of carbohydrates such as glucose and lactate accounts for the remaining

30%. The contribution of fatty acids to cardiac energy production may change

depending on the subject’s activity or under pathological conditions. During

hyperthyroidism, fatty acid oxidation and the expression of uncoupling proteins (UCPs)

in the heart is enhanced (Paradies et al., 1996; Djouadi et al., 1997; Wrutniak-Cabello

et al., 2001). Van der Lee et al. (2000) showed that UCP expression in the heart is

regulated by thyroid hormones, though only in the presence of fatty acids. Fatty acid

synthesis in heart and other organs is also regulated by thyroid hormones (Blennemann

et al., 1995). Regulation of fatty acid oxidation and synthesis is initiated by binding

of T
3
 to the nuclear T

3
 receptors (Djouadi et al., 1997; Wrutniak-Cabello et al., 2001).

Yamamoto et al. (2001) showed that the binding of T
3
 to its receptors in nuclei isolated

from heart tissue is inhibited by fatty acids.

The above findings suggest multiple interactions between thyroid hormones and

fatty acids in the heart. The intracellular action and utilization of thyroid hormones

and fatty acids in the heart require the transport of these compounds across the plasma

membrane of the cardiomyocyte. For uptake of fatty acids, three types of transport

proteins have been identified: fatty acid transport protein (FATP), plasma membrane

fatty acid binding protein (FABPpm) and fatty acid translocase (FAT) (Glatz & van

der Vusse, 1996; Abumrad et al., 1999; Frohnert & Bernlohr, 2000).  FAT expression

is abundant in adipose tissue, skeletal muscle and heart (Abumrad et al., 1999; van

Nieuwenhoven et al., 1999; Pelsers et al., 1999), and in the latter tissue FAT was

documented in vivo to facilitate a major fraction of fatty acid uptake (Coburn et al.,

2000; Yoshizumi et al., 2000).  FAT mRNA is upregulated when fatty acid utilization

increases (Greenwalt et al., 1995). Furthermore, muscle contraction is acutely

associated with translocation of FAT from intracellular sites to the plasma membrane

(Bonen et al., 2000).

FAT is an 88 kDa integral membrane protein, which presumably has two membrane-
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spanning regions. In humans, FAT is identical to the cell surface antigen CD36

(Abumrad et al., 1993). In addition to fatty acid uptake, FAT/CD36 has been implicated

in the binding of plasma lipoproteins and anionic phospholipids (Abumrad et al.,

1999). For thyroid hormones, no cardiac transport protein has yet been identified,

although we (Everts et al., 1996; van der Putten et al., 2001a; Verhoeven et al., 2001)

and the group of Rosic et al. (2001) have shown that cardiomyocytes exhibit a specific

mechanism for the uptake of T3. Other groups reported on the existence of such

mechanisms in other cell types, including liver cells (Kragie, 1994; Hennemann et

al., 2001). Interestingly, in liver cells, non-esterified fatty acids inhibit thyroid hormone

uptake (Lim et al., 1993). In addition, FAT antisense mRNA expression in rat

preadipocytes is associated with reduced FAT protein levels, decreased fatty acid

uptake and, moreover, inhibition of the effect of T
3
 on the differentiation of these

cells to adipocytes (Sfeir et al., 1999). These observations and the high abundance of

FAT in heart prompted us to test the hypothesis that FAT mediates the uptake of T
3
.

This appears an attractive hypothesis if it is considered that FAT transports (anionic)

fatty acids and that iodothyronines are ligands for different organic anion transporters

(Abumrad et al., 1999; Hennemann et al., 2001).

Xenopus laevis oocytes have been used successfully for the functional cloning of

cDNAs encoding several plasma membrane transporters (Hediger et al., 1987; Meier,

1996; Wolkoff, 1996; Palacín et al., 1998). We used this system to express rat FAT

(rFAT) cRNA to examine uptake of T
3 
and other iodothyronines, and compare this

with the uptake of oleic acid, a preferred fatty acid ligand for FAT.

6.3 Materials and methods

Animals

Two to 3-yr old Xenopus laevis were obtained from Amrep (Breda, The Netherlands)

and maintained as described previously (Docter et al., 1997; Friesema et al., 1998).

Under MS-222 anesthesia (Sigma, St. Louis, MO; 1 g/l 3-aminobenzoic acetic ethyl

ester, in tap water) and hypothermia, ovarian fragments were removed for the isolation

of oocytes (Docter et al., 1997).
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Materials

Iodothyronines were obtained from Henning (Berlin, Germany), oleic acid and bovine

serum albumin (BSA) (fraction V) from Sigma, and L-tryptophan (Trp) from Fluka

(Buchs, Switzerland). [125I]T3 (81.4 TBq/mmol) was purchased from NEN (Boston,

MA), and [125I]T
4
 (35.6 TBq/mmol), [9,10(n)-3H]oleic acid (296 GBq/mmol), and

[3H]Trp (1.11 TBq/mmol) from Amersham (Amersham, UK). All other 125I-labeled

iodothyronines were prepared as described previously (Mol & Visser, 1985).

RNA preparation

A 1.5 kb rFAT cDNA fragment was isolated from pSG5-rFAT (Greenwalt et al.,

1995) using EcoRI and XbaI (Promega, Leiden, The Netherlands), and subcloned

into the multiple cloning region of pGEM3Z, located in between the 5’- and 3’-

untranslated regions (including poly-A tail) of the Xenopus laevis β-globin gene

(Patient et al., 1983). Capped rFAT cRNA and human type III deiodinase (hD3)

(Salvatore et al., 1995) cRNA were prepared from the cDNA clones linearized with

NheI and XbaI (Promega), respectively, using the T7 RNA transcription kit (Epicentre,

Madison, WI). For capping the m7G[5’]ppp[5’]G cap analog was used (Epicentre).

cRNAs were stored in water at –80 C.

Oocyte isolation and RNA injection

Oocytes were prepared as described previously (Docter et al., 1997). After a 3-h

collagenase B (2 mg/ml; Roche, Mannheim, Germany) treatment, the isolated oocytes

were selected manually using morphological criteria such as size, pigmentation, and

absence of follicular debris. Healthy looking stage V-VI oocytes (Dumont, 1972)

were transferred to six-well tissue culture plates and incubated overnight at 18 C in

modified Barth’s solution (88 mM NaCl, 1 mM KCl, 0.82 mM MgSO
4
, 0.4 mM

CaCl
2
, 0.33 mM Ca(NO

3
)

2
, 2.4 mM NaHCO

3
, 10 mM HEPES, pH 7.4), containing 20

IU/ml penicillin, and 20 µg/ml streptomycin. The next day, oocytes were injected

with 23 nl water containing 4.6 ng rFAT cRNA and/or 2.3 ng hD3 cRNA using the

Nanoject system (Drummond, Broomall, PA). In experiments in which the uptake

was examined as a function of rFAT cRNA concentration, oocytes were injected with

23 nl water containing 1.2 to 9.2 ng cRNA. Uninjected oocytes were used as controls,

but similar results were obtained using water-injected oocytes (data not shown).
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Injected and uninjected oocytes were maintained for 3 to 4 days at 18 C in modified

Barth’s solution, with a daily change of medium.

Uptake

Uptake assays were performed as described previously (Docter et al., 1997). Four

days after injection, 8 to 10 oocytes were incubated in 100 µl incubation medium

(100 mM NaCl or 100 mM choline chloride, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2,

10 mM HEPES and 10 mM Tris, pH 7.5), supplemented with 4×105 cpm [125I]T
3
, 0.01

to 100 µM unlabeled T
3
 and 0.1% BSA, or 4×105 cpm [3H]oleic acid, 1 to 100 µM

unlabeled oleic acid and 0.5% BSA. Similarly, uptake of 10 nM 125I-labeled 3,3’-

diiodothyronine (3,3’-T
2
), T

4
 and rT

3
 was examined in medium with 0.1% BSA, and

that of 10 nM [125I]T3 sulfate (T
3
S) and 10 µM [3H]Trp in medium without BSA. The

ligand and BSA concentrations were adjusted using 5-fold concentrated stock solutions

of iodothyronine and oleic acid in medium with 0.5 or 2.5% (wt/vol) BSA, respectively.

To test the effect of albumin on T
3
 uptake, uninjected and injected oocytes were

incubated with 10 nM T
3
 with 0, 0.1 or 0.5% BSA. The free T

3
 fraction under these

conditions is 8% in the presence of 0.1% BSA, and 2.5% in the presence of 0.5%

BSA, as determined by equilibrium dialysis (van der Putten et al., 2001a). The fraction

of free or unbound fatty acid was calculated using a computer routine based on the

association constants for oleate:BSA binding determined by Richieri et al. (1993).

After 1 h, the incubation was terminated by aspiration of the incubation medium,

followed by washing of the oocytes 4 times with 2.5 ml ice-cold Na+-containing

incubation medium supplemented with 0.1% BSA. Oocytes were transferred to new

tubes and analyzed individually for 125I-activity in a γ-counter (Nuclear Enterprise,

Edinburgh, UK). For analysis of 3H-activity associated with the oocytes, individual

oocytes were transferred to scintillation vials and lysed in 0.2 ml 2% (wt/vol) SDS.

Subsequently, 4 ml scintillation fluid was added (Pico-fluor, Packard, Groningen,

The Netherlands), and the radioactivity was determined in a Tri-carb 2100TR liquid

scintillation analyzer (Packard).

Metabolism

Three days after injection, groups of 10 oocytes were incubated for 60 min at 25 C in

medium containing 10 nM (1.5 × 106 cpm) [125I]T
3
 and 0.1% BSA, as described above.
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Prior to preparation for HPLC analysis, groups of oocytes were counted for

radioactivity, providing uptake values comparable with individually analyzed oocytes.

For HPLC analysis, the oocytes were homogenized in 100 µl ice-cold methanol.

After centrifugation (15 min, 2500 × g, 4 C), 75 µl of the supernatant was mixed with

50 µl 0.02 M ammonium acetate (pH 4.0). 100 µl of the mixture was applied to a 4.6

× 250 mm Symmetry C18 column connected to an Alliance HPLC system (Waters,

Etten-Leur, The Netherlands), and eluted with a gradient of acetonitrile in 0.02 M

ammonium acetate (pH 4.0) at a flow of 1.2 ml/min. The proportion of acetonitrile

was increased in 15 min from 28% to 42%. The radioactivity in the eluate was

determined using a Radiomatic A-500 flow scintillation detector (Packard, Meriden,

CT).

Statistics and calculations

Data are presented as means ± SEM. Statistical significance was evaluated by repeated

measures ANOVA or t-test, where appropriate. Statistical significance was accepted

at P < 0.05.

6.4 Results

Initial experiments were carried out to confirm that rFAT, in our expression system,

induced uptake of oleic acid as reported by others (Abumrad et al., 1993; Ibrahimi et

al., 1996; Sfeir et al., 1999). Injection of rFAT cRNA increased uptake of oleic acid

(100 µM) in the presence of 0.5% BSA) by 1.4-fold compared with uninjected oocytes

(P < 0.05) (Fig. 1). Oleic acid uptake by uninjected and rFAT cRNA-injected oocytes

was not inhibited by replacement of Na+ in the medium with choline (data not shown),

indicating that oleic acid uptake is Na+ independent. Figure 1 also shows the uptake

of 10 nM T
3
 in presence of 0.1% BSA by uninjected and rFAT cRNA-injected oocytes.

rFAT cRNA-injected oocytes show an 1.9-fold induction of T
3
 uptake (P < 0.01),

which was also Na+ independent (data not shown). Note that, there is significant

uptake of T
3
 and oleic acid in uninjected oocytes.

Figure 2 shows that the uptake of 10 nM T
3
 in medium containing 0.1% BSA,

corrected for uptake in uninjected oocytes, was stimulated by injection of increasing

amounts of rFAT cRNA, reaching a near-maximum level after injection of 4.6 ng
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Figure 2 Induction of 10 nM [125I]T
3
 uptake by oocytes after injection with 1.2 – 9.2 ng rFAT

cRNA. Oocytes were incubated for 60 min at 25 C in medium supplemented with 0.1% BSA.

Data are presented as means ± SEM of 2-3 experiments and were corrected for uptake in

uninjected oocytes.
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Figure 1 Oleic acid uptake and T
3
 uptake in uninjected oocytes (black bars) and in oocytes

injected with 4.6 ng rFAT cRNA (white bars). Oocytes were incubated for 60 min at 25 C in

medium supplemented with 100 µM [3H]oleic acid and 0.5% BSA or 10 nM [125I]T
3
 and 0.1%

BSA. Data are presented as means ± SEM of 4 or 9 experiments, respectively. *) P < 0.05, vs.

uninjected oocytes; **) P < 0.01 vs. uninjected oocytes.
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Figure 3 Time-course of uptake of T
3
 (A) and oleic acid (B) by uninjected oocytes (open

circles) or oocytes injected with 4.6 ng rFAT cRNA (closed circles). Oocytes were incubated

for 5–60 min at 25 C in medium containing 10 nM [125I]T
3
 and 0.1% BSA or 75 µM [3H]oleic

acid and 0.5% BSA. Uptake induced by expression of rFAT cRNA was calculated by subtraction

of uptake in uninjected oocytes from that observed in injected oocytes (closed triangles). The

plotted lines show the result of a regression analysis of the data points using the linear function

y=ax. Data are the means ± SEM of 10 oocytes in a representative experiment (out of 3).
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cRNA (3.1 ± 0.2 fmol/oocyte/h). Injection of 2.3 or 4.6 ng rFAT cRNA induced

uptake of oleic acid (75 µM in the presence of 0.5% BSA) from 44.1 ± 0.9 (uninjected)

to 56.3 ± 4.3 and 68.5 ± 9.2 pmol/oocyte/h, respectively (n=2, data not shown). In all

further experiments 4.6 ng rFAT cRNA was injected per oocyte.

Figure 3 shows the uptake of 10 nM T
3
 in the presence of 0.1% BSA (A) and of 75

µM oleic acid in presence of 0.5% BSA (B) as a function of incubation time. Net

uptake was calculated by subtracting uptake values measured in uninjected oocytes

from that in rFAT cRNA-injected oocytes. Total and net uptake of T
3
 and oleic acid

was linear with incubation time for at least 60 min.

From Fig. 3, we chose an incubation-time of 60 min to measure unidirectional

uptake rates of T
3
 (Fig. 4A) and of oleic acid (Fig. 4B). T

3
 and oleic acid uptake

through endogenous transporter(s) was determined in parallel incubations with

uninjected oocytes. Uptake mediated by rFAT (white bars) was determined by

subtraction of the uptake in uninjected oocytes (black bars) from that in oocytes injected

with rFAT cRNA (hatched bars). rFAT-induced T
3
 uptake was saturable, with almost

complete inhibition of fractional T
3
 uptake at a ligand concentration of 10 µM.

Endogenous T
3
 uptake showed only partial saturation at 10 µM T

3
 (Fig. 4A). rFAT-

mediated oleic acid transport was also saturable, showing a 46% inhibition of fractional

oleic acid uptake at the highest ligand concentration tested (100 µM) (Fig. 4B). By

Lineweaver-Burk analysis of the rFAT-mediated T
3
 uptake as a function of the total

T
3
 concentration, we estimated an apparent K

m
 value of 3.6 µM. In terms of the free

T
3
 concentration, the apparent K

m
 value amounted to 0.28 µM. For (total) oleic acid,

the estimated K
m
 value was 56 µM. In the presence of 0.5% (75 µM) BSA, this

corresponds to a K
m
 value of 5 nM for unbound oleic acid. This value is in close

agreement with that determined for oleate uptake by several cell types (Abumrad et

al., 1999), by isolated rat heart giant sarcolemmal vesicles (Luiken et al., 1999) and

by CD36-transfected cells (Ibrahimi et al., 1996).

To test the effects of albumin on T
3
 uptake induced by rFAT, we incubated uninjected

oocytes and rFAT cRNA-injected oocytes with T
3
 in incubation medium with 0, 0.1

or 0.5% BSA. Figure 5A shows that increasing concentrations of BSA resulted in

lower T
3
 uptake values in both uninjected and rFAT cRNA-injected oocytes. However,

when uptake rates were expressed relative to the free T
3
 concentration (Fig. 5B),

incubations with 0.1 or 0.5% BSA resulted in 4- to 5-fold higher uptake values in
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Figure 4 Ligand concentration-dependent uptake of [125I]T
3
 (A) and [3H]oleic acid (B) by

uninjected oocytes (black bars) and rFAT cRNA (4.6 ng) injected oocytes (hatched bars).

Oocytes were incubated for 60 min at 25 C in medium containing 0.01–10 µM [125I]T
3
 and

0.1% BSA, or 1–100 µM [3H]oleic acid and 0.5% BSA. Uptake induced by expression of

rFAT cRNA was calculated by subtraction of uptake in uninjected oocytes from that observed

in injected oocytes (white bars). Data are expressed in % dose per oocyte/h and presented as

means ± SEM of 3 experiments.
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Figure 5 (A) Effects of BSA on [125I]T
3
 uptake by uninjected oocytes (black bars) and oocytes

injected with 4.6 ng rFAT cRNA (white bars) expressed in femtomoles per oocyte/h (A) or

femtomoles per nM free T
3
 per oocyte/h (B). Oocytes were incubated for 60 min at 25 C in

medium containing 10 nM [125I]T
3
 without or with 0.1 or 0.5% BSA. Data are presented as

means ± SEM of 4 experiments.
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both uninjected and rFAT cRNA-injected oocytes. Uptake of T3 in the presence of 0,

0.1 or 0.5% BSA was induced 1.7-, 1.8- and 1.8-fold, respectively, after injection of

rFAT cRNA.

To examine intracellular metabolism of T3, uninjected oocytes and oocytes injected

with rFAT cRNA and/or hD3 cRNA were incubated for 1 h at 25 C with 10 nM T
3
 and

0.1% BSA. Oocytes injected with hD3 cRNA alone showed similar T
3
 uptake as

uninjected oocytes (3.7 ± 0.3 vs. 3.5 ± 0.2 fmol/oocyte/h). Also, oocytes injected with

rFAT cRNA plus hD3 cRNA showed similar T
3
 uptake as oocytes injected with rFAT

cRNA alone (4.5 ± 0.3 vs. 4.7 ± 0.2 fmol/oocyte/h) (data not shown). Metabolism of
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Figure 6 HPLC chromatograms of oocyte lysate obtained from pools of 10 uninjected oocytes

(A) or, pools of 10 oocytes injected with 4.6 ng rFAT cRNA (B), 2.3 ng hD3 cRNA (C) or the

combination of rFAT cRNA and hD3 cRNA (D) after incubation for 60 min at 25 C with 10

nM [125I]T
3
 and 0.1% BSA. Retention times are 5.6, 8.8, and 10.9 min for 3’-T

1
, 3,3’-T

2
, and

T
3
, respectively.
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T
3
 taken up by uninjected and injected oocytes was analyzed by HPLC, and the results

are presented in Fig. 6. In oocytes injected with hD3 cRNA alone (Fig. 6C) or with

hD3 cRNA plus rFAT cRNA (Fig. 6D), all T
3
 taken up by these oocytes was converted

to 3’-T
1
, whereas in uninjected oocytes (Fig. 6A) and in oocytes injected with rFAT

cRNA alone (Fig. 6B), T
3
 was not metabolized.

Finally, uptake of T
3
, 3,3’-T

2
, rT

3
, T

4
 (in the presence of 0.1% BSA) and T

3
S (in

the absence of BSA) was determined in uninjected and rFAT cRNA-injected oocytes

(Fig. 7). Injection of rFAT cRNA resulted in an increased uptake of all iodothyronine

derivatives, which decreased in the order T
3
 > 3,3’-T

2
 > T

4
 ≈ T

3
S ≈ rT

3
. Uptake of Trp

was not increased by injection of rFAT cRNA (not shown), indicating that the rFAT-

induced increase in iodothyronine and fatty acid uptake was not due to a non-specific

effect on the oocyte cell membrane.
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Figure 7 Uptake of 10 nM 125I-labeled iodothyronines by uninjected oocytes (black bars) and

oocytes injected with 4.6 ng rFAT cRNA (white bars). Oocytes were incubated for 60 min at

25 C with 10 nM [125I]T
3
, [125I]3,3’-T

2
, [125I]rT

3
 or [125I]T

4
 and 0.1% BSA, or 10 nM [125I]T

3
S

without BSA. Data are the means ± SEM of 9-10 oocytes in a representative experiment (out

of 2).
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6.5 Discussion

This is the first report showing that a fatty acid transporter, rFAT, transports T
3
 and

other iodothyronines. Uptake of T3 is Na+-independent and shows saturation at

increasing ligand concentrations, with an estimated K
m
 value of 3.6 µM total T

3
 and

0.3 µM free T
3
. These values are well within the range of K

m
 values (1.5-7 µM) for

other transporters mediating T3 uptake after expression in oocytes (see below), although

these studies were carried out in the absence of BSA (Abe et al., 1996, 1999; Friesema

et al., 2001b; Hennemann et al., 2001). In addition, we confirmed that rFAT, when

expressed in Xenopus laevis oocytes, exhibits Na+-independent oleic acid transport,

as reported previously in other cell expression systems (Ibrahimi et al., 1996).

In addition to T
3
, rFAT also transports other iodothyronines, showing a substrate

preference for T
3
 > 3,3’-T

2
 > T

4
 ≈ rT

3
 as tested at 10 nM substrate concentration in the

presence of 0.1% BSA. Tested in the absence of BSA, T
3
S was also found to be

transported by rFAT. The free iodothyronine fractions in these experiments may be

approximated as 100% for T
3
S, 8% for T

3
 and 3,3’-T

2,
 3% for rT

3
, and 0.8% for T

4

(this study; Ref. (Everts et al., 1995). If the rFAT-mediated transport is considered

relative to the approximate free hormone concentration, the substrate preference

decreases in the order T
4
 ≈ T

3
 > 3,3’-T

2
 ≈ rT

3
 > T

3
S.

In addition to rFAT, various other transporters were shown to exhibit thyroid

hormone transport activity. These include 1) the Na+-dependent organic anion

transporter (NTCP), 2) members of the multi-specific Na+-independent organic anion

transporter (OATP) family, and 3) the L type heterodimeric amino acid transporter,

comprised of the human 4F2 heavy chain (h4F2hc) and the LAT1 or LAT2 light

chains (Hennemann et al., 2001). In agreement with our previous study in neonatal

rat cardiomyocytes showing that T
3
 uptake is Na+-independent (van der Putten et al.,

2001a), we show here that T
3
 transport mediated by rFAT is Na+-independent. Since

NTCP is a Na+-dependent transporter that is expressed exclusively in the liver, it does

not play a role in T
3
 uptake in the heart (Hagenbuch et al., 1991). Recently, Fujiwara

et al. (2001) cloned a novel human organic anion transporter OATP-E, which mediates

Na+-independent uptake of T
3
. The mRNA encoding OATP-E is present in heart and

various other tissues. The physiological relevance of thyroid hormone transport in

heart by OATP-E remains to be established. On the other hand, in one of our previous
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studies (van der Putten et al., 2001a), we showed that T3 uptake by neonatal

cardiomyocytes is not inhibited by sulfobromophthalein (BSP), which is a ligand for

OATP-E (Fujiwara et al., 2001).

Ritchie et al. (1999) and Friesema et al. (2001b) showed induction of T3 uptake by

the heterodimeric system L amino acid transporter (LAT) expressed in Xenopus laevis

oocytes. The presence of its subunits in heart tissue (Carsten et al., 2001) suggests

that this transporter plays a role in T3 uptake in heart. However, 2-amino-bicyclo[2,2,1]-

heptanecarboxylic acid (BCH), the specific system L ligand, has no effect on uptake

of T
3
 in neonatal rat cardiomyocytes. Therefore, we concluded that the system L

amino acid transporter is not involved in T
3
 uptake in neonatal heart (van der Putten

et al., 2001a). Because, T
3
 uptake in neonatal cardiomyocytes was partly reduced by

the aromatic amino acids, tryptophan and tyrosine (Everts et al., 1996; van der Putten

et al., 2001a), we proposed that amino acid transport system T could be an additional

uptake mechanism for T
3
 in these cells. Recently, a Na+-independent aromatic amino

acid transporter, TAT1, has been characterized which mediates uptake of tryptophan,

tyrosine and phenylalanine but not of T
4
 and T

3
 (Kim et al., 2001).

Thus, a number of transporters have been identified in heart, which are capable of

thyroid hormone transport in a Na+-independent manner. Results from our in vitro

cell studies suggest that LAT and rOATP-E are not responsible for T
3
 uptake in the

neonatal heart, but we cannot exclude that the results will be different in myocytes

from adult rat heart. Furthermore, yet unidentified members of these transporter

families may be present in heart and exhibit T
3
 transport. The 1.9-fold increase in T

3

uptake after injection of oocytes with rFAT cRNA is somewhat higher than the

increases observed with other transporters characterized under the same conditions

in our laboratory, i.e. 1.7-fold for rNTCP (Friesema et al., 1999), 1.7-fold for rOATP1

(Friesema et al., 1999), and 1.5-fold for human LAT (Friesema et al., 2001b). Together

with the abundant expression of rFAT in rat heart (van Nieuwenhoven et al., 1999;

Pelsers et al., 1999), these results suggest that rFAT is an important transporter for T
3

uptake in the heart. However, the physiological relevance in vivo of rFAT and other

transporters for cardiac T
3
 uptake remains to be established. For rFAT, this question

may be addressed in animal models, in which FAT expression is impaired e.g. CD36/

FAT null mice (Coburn et al., 2000), and spontaneously hypertensive rats (SHR)

(Hajri et al., 2001). These models showed defective myocardial fatty acids uptake,
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whereas fatty acid uptake was increased in a transgenic mouse model with muscle-

targeted overexpression of FAT (Ibrahimi et al., 1999). In addition, CD36 deficiency

in humans may underlie defective myocardial fatty acids uptake and some cases of

heart disease (Yoshizumi et al., 2000). In addition to these models, the primary culture

of neonatal rat cardiomyocytes has proven to be an useful model in the examination

of thyroid hormone transport (Everts et al., 1996; van der Putten et al., 2001a;

Verhoeven et al., 2001). We will continue to examine the physiological relevance of

thyroid hormone uptake by fatty acid transport mechanisms in this model and in the

embryonic heart cell line H9c2 (Kimes & Brandt, 1976; van der Putten et al., 2001b).

We observed marked oleic acid uptake in uninjected oocytes which is explained

by the presence of endogenous fatty acid transporters (Pelsers et al., 1999). Similar

results were found for thyroid hormone uptake by native oocytes in the present and

earlier studies (Docter et al., 1997; Friesema et al., 1998). Attempts to find specific

inhibitors of these endogenous transporters to diminish the background were not

successful. Use of the water-soluble synthetic ligand, T
3
 sulfamate (T

3
NS), seemed to

be attractive, because it combines a low uptake in uninjected oocytes with a similarly

high induction as T
3
 itself after injection of rat liver mRNA (Friesema et al., 2001a).

Unfortunately, neonatal cardiomyocytes showed no uptake of this ligand (unpublished

results). Interestingly, also rFAT failed to transport T
3
NS (not shown). Therefore, we

decided to continue our studies with T
3
.

Albumin is one of the thyroid hormone-binding proteins in plasma (Bartalena,

1990). It has been shown that BSA facilitates uptake of thyroid hormones in isolated

rat hepatocytes (Krenning et al., 1979; Pardridge & Mietus, 1980). Our results show

no difference in fold-stimulation of T
3
 uptake induced by rFAT in the presence or

absence of 0.1 or 0.5% BSA. Furthermore, the results showed that total T
3
 uptake

decreased with increasing BSA, in agreement with the general notion that the unbound

hormone determines the rate of uptake (Docter & Krenning, 1990; Abumrad et al.,

1998). However, when we analyzed the data relative to the free hormone concentration,

which decreases with increasing concentration of BSA, T
3
 uptake was higher in

incubations with BSA than in incubations without BSA. These findings may be

explained as follows: with BSA present in the water-layer around the oocyte, the free

T
3
 concentration is buffered, providing a constant pool of T

3
 available for uptake.

Furthermore, addition of BSA prevents the loss of thyroid hormones and fatty acids
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by adsorption to assay tubes and pipette walls (Abumrad et al., 1998).

Finally, T
3
 uptake mediated by rFAT is linear during the first 60 min, suggesting

that uptake represents more than just binding of T
3
 to the plasma membrane.

Metabolism of T3 by an intracellular enzyme would represent unequivocal proof that

T
3
 enters the oocytes by rFAT expression on the cell membrane. T

3
 is not metabolized

by native oocytes and, thus, hD3 cRNA was injected to induce expression of a T
3
-

metabolizing enzyme in the oocyte. hD3 converts T3 initially to 3,3’-T2 and

subsequently to 3’-T
1
 (Visser, 1988). The results show that in oocytes injected with

rFAT plus hD3 cRNA or with hD3 cRNA alone, T
3
 is completely converted to 3’-T

1
,

whereas in oocytes injected with rFAT cRNA alone no conversion was observed.

Together with the finding that an increase in T
3
 uptake was only observed in oocytes

injected with rFAT cRNA, this indicates that T
3
 transport mediated by rFAT is

independent of the metabolic capacity of the oocyte and is rate- limiting for entry and

metabolism of T
3
.

In summary, this report shows that rFAT exhibits Na+-independent T
3
 uptake with

an estimated K
m
 of 3.6 µM total T

3
 and 0.28 µM free T

3
, which was further evidenced

by the complete conversion of T
3
 into 3’-T

1
. Furthermore, rFAT transports other

iodothyronines such as 3,3’-T
2
, T

4
, T

3
S and rT

3
. We also confirmed the function of

rFAT as a fatty acid transporter by inducing uptake of oleic acid. We are currently

examining the physiological implications of T
3
 uptake in heart via fatty acid transport

mechanisms in neonatal rat cardiomyocytes and H9c2 cells.
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This thesis describes cell physiological and molecular studies on the characterization

of thyroid hormone uptake in heart. In the preceding chapters the following issues

have been addressed: a) the characterization of thyroid hormone uptake, b) the effects

of T3, T4 and analogs on T3 uptake in embryonic and neonatal heart cells, c) the

functional expression of the putative cardiac thyroid hormone transport protein in

Xenopus laevis oocytes, and finally, d) examination of thyroid hormone transporting

properties of the fatty acid translocator (FAT).

7.1 T3 uptake

Similar to pituitary and liver cells (Kragie, 1994; Hennemann et al., 2001), T
3
 uptake

in neonatal cardiomyocytes is mediated by a temperature- and energy-dependent

mechanism (Chapter 2). In contrast to pituitary (Everts et al., 1993) and liver cells

(Krenning et al., 1981; de Jong et al., 1993), T
3
 uptake in neonatal cardiomyocytes

does not depend on the Na+ gradient over the plasma membrane. Furthermore, the

effects of the T
3
 metabolite Triac on T

3
 uptake in the cardiomyocytes were different

compared to those in pituitary cells; Triac inhibited T
3
 uptake in pituitary cells (Everts

et al., 1994b), but not in cardiomyocytes (Chapter 3).

Finally, we examined T
3
 uptake in the embryonic heart derived cell line H9c2(2-

1) (Chapter 4) and showed that the characteristics of T
3
 uptake resemble those of the

neonatal cardiomyocytes. When T
3
 was added to a similar free concentration as used

in the uptake studies, T
3
 stimulated fusion of the myoblasts, which is an indicator of

the degree of differentiation. Moreover, T
3
 uptake in myotubes was higher than in

myoblasts. This led us to conclude that T
3
 may play a role in the differentiation of the

embryonic heart cells.

7.2 T4 uptake

Studies in several other cell types report the presence of an energy-dependent T
4

uptake mechanism (Hennemann et al., 2001). However, this mechanism has not been

as extensively characterized as that for T
3
. In Chapter 2, we show that transport of T

4

across the plasma membrane of the cardiomyocytes increases with increasing

incubation temperature. In addition, T
4
 uptake was at least as high as that of T

3
. In
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Chapter 4, we extended our research to T4 uptake in the H9c2(2-1) cell line. T4 uptake

was energy-dependent, but not Na+ dependent. Furthermore, unlabeled T
3
 inhibited

T
4
 uptake to the same extent as unlabeled T

4
. Thus, cardiac cells exhibit a carrier-

mediated mechanism for the uptake of T4 that could be similar to that of T3. Inhibition

of T
4
 uptake by the amino acid tryptophan, indicates that amino acid system T may be

involved in cardiac T
4
 uptake. Finally, we hypothesized that T

4
 could play a role in

differentiation. Two observations support this hypothesis 1) T4 uptake was higher in

myotubes compared with myoblasts and 2) T
4
, when applied at a 7-fold higher free

concentration than T
3
, stimulated the fusion of the H9c2(2-1) cells to the same extent

as T
3
 (Chapter 4). It is generally thought that T

3
 and not T

4
 is the main regulator of

such processes. The affinity of T
4
 for the T

3
 nuclear receptor is one-tenth that of T

3

(Muñoz & Bernal, 1997). Thus, T
4
 should first be deiodinated to T

3
 to allow binding

to the nucleus and regulate gene transcription. This hypothesis is supported by the

following finding: myoblasts and myotubes exhibit a small deiodinase type I activity,

which was around 1% that in adult rat liver (Chapter 4)(Mori et al., 1991; Sabatino et

al., 2000). In conclusion, our studies indicate that the embryonic and neonatal heart

exhibits a T
4
 transport system, which may play an important role during differentiation.

Furthermore, we believe it is important to further characterize the T
4
 uptake mechanism

in other tissues and compare its properties with those found in heart.

7.3 Tissue-selective thyroid hormone uptake

Theoretical Model

In neonatal cardiomyocytes, T
3
 uptake is inhibited by T

4
, suggesting that the T

3
 uptake

mechanism accepts T
4
 as a ligand (Chapter 2). In the H9c2(2-1) cells, T

3
 uptake is

inhibited by T
4
 and vice versa (Chapter 4). Furthermore, T

3
 and T

4
 uptake showed a

similar dependency on the energy status in these cells. Finally, the group of Rosic et

al. (2001) compared T
3
 and T

4
 uptake in intact rat hearts and showed that the affinities

of the transport mechanisms for T
3
 and T

4
 were comparable. Thus, we conclude that

T
3
 and T

4
 uptake in heart cells is mediated by one carrier. In pituitary also one carrier

is present for the uptake of T
3
 and T

4
 (Yan & Hinkle, 1993; Everts et al., 1994a),

whereas in liver one mechanism for the transport of T
3
 in addition to a separate one

for the transport of T
4
 is found (Krenning et al., 1981). As suggested before (Everts et
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al., 1996; Hennemann et al., 2001), these observations support the idea that thyroid

hormone uptake is regulated in a tissue-specific manner (Figure 1), which allows

tissue-specific regulation of intracellular availability of thyroid hormones. Figure 1

also represents tissue-specific deiodinase activity. It is still a matter of debate whether

the heart is able to convert T4 into T3 (Mori et al., 1991; Nauman et al., 1994; Croteau

et al., 1996; Sabatino et al., 2000). We are currently exploring the presence of

deiodinases in the embryonic and neonatal cardiomyocytes.

Implications for treatment

Patients with heart disease may show profound changes in thyroid hormone

metabolism, characteristic for the low T
3
 syndrome or non-thyroidal illness (NTI)

Figure 1 Simplified diagram showing transport mechanisms in three tissues. Transporters are

indicated by different symbols. DI: deiodinase type I and, DII: deiodinase type II.
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(Hamilton & Stevenson, 1996; Gomberg-Maitland & Frishman, 1998; Klein &

Ojamaa, 2001). During NTI, the serum T
3
 concentration is reduced, while serum T

4
 is

usually normal and TSH levels do not rise (Docter et al., 1993). Docter and Krenning

(1990) suggested that inhibition of T4 uptake into the liver is responsible for the

diminished T
3
 production. Studies in which the effect of incubations with serum from

NTI patients on T
4
 uptake in hepatocytes was examined, supported this hypothesis

(Lim et al., 1994). Furthermore, it was shown that T4 uptake into the pituitary is

unaffected by serum of NTI patients. This could explain the absence of a stimulatory

effect on TSH secretion in NTI patients (Everts et al., 1995). Whether thyroid hormone

uptake in the heart in patients with NTI or cardiac disease is altered is not known.

From Figure 1, it may be concluded that in patients with heart disease or NTI no

changes occur with respect to cardiac thyroid hormone uptake similar to the situation

in the pituitary. However, the comparison made in this figure is based on the

physiological properties of the uptake systems and not on their molecular structures.

Therefore, studies concerning the functional cloning of genes encoding the thyroid

hormone transporters become even more relevant.

Tissue-specificity of iodothyronine uptake may provide the possibility to treat

patients with heart failure in such a way that cardiac contractile function is affected.

On the other hand, it has been suggested that the low T
3
 concentration of NTI is an

adaptive mechanism to save energy and to protect organ function (Docter & Krenning,

1990; Docter et al., 1993; Everts et al., 1996). Thus, it seems favorable to maintain

the low T
3
 concentration, until the patient has recovered from his disease. This is

further supported by the following observation: prolonged thyroid hormone

supplementation after coronary artery bypass surgery caused chronotropic and probably

deleterious effects (Spooner et al., 1999; Peters et al., 2000). This raises the question

whether thyroid hormone therapy should be recommended for patients with heart

failure (Spooner et al., 1999; Peters et al., 2000). In addition, thyroid hormone

administration after coronary artery bypass surgery did not reduce the need for

treatment with inotropic agents and the use of mechanical devices like a pacemaker

(Gomberg-Maitland & Frishman, 1998). On the other hand, in the early post-operative

period, T
3
 and T

4
 administration did improve cardiac function (Moruzzi et al., 1996;

Chowdhury et al., 1999; Mullis-Jansson et al., 1999). This may be ascribed to the

inotropic properties of T
3
 and T

4
. Therefore, research has focused on the development
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of thyroid hormone analogs with such properties e.g. DITPA, the propionic acid analog

of 3,5-T
2
 (Spooner et al., 1999). DITPA has been used to improve contractility of the

heart after infarction, up to now only in animals. We tested DITPA for its effect on

plasma membrane uptake of T3, and found that DITPA could inhibit T3 uptake in

neonatal cardiomyocytes. When DITPA was present during culture of the cells, its

effect was comparable to that of T
3
, suggesting a down-regulation of the T

3
 uptake

mechanism (Chapter 3). Unfortunately, the studies describing the effects of DITPA

in animals do not include effects on the liver or pituitary (Spooner et al., 1999).

Therefore, we cannot draw a conclusion with respect to tissue-specific regulation of

T
3
 uptake by DITPA. While DITPA has been developed as an analog with inotropic

properties, another analog, GC-1, has been developed based on its selective thyroid

hormone receptor binding properties (Trost et al., 2000). In addition to its to its T
3

receptor subtype selectivity, the authors suggested that the tissue-selective

thyromimetic effects effects of GC-1 may arise from a tissue-selective uptake (Trost

et al., 2000).

Finally, Triac is transported into the heart by a mechanism distinct from that of T
3

(Chapter 3). This observation is similar to what has been reported for the pituitary

(Everts et al., 1994b). Thus, the heart and pituitary may have a similar mechanism for

the uptake of Triac. Although, Triac did not inhibit T
3
 uptake in the heart (Chapter 3),

it  reduced T
3
 uptake in the pituitary (Everts et al., 1994b). This indicates that this

metabolite, which is used in the treatment of patients with thyroid cancer (Beck-

Peccoz et al., 1988; Sherman & Ladenson, 1992; Bracco et al., 1993; Sherman et al.,

1997), shows selectivity for thyroid hormone transport mechanisms. In addition, two

studies report on the marked differences between the effect of Triac and T
3
 on heart to

body weight ratio, Ca2+-ATPase and ß-myosin heavy chain (Liang et al., 1997;

Lameloise et al., 2001), the effect on liver parameters was similar. Discrepancies

with respect to the distinct affinity of Triac for the various nuclear receptor isoforms

and the presence of these receptors in heart and liver, assumes that the in vivo action

of Triac may also be the result from differences in cellular uptake (Lameloise et al.,

2001). In conclusion, these findings provide further support for the idea that compounds

with selective effects on plasma membrane thyroid hormone uptake can be generated,

and may have their application in clinical practice.
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7.4 Molecular basis for the cardiac thyroid hormone transporter

The model depicted in Figure 1 is based on the physiological properties of uptake.

The final proof of this model is the identification of the molecular structure of these

transporters. Chapter 5 describes the attempts we have made to characterize the

molecular structure of the cardiac thyroid hormone transporter by means of expression

cloning in Xenopus laevis oocytes. Unfortunately, injection of mRNA isolated from

rat heart in oocytes and subsequent examination of thyroid hormone uptake did not

result in increased thyroid hormone uptake as compared with native oocytes. In

contrast, comparable studies with tissue from liver did result in identification of

messengers inducing thyroid hormone transport (Docter et al., 1997). Moreover, the

group of Vasilets et al. (2001) showed that injection of cardiac mRNA results in

functional expression of proteins, suggesting that our negative results are not explained

by the improper expression of the mRNA. As discussed in Chapter 5, we cannot

exclude that amongst the pool of cardiac mRNAs the abundance of those encoding

the thyroid hormone transporter is too low to detect a sufficient stimulation of T
3

transport.

Since only a sufficient mRNA-induced increase in T
3
 uptake allows construction

and screening of a cDNA library, we choose to focus on the investigation of the role

of other transporters in cardiac thyroid hormone uptake. In addition, recent studies on

thyroid hormone uptake in liver revealed that amino acid transporters and organic

anion transporters may be responsible for part of the uptake of thyroid hormones into

the liver (Friesema et al., 1999, 2001a, 2001b). For reasons discussed in Chapter 6,

we conclude that these transporters are probably not involved in thyroid hormone

uptake in the heart. However, the idea that other multispecific transporters may play

a role in cardiac thyroid hormone transport is attractive. FAT is a multi-specific fatty

acid transporter, responsible for the major part of fatty acid uptake in heart (Coburn et

al., 2000; Yoshizumi et al., 2000). In Chapter 6, we examined the hypothesis that

FAT mediates the uptake of thyroid hormones and show that FAT induces Na+-

independent T
3
 uptake. The physiological relevance of FAT as a thyroid hormone

transporter remains to be established. This may be addressed in our primary cell

culture model of the neonatal rat cardiomyocytes. Animal models in which FAT

expression is impaired (Coburn et al., 2000) or induced (Ibrahimi et al., 1999) may
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also address this issue. Finally, it would be interesting to examine whether thyroid

hormone uptake is impaired in patients and animals with FAT deficiency (Yoshizumi

et al., 2000).

7.5 Future studies

While we were able to characterize many aspects of thyroid hormone uptake in heart,

some major questions remain unanswered. For example, is thyroid hormone uptake

altered in patients with heart disease? Apart from the changes in thyroid hormone

metabolism discussed above, it is suggested that alterations at the level of gene

expression may take place in patients with heart failure (Kinugawa et al., 2001). An

important topic at this moment is whether a failing heart recapitulates the fetal program

of gene expression (Sussman, 2001). Therefore, elucidation of the molecular structure

of the cardiac thyroid hormone transporter should be elaborated to address two

questions: does the fetal heart express a different gene encoding the thyroid hormone

transporter as compared with the adult heart? And if so, is the transcription and

expression of these genes altered in a failing heart? In addition, the two types of cell

culture provide good models to study cell physiological properties of thyroid hormone

uptake. This is relevant for the examination of alterations in thyroid hormone uptake

in a failing heart such as the effect of incubations with serum from patients with heart

disease on uptake.

Another question left unanswered is that of the physiological importance of FAT

in cardiac thyroid hormone uptake. In addition to in vivo studies in available animal

and human models described before, we aim to extend our research described in

Chapter 6. This includes further characterization of the affinity and capacity of the

system expressed in Xenopus laevis oocytes as well as mutual inhibition of fatty acid

and thyroid hormone uptake by their unlabeled ligands. Also, the neonatal

cardiomyocytes and the H9c2(2-1) cell line will be useful in these studies. Fatty acid

uptake has been explored in neonatal cardiomyocytes by Stremmel et al. (1988).

Together with our knowledge about thyroid hormone uptake in these cells, we will

investigate the interaction between fatty acid and thyroid hormone uptake. In addition,

the effects of specific inhibitors on uptake of both fatty acids and T
3
 or T

4
 can be

tested. Finally, H9c2(2-1) cells transfected with FAT (van Nieuwenhoven et al., 1998)
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may provide a suitable model system to examine the interaction between thyroid

hormones and fatty acid uptake in heart.

7.6 Concluding remarks

This thesis provides evidence for the presence of a specific mechanism for thyroid

hormone transport in embryonic and neonatal heart. Part of the T3 and T4 uptake into

the cardiac cell may be mediated by FAT. The T
3
 and T

4
 transport mechanism may

play an important role in the intracellular availability of thyroid hormones during

development and may provide a tool for tissue-specific treatment of heart and thyroid

diseases.
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Summary

Thyroid hormones, T
3
 and T

4
, are important for proper heart development and function.

A small variation in serum levels of these hormones results in measurable changes in

cardiac performance such as changes in resting heart rate and contractility. These

changes are mediated by intracellular actions of T
3
 and T

4
 through association with

nuclear thyroid hormone receptors and subsequent regulation of gene transcription.

The first step in this sequence is the transport of T
3
 and T

4
 across the plasma membrane.

It is generally accepted that this is mediated by specific carrier proteins. While the

knowledge about these proteins in other organs is abundant, information about cardiac

thyroid hormone uptake is scarce. Therefore, the aim of this thesis was to characterize

the cell physiological properties of T
3
 and T

4
 uptake in heart (Chapters 2 – 4) and to

obtain information on the molecular structure(s) (Chapters 5 – 6).

Previously, it has been shown that neonatal rat cardiomyocytes exhibit a specific

mechanism for the uptake of T
3
. This mechanism is further explored in the study

described in Chapter 2 and is energy- and temperature-dependent, but not Na+-

dependent. Furthermore, T
3
 uptake is reduced in presence of tryptophan, a ligand for

the amino acid system T, suggesting the presence of an accessory transport mechanism.

In addition to the neonatal cardiomyocytes, T
3
 uptake has been examined in the

embryonic rat heart derived cell line H9c2(2-1) (Chapter 4) and is found to display

similar characteristics as that of the neonatal cardiomyocytes. In Chapter 2, we also

initiated studies on the characterization of T
4
 uptake and showed that T

4
 enters the

cardiomyocyte by a temperature-dependent mechanism. Interestingly, unlabeled T4

inhibited the uptake of T
3
, though not significantly. These findings prompted us to

continue the examination of T
4
 uptake in H9c2(2-1) cells. T

4
 uptake in the H9c2(2-1)

cells is specific, energy-dependent, but not Na+-dependent. Based on similar features

of T
3
 and T

4
 uptake and their mutual inhibition, we suggested that heart cells share a

common mechanism for the uptake of both T
3
 and T

4
.

A comparison based on the cell physiological properties of thyroid hormone uptake

between pituitary, liver and heart suggests that thyroid hormone uptake is tissue-

specific. Tissue-specificity of uptake may contribute to the development of new agents

for the clinical treatment of patients with heart failure or thyroid disease. The

metabolites Triac and Tetrac are used in the treatment of thyroid cancer. The
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iodothyronine analogue DITPA is developed to improve heart function in patients

with heart failure, but has only been tested in animal studies. Their effect on T
3
 uptake

was analyzed in neonatal rat cardiomyocytes (Chapter 3). This chapter shows that

DITPA interfered with the plasma membrane transport of T3, while Triac and Tetrac

did not.  Furthermore, examination of the uptake of Triac indicated that Triac is

transported across the plasma membrane of the cardiomyocyte, but probably by a

mechanism different from that of T3.

In the embryonic heart T
3
 and T

4
 are essential for growth and development. In

Chapter 4 we hypothesized that thyroid hormone uptake mechanisms play an important

role during differentiation. The H9c2(2-1) cell line propagates as undifferentiated

myoblasts and forms differentiated myotubes upon reduction of the serum

concentration. Two observations support our hypothesis: (1) T
3
 and T

4
 stimulated

fusion at day 9 of culture. This was taken as an indicator of differentiation, based on

morphological characteristics and the 31-fold rise in creatine kinase activity from

day 2 to day 9. Furthermore, (2) the uptake of T
3
 and T

4
 was higher in myotubes

compared with myoblasts.

Expression cloning in Xenopus laevis oocytes has been successfully used for the

cloning and characterization of the molecular structure of many plasma membrane

transporters. We adopted this method and explored T
3
 uptake in Xenopus laevis oocytes

injected with rat heart mRNA (Chapter 5). T
3
 uptake was not significantly induced in

oocytes injected with heart mRNA as compared with native oocytes. Also optimization

of the signal to noise ratio either by using alternative ligands to diminish the background

or by size-fractionation of the mRNA to enrich the signal was not successful. We

cannot exclude that the abundance of mRNAs encoding the cardiac thyroid hormone

transport protein was too low to stimulate the uptake of T
3
.

Finally, in Chapter 6 we tested a candidate iodothyronine transporter i.e. a protein

with potential thyroid hormone transport activity. One of the important plasma

membrane transport proteins in heart is the fatty acid translocase (FAT). Since FAT

transports anionic fatty acids and iodothyronines are ligands for different organic

anion transporters, we tested the hypothesis that FAT mediates the uptake of thyroid

hormones. Uptake studies in oocytes injected with the cRNA encoding FAT

demonstrated that FAT indeed induces thyroid hormone uptake. Furthermore, T
3
 uptake

by FAT did not depend on the Na+ gradient which is in accordance with the cell
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physiological studies described in this thesis.

The major findings of this thesis and suggestions for future research are described

in Chapter 7. In summary, uptake of T
3
 and T

4
 in the heart is mediated by a common

mechanism which is energy- and temperature dependent, but not Na+-dependent. The

molecular basis of this mechanism needs to be further elaborated as well as the

physiological role of additional transporters like FAT. Furthermore, of special interest

for future research is the tissue specificity of thyroid hormone uptake, since this may

be beneficial for the development of new agents for clinical treatment of patients

with heart failure.
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Samenvatting

De schildklierhormonen, T
3
 en T

4
, zijn belangrijk voor een goede ontwikkeling en

het goed functioneren van het hart. Een kleine verandering in de serumconcentraties

van deze hormonen resulteert al in meetbare veranderingen in hartfunctie zoals een

verandering van de hartfrequentie en contractiekracht. Deze veranderingen komen

tot stand door intracellulaire effecten van T
3
 en T

4
 via binding aan specifieke

kernreceptoren en de daarop volgende regulatie van gen transcriptie. De eerste stap

in deze opeenvolging van gebeurtenissen is de opname van T
3
 en T

4
 via het

plasmamembraan. Een algemeen geaccepteerd idee is dat dit door middel van

specifieke transporteiwitten gebeurt. Terwijl er steeds meer aanwijzingen zijn voor

het bestaan van deze transporteiwitten in andere weefsels, is de informatie met

betrekking tot het hart nog maar zeer beperkt. Het doel van deze studie was dan ook

het karakteriseren van de celfysiologische aspecten van T
3
 en T

4
 transport in het hart

(Hoofdstuk 2 – 4) en daarnaast het verkrijgen van informatie over de moleculaire

structuur (Hoofdstuk 5 – 6).

Eerder is al aangetoond dat neonatale hartspiercellen van de rat een specifiek

mechanisme bezitten voor de opname van T
3
. Dit mechanisme is verder onderzocht

in Hoofdstuk 2 en bleek energie- en temperatuurafhankelijk, maar niet Na+-afhankelijk.

Daarnaast was de opname van T
3
 verlaagd in aanwezigheid van tryptofaan. Tryptofaan

wordt opgenomen door aminozuur transport systeem T, wat suggereert dat een deel

van de T
3
 opname via dit systeem verloopt. Naast de studies in neonatale hartspiercellen

hebben we ook het transport van T3 in de van oorsprong uit embryonaal hart afkomstige

H9c2(2-1) cellijn bekeken (Hoofdstuk 4). De kenmerken van dit transport systeem

kwamen overeen met dat van de neonatale hartspiercellen. Verder zijn we in Hoofdstuk

2 gestart met het bestuderen van de opname van T4. T4 passeert het plasmamembraan

van de hartspiercel via een temperatuurafhankelijk mechanisme. Een andere

interessante bevinding in dit hoofdstuk is dat T
4
 de opname van T

3
 kan remmen. Deze

resultaten stimuleerden ons verder te gaan met de karakterisering van het T4 transport

in H9c2(2-1) cellen. De T
4
 opname in de H9c2(2-1) cellen was specifiek en

energieafhankelijk, maar niet Na+-afhankelijk. Gebaseerd op de overeenkomst in

eigenschappen van het T3 en T4 transport kunnen we concluderen dat T3 en T4 middels

een zelfde mechanisme worden opgenomen in de hartcellen.
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Een vergelijking gebaseerd op de celfysiologische aspecten van schildklierhormoon

opname tussen de hypofyse, lever en hart suggereert dat het mechanisme van

schildklierhormoon opname weefselspecifiek is. Deze weefselspecificiteit zou kunnen

bijdragen aan de ontwikkeling van nieuwe middelen voor de klinische behandeling

van patiënten met hartfalen of een schildklier ziekte. De schildklierhormoon

metabolieten Triac en Tetrac worden gebruikt voor de behandeling van

schildklierkanker. Het analogon DITPA is ontwikkeld ter verbetering van de hartfunctie

in patiënten met hartfalen, maar is voorlopig alleen nog toegepast in dieren. Het effect

van deze stoffen op T
3
 opname werd geanalyseerd in de neonatale hartspiercellen

(Hoofdstuk 3). Dit hoofdstuk laat zien dat DITPA interfereert met het plasmamembraan

transport van T
3
, terwijl Triac en Tetrac geen effect hebben op de opname. Daarnaast

hebben we de opname van Triac bekeken. Triac kan door de hartspiercellen opgenomen

worden, waarschijnlijk via een ander mechanisme dan dat voor T
3
.

In een embryonaal hart zijn T
3
 en T

4
 noodzakelijk voor groei en ontwikkeling. De

hypothese dat de T
3
 en T

4
 opname mechanismen een belangrijke rol spelen tijdens de

differentiatie werd onderzocht in een studie in H9c2(2-1) cellen beschreven in

Hoofdstuk 3. De H9c2(2-1) cellen zijn in staat te differentiëren van myoblasten naar

meerkernige, zogenaamde myotubes wanneer de serum concentratie verlaagd wordt.

Twee bevindingen bevestigen onze hypothese: (1) T
3
 en T

4
 stimuleerden de fusie op

dag 9 van de kweek. Dit kan beschouwd worden als een maat voor differentiatie op

basis van morfologische kenmerken en de 31-voudige stijging in creatine kinase

activiteit van dag 2 tot dag 9. (2) de opname van T
3
 en T

4
 was in de myotubes hoger

vergeleken met de myoblasten.

De moleculaire structuur van een groot aantal plasmamembraan transporteiwitten

is opgehelderd met behulp van expressie klonering in Xenopus laevis oocyten. Wij

hebben deze techniek gebruikt en T
3
 opname bestudeerd in oocyten geïnjecteerd met

mRNA uit het hart van een rat (Hoofdstuk 5). De T
3
 opname was niet significant

hoger in de mRNA geïnjecteerde oocyten vergeleken met niet geïnjecteerde oocyten.

Ook de optimalisatie van de signaal / ruis ratio door alternatieve T
3
 analoga aan te

bieden om het achtergrond signaal te verlagen of door het mRNA op grootte te

fractioneren om het signaal te versterken, leidde niet tot een verbetering van de

resultaten. We kunnen niet uitsluiten dat het aantal mRNAs coderend voor de

hartspecifieke schildklierhormoon transporter te laag is om voldoende transporteiwitten
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tot expressie te brengen en voldoende stimulatie van T3 opname te kunnen meten.

Tot slot worden in Hoofdstuk 6, experimenten beschreven met een kandidaat

schildklierhormoon transporter, dat wil zeggen een eiwit met potentiële

schildklierhormoon transport activiteit. Een van de belangrijke plasmamembraan

transporters in het hart is het vetzuur translocase (FAT). Omdat FAT vetzuren in de

anionvorm kan transporteren en schildklierhormoon door anion transporters

opgenomen kan worden, hebben we de hypothese getest dat FAT zo’n kandidaat is

(Hoofdstuk 6). Opname studies in oocyten geïnjecteerd met cRNA coderend voor

FAT demonstreren dat FAT inderdaad de opname van schildklierhormoon induceert.

Daarnaast laten deze studies ook zien dat T
3
 opname door FAT Na+-onafhankelijk is,

wat overeenkomt met de bevindingen in de celfysiologische studies beschreven in dit

proefschrift.

De belangrijkste bevindingen en suggesties voor verder onderzoek zijn beschreven

in Hoofdstuk 7. Samenvattend: T
3
 en T

4
 worden middels eenzelfde mechanisme

opgenomen in het hart. Dit mechanisme is energie- en temperatuurafhankelijk, maar

niet Na+-afhankelijk. De moleculaire basis voor dit mechanisme zal verder onderzocht

moeten worden evenals de fysiologische betekenis van een additioneel transport

systeem zoals FAT. Van bijzonder belang voor verder onderzoek is de

weefselspecificiteit van opname. Dit zou met name een grote rol kunnen spelen in de

ontwikkeling van nieuwe medicijnen voor de klinische behandeling van patiënten

met hartfalen.
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Dankwoord

Bedenk waar ’s mensen glorie eindigt en begint

 en zeg,

mijn glorie was dat ik door vrienden werd bemind.

(William B. Yeats)

Een dankwoord schrijven is echt wel het moeilijkste wat er is. De juiste woorden

vinden en, belangrijker, niemand vergeten. Ik hoop dat ik daarin zal slagen. Ik wil

dan ook eenieder bedanken en in het bijzonder de volgende mensen:

Allereerst mijn beide promotoren mw. Prof.dr. M.E. Everts en Prof.dr. T.J. Visser.

Beste Marjanne, zelf legde je al in Rotterdam de basis voor het in dit proefschrift

beschreven onderzoek, resulterend in een door mij veelvuldig gelezen artikel (“als

een soort bijbel”). Een eer voor mij om verder te mogen gaan met de jacht op de

schildklierhormoon transporter. Dank je wel voor het vertrouwen in mij en voor de

wijze lessen in “hoe word ik een wetenschappelijk onderzoeker”. Daarnaast wil ik je

ook bedanken voor de gezellige auto ritjes naar Rotterdam en Doorwerth (“A50

Doorwerth: welke kant was dat op?”). Beste Theo, het was een grote eer door jou

begeleid te worden en gebruik te mogen maken van je ongekende hoeveelheid kennis.

Op de een of andere manier weet je altijd iets positiefs te halen uit de resultaten, wat

erg stimulerend werkt. Ik hoop dat je nachtkastje niet onder mijn stukken bezweken

is en zie je graag op de dansvloer terug!

Dit boekje had zeker niet tot stand kunnen komen zonder de inzet van Brian Joosten.

Beste Brian, met een enorme precisie en vakkundigheid, en in hoog tempo voerde jij

de experimenten uit. Ik bewonder je inzet en ben je enorm dankbaar, want zonder jou

was er veel minder te lezen geweest in dit boek.

Dan mijn paranimf (dankjewel daarvoor): Edith Friesema. Beste Edith, “het zal je

lukken” schreef je zelf precies een jaar geleden in je eigen proefschrift. Nou, daar wil

ik toch op aanvullen “niet zonder jouw inzet”. Jij, als expert, leerde mij de techniek

van expressie kloneren in eicellen van de Afrikaanse klauwpad. Zonder jouw support

en eindeloze geduld was dat nooit gelukt. Maar boven alles staat de zeer waardevolle

vriendschap die we hebben opgebouwd en waar ik je zeer dankbaar voor ben!

Lessen in statistiek en spelen met getallen want “dat vinden ze helemaal niet erg”,
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die kreeg ik van Peter Klaren. Beste Peter, je  wijze adviezen en niet te vergeten het

leuke Brabants “dagje uit” zijn voor mij zeer belangrijk geweest, bedankt daarvoor.

Graag wil ik mijn collega’s van de afdeling Fysiologie bedanken. Sabine, je hebt

als kamergenote heel wat aan moeten horen, bedankt voor de aangename tijd; Siona,

zet hem op en veel succes met je promotie; Arie, op zijn tijd gewoon lekker kletsen

met een bakje normale koffie ;-); Rob, Jeroen, Arend, Sandor, Erik, Susann, Maggy,

Maarten, Ineke, voor een gezellige tijd; Otto, voor je kennis, kwaliteit en inzicht!

Natuurlijk wil ik op deze plaats ook de buurtjes, mijn collega’s van de afdeling

Anatomie bedanken.

De collega’s in Rotterdam wil ik bedanken voor hun gastvrijheid. Ik heb een erg

leuke tijd gehad met jullie! Met name wil ik de mensen van de schildkliergroep

bedanken: Monique, o.a. voor je hulp met de HPLC; Robin, Frank, het was nooit stil

met jullie erbij; George, voor de lessen in moleculaire biologie; Hans, Ellen, Jonneke,

Ineke, Jeannine, voor jullie engelengeduld als ik weer eens aan het injecteren was!

Willem, heb je nog DH5α’s toevallig?

 Steun vind je niet alleen op de werkvloer, maar ook daar buiten. Familie en

vrienden, bedankt voor jullie geduld en interesse in mijn werk. Naast steun is

ontspanning zeer belangrijk en niets werkt zo ontspannend als een lach op de gezichten

van “mijn” kids! Iedereen bij scouting enorm bedankt voor een hele fijne tijd!

Aan ons mam en pap, tja….ik weet niet zo goed waar ik moet beginnen met

bedanken. Eén van de dingen die voor mij het meest heeft betekend is het persé

willen begrijpen van mijn onderzoek en het uiteindelijk ook nog kunnen ook!

Claudia en Anika, mijn twee zussen. Beide zijn jullie van grote steun geweest.

Lieve Claudia, ik mis je nog steeds heel erg, maar troost me met de gedachte dat je in

de buurt toekijkt naar hoe het ons vergaat. Lieve Anika, als voortreffelijk laborante

versta jij mijn vak wel. Ik vond het altijd erg leuk om dit met jou te delen. Wat zal ik

trots zijn als jij, als paranimf zijnde, met mijn boekje in je handen de zaal binnen

loopt en naast me staat!

Tot slot, lieve Jasper, niets zo belangrijk als iemand die achter je staat en een

stootje kan hebben. Jij was wat dat betreft van alle markten thuis.  (Deze twee regeltjes

en) 1000x dankjewel is pas het begin, waar ik voor nu even mee eindig!

Haidy
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