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kidney and the thyroid, and is responsible for the 
conversion of the majority of T4 to T3 in circulation. 
D2 is mainly found in the brain, pituitary, thyroid and 
skeletal muscle. The major function of D2 lies in the 
conversion of T4 to T3 in tissues, such as the brain and 
pituitary.4 Type 3 deiodinase (D3) converts T4 to the 
inactive reverse (r) T3 (3,3’,5’-triiododothyronine) 
and T3 to 3,3’-T2 (3,3’-diiodothyronine) by inner ring 
deiodination.5 D3 is expressed in the adult brain, in 
fetal brain and other fetal tissues, in the placenta as 
well as the pregnant uterus. Most of the effects of T3 
are mediated by thyroid receptor (TR) regulation of 
target gene transcription in the nucleus. Therefore, 
TH has to cross cell membranes in order to be me-
tabolized and to interact with its receptors. 

Thyroid hormone receptors belong to the super-
family of ligand-dependent transcription factors. 
Alternative splicing of primary transcripts gives rise 
to four T3-binding TR isoforms (β1, β2, β3 and α1) 
and two TRs (α2 and α3) that do not bind T3. TRα1 
is expressed predominantly in the heart, bone and 
brain, whereas TRβ1 is more abundant in the liver, 
kidney and thyroid. TRβ2 is limited to the pituitary, 
hypothalamus, retina and inner ear and TRβ3 is 
expressed mainly in the heart and kidney.

It was generally believed that TH passes through 
cell membranes passively. This notion was based on 
the fact that TH being lipophilic could easily cross 
the lipid-rich bilayer of the cell membrane.6 However, 
robust evidence has accumulated to suggest that the 
transport of TH into their target-cells is facilitated 
by saturable, stereospecific and energy-dependent 
specific transport proteins. Several TH transporters 
have been identified: these include Na-taurocholate 

IntroductIon

It has been more than 120 years since a committee 
of the Royal College of Physicians in London linked 
the paramount role of the thyroid gland to normal 
brain development.1 Currently, all developed countries 
and an increasing number of the developing ones have 
implemented the neonatal hypothyroidism screening 
test for early diagnosis of congenital hypothyroidism, 
since the latter is the most common cause of prevent-
able mental retardation.2 Thyroid hormones (TH) 
are not only crucial for the maturation and function 
of the central nervous system (CNS), but also exert 
a broad range of effects on virtually all tissues.3

All thyroid hormone actions are mediated by the 
binding of 3,5,3’-triiodothyronine (T3) to specific 
nuclear receptors. T3 is the principal bioactive form 
of TH, whereas T4 acts as a prohormone to T3. T3 
is produced by outer ring deiodination of T4, a reac-
tion catalyzed by type 1 and type 2 deiodinases (D1 
and D2, respectively) in a tissue-specific manner. D1 
is mainly found in peripheral tissues, such as liver, 
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co-transporting polypeptide (NTCP), different mem-
bers of the Na-independent organic anion-transporting 
polypeptide (OATP) family and the L-type amino-
acid transporters LAT1 and LAT2,7 and fatty acid 
translocate (CD36).8 The molecules that have been 
identified as transporters for thyroid hormones in 
the human belong mainly to two families: the organic 
anion-transporting peptides (OATP) and the mono-
carboxylate anion transporters (MCT).9

The aim of this review is to present the current 
knowledge on the most important thyroid hormone 
transporters.

organIc anIon-transPortIng PePtIdes 
(oatPs)

OATPs represent a large family of homologous 
proteins that transport different iodothyronines, as 
well as various other organic compounds includ-
ing bromosulfophthaleine, bile acids, bilirubin and 
its derivatives, estrogen conjugates, oligopeptide, 
etc. The corresponding genes are referred to as 
the SLCO (solute carrier OATP) family. OATPs 
are large proteins of 652 to 868 amino acids, con-
taining 12 transmembrane domains, whose N- and 
C-terminal domains are located inside the cell. To 
date, 40 OATPs have been characterized in man, rats 
and mice. OATP1B1 and OATP1B3 are expressed 
specifically in the liver, OATP1C1 is expressed solely 
in the brain and testis and OATP1A2 is expressed in 
brain, liver and kidney.10,11

The genes encoding for OATP1A2, OATP1B1, 
OATP1B3 and OATP1C1 are located on chromo-
some 12p,12,13 forming a gene cluster together with 
a related pseudogene. The other OATP genes are 
located on individual chromosomes. 

From the thyroid hormone transport point of view, 
OATP1C1 is the most interesting because it shows a 
high specificity and affinity for iodothyronines, espe-
cially for T4 and rT3, but not for T3. Furthermore, 
its localization preferentially in the endothelium of 
brain capillaries suggests that OATP1C1 is impor-
tant for the transport of TH across the blood-brain 
barrier (BBB). OATP1C1 polymorphisms have been 
associated with fatigue and depression in hypothy-
roid patients, this underlining its crucial role for T4 

transport across the BBB.14 To date, no association 
between OATP1C1 polymorphisms and TH levels 
has been documented.

Regarding OATP1B1, it enhances uptake of iodo-
thyronine sulfates T4S, T3S, rT3S, but has little activity 
towards nonsulfated T4, T3, rT3.15 Like OATP1B1, 
OATP1B3 transports sulfated iodothyronines, but 
also has an affinity for rT3.16 Finally, OATP1A2 
transports both iodothyronines and their sulfates, it 
is expressed in multiple tissues, among which liver, 
brain and kidney,12,17 and it could therefore play a 
role in the delivery of TH across the BBB. Actions of 
primary thyroid hormone transporters are depicted 
in Table 1.

table 1. Actions of Thyroid Hormone (TH) transporters 

MCT8 Central nervous system development (migra-
tion, dendritic outgrowth, formation of synapses 
and myelination)
T3 uptake into hippocampus, amygdale, basal 
ganglia, cerebellar Purkinje cells
TH transport through blood-brain barrier 
(BBB)
Anterior pituitary folliculostellate cells T4 
uptake

MCT10 Aromatic aminoacid efflux-mediated TH trans-
port into intestine, liver, skeletal muscle, heart 
and placenta

OATP1C1 TH transport across BBB and into testis

OATP1A2 TH and sulphate into liver, brain and kidney

OATP1B1 T4S, T3S,rT3S liver uptake

OATP1B3 T4S, T3S,rT3S plus rT3 liver uptake

monocarBoXyLate transPorter  
(mct) FamILy

The first members of the family were characterized 
as transporters of monocarboxylates, such as lactate, 
pyruvate and ketone bodies. To date, 14 members 
of the family have been recognized, but only in 6 of 
them has a ligand been identified. MCTs transport 
metabolites across plasma membranes with direction 
controlled by proton and metabolite concentration 
independently of energy input, but they may also 
function in subcellular membranes. They are im-
plicated in leucocyte-mediated immunity, hypoxia 
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liver, kidney, heart, brain, bone, placenta, lung and 
skeletal muscle. It is considered to be crucial for nor-
mal thyroid hormone-dependent development of the 
central nervous system, involving processes such as 
migration, dendritic outgrowth, formation of synapses 
and myelination.22 Moreover, it enhances T3 uptake 
into neuronal cells of the hippocampus, amygdalae, 
basal ganglia and cerebellar Purkinje cells, where 
transcript levels have been detected.23 Neurons are the 
major target cells for TH, expressing T3 receptors,24 
D3 and MCT8.23 Loss-of-function mutations in MCT8 
lead to a reduced or absent supply of T3 to neurons, 
resulting in impaired neurological development, as 
well as a reduced clearance of T3 by neuronal D3. 
Moreover, MCT8 represses neuronal cell growth by 
modulating cell proliferation in the developing brain, 
independently of T3 uptake, as this was shown by 
James et al.25 A schematic presentation of thyroid 
hormone transport in the CNS is shown in Figure 1.

Although the cloning of MCT8 was achieved in 
1994, it was not until 2003 that Friesema et al identified 
rat MCT8 as a specific thyroid hormone transporter 
by in vitro expression in Xenopus oocytes. A 10-fold 
increase in the uptake of the iodothyronines T4, T3, 
rT3 and 3,3’-T2 was observed. Furthermore, the 
amino acids tyrosine, tryptophan, phenylalanine and 

induced cellular responses and partitioning of the 
energy supply in several tissues.18 Monocarboxylates 
are the ligands for MCT1-4, and aromatic aminoacid 
derivatives are ligands for MCT8 and MCT10. The 
proper expression and function of MCT1-4 in the 
plasma membrane depends on the oligomerization 
(e.g. heterotetramer formation) with the ancillary 
proteins basigin (CD147) or embigin (gp70).19,20 MCT6 
has been shown to transport the diuretic bumatadine, 
but its natural ligands have not been identified yet.21 
The functions of the orphan transporters MCT5-7, 
MCT9 and MCT11-14 remain to be determined. 
Herein, we focus on MCT8 and MCT10 as specific 
TH transporters.

mct8

The human MCT8 gene resides on chromosome 
Xq13.2 and consists of six exons. It encodes a pro-
tein of 613 aminoacids with a molecular mass of 67 
kD. The protein contains 12 hydrophobic predicted 
transmembrane domains that are characteristic of 
transporter proteins. The N-terminal of the protein 
contains a PEST domain, consisting mainly of proline, 
glutamate, serine and threonine repeats, suggesting 
that the protein may be rapidly or conditionally de-
graded. MCT8 is expressed in many tissues, such as 

Figure 1. T4 is transported across the BBB by OATP1C1 and uptaken by astrocytes by an unknown transporter. In astrocytes, T4 is 
converted to T3 by the action of D2 and then T3 is released via an unknown mechanism. T3 uptake by neurons is facilitated by MCT8, 
which may also be involved in the transport of T3 through BBB (BBB: Blood-Brain-barrier; D2: type 2 deiodinase).
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leucine did not compete with the transport of iodo-
thyronines. Subsequent studies in mammalian cells 
indicated that net uptake of T4 and T3 was greatly 
stimulated by hMCT8 expression in mammalian 
cells in the presence of CRYM (cytoplasmic thyroid 
hormone-binding protein μ-crystallin).26

In addition, a recent study by Di Cosmo et al sug-
gested a putative role of MCT8 in thyroid hormone 
secretion. Thyroid hormones are released across 
the basolateral membrane of thyroid follicular cells, 
adjacent to the capillary bed. MCT8 immunohisto-
chemical localization at the basolateral membrane 
of thyrocytes and the impairment in the efflux of T4 
from the thyroid gland in MCT8KO mice implies 
that MCT8 mediates, at least in part, the transport of 
thyroid hormones from the thyrocytes into the blood-
stream. Of the studied thyroid hormone transporters, 
MCT8 is the most abundantly expressed, followed 
by MCT10 and, to a lesser extent, the secondary TH 
transporters Lat1 and Lat2.27 According to Nishimura 
and Naito, MCT8 is abundantly expressed in the 
human thyroid gland and therefore the molecular 
mechanism regulating thyroid hormone secretion in 
mice could also exist in humans.28

Dramatic evidence of the importance of MCT8 on 
thyroid hormone transport derives from the identi-
fication of a novel syndrome that affects boys and is 
characterized by severe neonatal hypotonia and devel-
opmental delay. Several patients have been described; 
the phenotype of the patients is that of severe mental 
retardation, profound hypotonia, spastic quadriplegia, 
these essentially being the phenotypic findings of the 
Allan-Herndon-Dudley (AHDS) syndrome.29 This 
syndrome was first described in 1944 and was among 
the first X-linked mental retardation syndromes to 
be recognized. Clinical manifestations in infancy and 
childhood in the AHDS syndrome are characterized 
by marked hypotonia (the infant is unable to hold his 
head up), weakness, generalized muscular atrophy and 
delay of developmental milestones. Although facial 
manifestations are not distinctive, the facies tends to 
be elongated, while some patients have myopathic 
facies and large, simple ears. Head circumference 
is normal; however, a number of patients present 
acquired microcephaly usually manifesting after the 
7th month of life. Generalized weakness is manifested 
by drooling, failure to walk independently or ataxia 

tHyroId aBnormaLIty and 
neuroLogIcaL deFIcIts reLated  
to mct8 Loss-oF-FunctIon mutatIons 

The underlying mechanisms leading to the combi-
nation of abnormal thyroid hormone levels and severe 
neurological deficits are not yet understood. Studies 
performed on skin fibroblasts in MCT8 deficient 
patients demonstrated impaired uptake of both T4 
and T3 and increased D2 activity. However, these 
results only partially explained the thyroid pheno-
type. Therefore, several research groups undertook 
laboratory animal studies in order to elucidate the 
pathophysiologic mechanism responsible for the 
clinical phenotype in loss-of-function mutations of 
the MCT8 gene. Dumitrescu et al were the first to 
generate MCT8 knockout mice through homologous 
recombination of embryonic stem cells.31 The thyroid 
phenotype of male MCT8-null (Mct8-/y) mice was 
similar to the one observed in the hemizygous human 
male. Female MCT8-/- mice present the same thyroid 

table 2. Phenotype of MCT8 deficiency

Infancy  
and childhood

neonatal hypotonia

muscular atrophy (failure to walk)

developmental delay

hyperreflexia, clonus, Babinski reflexes

Adulthood spasticity

dystonia

athetosis

cognitive impairment

in those who manage to walk. Speech is dysarthric or 
absent altogether. Other neurological manifestations 
include spastic paraplegia with hyperreflexia, clonus 
and Babinski reflexes. In adult life hypotonia turns 
to spasticity. The hands exhibit dystonic and athet-
oid posturing and fisting. Cognitive development is 
severely impaired. Behavior tends to be passive, with 
little evidence of aggressive or disruptive behavior. 
Schwartz et al found that each of 6 large families with 
AHDS had mutations in the MCT8 gene. Moreover, 
in a large Brazilian family with AHDS, affected mem-
bers were observed to have a mutation in the MCT8 
gene.30 Clinical characteristics of MCT8 mutations 
are summarized in Table 2. 
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phenotype as the males. However, the neurological 
abnormalities manifesting in the human male are 
not replicated in the mouse model. This has tenta-
tively been attributed to species-specific regulation 
of intracellular thyroid hormone availability and 
thyroid hormone demands for normal function of the 
central nervous system. It seems that an increase in 
local T3 production is sufficient to provide certain 
neuronal cells, such as cerebellar Purkinje cells, with 
adequate amounts of TH thereby preventing serious 
neurological damage.32 At 6 weeks of life, male wild 
type (WT) and Mct8-/y mice had similar levels of 
TSH, but by the 16th week, TSH levels were slightly 
increased in Mct8-/y mice. When the authors tested 
pituitary sensitivity, 6-fold higher doses of L-T3 were 
needed to suppress serum TSH levels in the Mct8-/y 
mice, suggesting a central resistance due to impaired 
uptake of L-T3. Suppression of endogenous T4 re-
sulted in similar serum T3 levels in both genotypes, 
indicating that T4 is responsible for the maintenance 
of the high T3 levels in the MCT8 deficient. When 
the authors examined tissue availability of T3, they 
found that liver T3 concentration was higher in Mct8-/y 
mice, reflecting the circulating T3 levels, whereas T3 
concentration in the cerebrum was 10 times lower in 
Mct8-/y mice as a consequence of the reduced uptake 
of T3 in this tissue. Taken together, these data sug-
gest that in MCT8 deficiency, hepatic thyrotoxicosis 
results from T3 uptake by the liver through MCT8 
independent TH transporters. Increased hepatic T3 
stimulates D1 enzymatic activity which increases the 
conversion of T4 to T3, resulting in further increase in 
T3. Increased D1 activity stimulates the metabolism 
of rT3 and, together with the consumption of T4 by 
5’ deiodination, results in the low rT3 characteristic 
of MCT8 deficiency. 

Recently, Trajkovic et al reported on the renal 
thyroid state in MCT8-null mice. They showed that 
renal D1 enzymatic activity is strongly up-regulated 
in the absence of MCT8, together with enhanced 
T4 and T3 renal uptake. Renal hyperthyroid status 
in MCT8 deficiency reflects either direct interfer-
ence with the renal efflux of thyroid hormones or 
indirect activation of other renal thyroid hormone 
transporters.33 The same group also demonstrated 
that MCT8-null mice developed normally similarly 
to their WT or heterozygous littermates and did not 

present any motor deficits or brain weight differences 
compared to control mice.34 The authors explained 
the discrepancy between the neurological phenotype 
of humans and mice by the existence of other thyroid 
hormone transporters, like LAT2 in mice but not in 
humans that compensate for the absence of MCT8 in 
the animals, or the fact that in humans MCT8 facili-
tates the transport of other molecules important for 
brain development but not in mice. This hypothesis 
arises from the observation that LAT2 is expressed 
in neurons throughout murine brain development, 
while in human brain it is expressed in microglia 
during gestation, but not in neurons.35 In addition 
to hepatic and renal thyrotoxicosis, entry of T3 into 
the brain was impaired but did not affect significantly 
the CNS of the mice. In an effort to restore T3 levels, 
T3 production within the CNS was stimulated by 
increased D2 enzymatic activity in astrocytes, and 
inactivation of T3 was reduced by decreased D3 
activities in neurons. As a result, sufficient T3 was 
produced locally so that cerebellar neurons were able 
to differentiate normally. Furthermore, the study 
showed that in MCT8-null mice the TRH transcript 
levels were strongly elevated in the hypothalamic PVN 
neurons to levels comparable to those observed in 
athyroid Pax8–/– mice. Injection of a high dose of T4 
suppressed the increased TRH expression in MCT8-
null animals, indicating that the PVN neurons in 
general still respond to locally produced T3, whereas 
peripheral injection of a supraphysiological dose of 
T3 did not affect TRH expression. These data suggest 
that the hypothalamic TRH expression in WT mice 
is not only dependent on T4 supply but is also influ-
enced by the serum T3 levels. The authors concluded 
that the increase in TRH expression in the PVN of 
MCT8-null mice may not only reflect insufficient 
local T4 to T3 conversion but might also indicate an 
impaired uptake of T3 from the circulation, which 
may well represent the predominant mechanism 
underlying the central resistance to T3 of MCT8-null 
mice. Moreover, while the hypothalamus was in a 
hypothyroid state, the pituitary of mutant animals 
was found to be in a euthyroid state but, remarkably, 
the pituitary appeared not to have sensed adequately 
the high serum T3 levels. The mechanism underlying 
T3 insensitivity is unclear. 

The current explanation for the pathophysiologic 
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mechanism that leads to cerebral hypothyroidism, 
the resultant hypotonia and mental retardation, and 
the abnormal thyroid function tests is the following. 
MCT8 deficiency results in dramatic reduction of T3 
uptake by the neurons in the brain and subsequent 
increase of T3 in the circulation. Circulating T3 is 
taken up by the liver and kidney by thyroid hormone 
transporters other than MCT8, producing thyrotox-
icity. This leads to increase in D1 enzymatic activity 
and increased conversion of T4 to T3, resulting in 
T4 consumption and further increase in T3 levels. 
The low rT3 are accounted for by the increased rT3 
metabolism due to increased D1 activity in liver and 
kidney and the low precursor (T4) levels. Given that 
the biochemical clue that leads to early diagnosis is 
the increased T3 concentration, it is suggested that 
in boys with early postnatal hypotonia it is important 
to determine TH levels, especially T3.36

tHeraPeutIc PotentIaLs In PatIents 
WItH MCT8 Loss-oF-FunctIon mutatIons

Administration of L-thyroxine, even at high doses, 
alone or in combination with L-T3, was unsuccessful 
in improving the neurological condition of patients.37,38

Recently Di Cosmo et al tested the effect of 3,5-dii-
odothyropropionic acid (DITPA), a thyroid hormone 
receptor agonist, on thyroid hormone tissue levels 
in both WT and MCT8KO mice.39 DITPA is a TH 
agonist that binds with the same affinity to TR-a and 
TR-b. Its advantage compared to TH is its lower 
metabolic activity. In particular, DITPA induces mild 
stimulation of hepatic a-glycerolphosphate dehydro-
genase activity when given to rats in equivalent doses 
as T4.40 Moreover, DITPA was used in randomized 
controlled trials for the treatment of heart failure and 
was found to reduce the serum TSH, T4, cholesterol, 
triglycerides, lipoproteins and body weight, without 
increasing heart rate or blood pressure.41

In Di Cosmo’s experiment, after nutritional and 
pharmaceutical induction of hypothyroidism, 2.5-fold 
more L-T4 and 6-fold more T3 than the physiologi-
cal dose were required to normalize the serum TSH 
concentration in MCT8KO mice compared to the 
WT phenotype. On the other hand, serum TSH was 
normalized in both genotypes with the same dose of 
DITPA, suggesting that its action is MCT8 independ-

ent. It is also of note that DITPA contrary to L-T4 
was able to normalize D3 expression in the MCT8KO 
mice, indicating that it can enter different brain cell 
types to act as a TH analog. Another point that must 
be taken into consideration is that administration of 
high doses of TH produces a thyrotoxic liver effect 
on both genotypes, while DITPA corrected all tested 
parameters of TH action in the brain of MCT8KO 
mice, without producing toxic liver effects, even when 
a higher dose was administered. This animal model 
has prompted researchers to examine the usefulness 
of DITPA in humans lacking MCT8 expression.

aLteratIon oF mct8 eXPressIon durIng 
crItIcaL ILLness

During critical illness, the circulating and tissue TH 
levels are low and this is called the low T3 syndrome 
or non-thyroidal illness syndrome. Reduced expres-
sion of TRH in the hypothalamus appears to play a 
key role in the prolonged phase of critical illness in 
an attempt to compensate for low circulating TH 
levels.42 These changes are considered to be adaptive, 
effecting postponement of anabolism and at the same 
time activation of the immune response.43 Regarding 
iodothyronine deiodination during critical illness, 
there is a cytokine-mediated decrease in hepatic 
D1 expression and activity.44,45 D1 activity correlates 
positively with the T3/rT3 ratio, with the latter being 
a marker of tissue hypoperfusion in critically ill pa-
tients.46 In contrast, although D2 adapts appropriately 
to the low T3 levels, it does not seem to contribute 
to the “low T3 syndrome” in the prolonged phase of 
critical illness.47 Finally, as regards D3, Peeters et al 
demonstrated that D3, normally absent in adult tis-
sue, is reactivated in liver and muscle of critically ill 
patients.48 Tissue response to low circulating T3 levels 
involves increasing expression of TH transporters, 
this facilitating cellular uptake. In the study on the 
role of TH transporters in critical illness, Mebis et al 
found that the expression of MCT8 is up-regulated 
in skeletal muscle and liver of prolonged critically ill 
patients, whereas MCT10 expression is not altered. 
Moreover, the authors reported an inverse correlation 
between circulating TH and MCT8 gene expression 
in skeletal muscle, suggesting that patients with the 
lowest serum T3 and T4 levels show the highest up-
regulation of MCT8 mRNA. Inversely, in animal 
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models, MCT8 expression is down-regulated when 
circulating TH levels are elevated and vice versa.47 
These data suggest that in critically ill patients, TH 
transporter alteration is the result of compensation 
to hypothyroidism.

mct10

The human MCT10 gene is located on chromosome 
6q21-q22. It has the same structure as the hMCT8 
gene, coding for a protein of 515 amino acids with 
amino acid sequence homologous to that of MCT8, 
and it contains 12 putative transmembrane domains. 
MCT10 and MCT8 have an amino acid identity of 
49%,46 which is the highest in the transmembrane 
domains (TMD) and the lowest in the N-terminal 
and C-terminal domains, both of which are located 
intracellularly.16 MCT10 is expressed in different hu-
man and rodent tissues, in particular intestine, liver, 
skeletal muscle, heart and placenta, acting as a T-type 
aminoacid transporter which facilitates cellular up-
take and efflux of aromatic aminoacids, such as Trp, 
Phe, Tyr and 3,4-dihydroxyphenylalanine (DOPA).32 
MCT10 is more important for the export than for the 
import of aromatic amino acids;50,51 it is speculated 
that cellular uptake of thyroid hormone is driven by 
cellular efflux of aromatic amino acid through this 
transporter.16 Like MCT8, MCT10 induces iodothy-
ronine uptake, which is augmented in the presence 
of CRYM (cytoplasmic thyroid hormone-binding 
protein μ-crystallin), and also stimulates the deiodi-
nation of iodothyronines in cells cotransfected with 
the different deiodinases through an increase in the 
intracellular availability of these subtrates.49

tHyroId Hormone transPort In 
HyPotHaLamus and PItuItary

Our knowledge of the pathway(s) by which trans-
port of the thyroid hormones to the hypothalamus 
or pituitary takes place is still very limited, this prob-
lem being compounded by the fact that the central 
feedback mechanism of the TH has not as yet been 
examined extensively.

MCT8 has been found to be expressed in the hu-
man hypothalamus. Areas of the hypothalamus that 
are densely stained are the paraventricular nucleus 
(PVN), the suprachiasmatic nucleus (SON) and the 

infundibular nucleus (IFN), but the areas in which 
MCT8 is expressed most prominently are the perifor-
nicular and the lateral hypothalamus (LHA). 

It is well known that TRH neurons, predominantly 
those in PVN, play a key role in the neuroendocrine 
regulation of thyroid hormone. PVN also expresses 
all four TR isoforms and D3. Co-expression of MCT8, 
TRs and D3 with TRH suggests their possible in-
volvement in TH feedback on the hypothalamus. A 
candidate pathway requires uptake of T4 by astrocytes 
across the BBB, a process facilitated by OATP1C1, 
which indeed exhibits considerably higher transport 
capacity for T4 than for T3 after release from endothe-
lial cells, probably also mediated by OATP1C1.52 T4 
is transformed to T3 by the enzymatic action of D2 in 
the astrocytes and subsequently T3 is transported to 
neurons by MCT8. Although MCT8 is predominantly 
expressed in neurons, after studying the expression 
of MCT8 mRNA in the murine central nervous sys-
tem, Heuer et al noted that tanycytes, specialized 
glial cells lining the third ventricle, were labelled for 
MCT8. Because these cells are mainly involved in 
the transport of hormones or other substances into 
the hypothalamus, this MCT8 localization might of-
fer a possible scenario for the entrance of TH into 
hypothalamic regions.23 Regarding TH transport 
through BBB, although previous studies in mice have 
shown that MCT8 mRNA is primarily expressed 
in neurons and the choroid plexus, Roberts et al 
studied the BBB expression of the TH transporters 
MCT8 and OATP1C1 in human, rat and mouse and 
demonstrated that MCT8 mRNA and protein are ex-
pressed in microvessels of the BBB in human, mouse 
and rat brain, while OATP1C1 mRNA and protein 
are expressed in BBB microvessels of human brain 
to much lesser extent than that of mouse and rat.53 
These findings suggest that an alternative explanation 
for the milder clinical phenotype of the MCT8-null 
mice may be the increased BBB-OATP1C1 mediated 
TH transport. Additional studies have shown that 
the main restriction to T3 action in the absence of 
MCT8 is at the level of the blood-brain barrier, while 
TH transport role of MCT8 in the plasma membrane 
of neurons, at least in the striatum and cerebellum, 
seems to be minimal.54

In the human anterior pituitary MCT8 expression 
was found exclusively in folliculostellate (FS) cells. 
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Pituitary FS cells are usually located between the 
secretory cells in the anterior pituitary. They form 
a functional network of interconnecting cells and 
they produce many paracrine factors that act on 
hormone-producing pituitary cells. FS cells, under 
certain conditions, may serve as a pool of progeni-
tor cells capable of differentiating into specialized 
endocrine cells. The observed both MCT8 and D2 
immunoreactivity in these cells suggests that a subset 
of FS cells produce T3 from T4, stimulated by TSH 
via TSH receptor binding and also that they may be 
able to transport T3 to other cells. The mechanism 
by which T4 is taken up by FS cells is not known; 
however, it has been proposed that MCT8 may have 
such a role. Also, it has been suggested that MCT8 
may be involved in the transport of T3 from FS cells. 
It is very interesting that MCT8, deiodinases and TRs 
are not co-expressed, this implying the existence of yet 
another transporter that is involved in the transport 
of T3 to hormone secreting cells.

concLusIon

From the several transporting peptides that have 
been identified to date, the most important molecules 
that have been shown to act, in the human, as thyroid 
hormone transporters are OATP1C1 and MCT8. 
The former is important for the transport of thyroid 
hormones across the blood-brain barrier (BBB) and 
the latter acts as a specific transporter for T3. Muta-
tions of the MCT8 result in dramatic reduction of T3 
uptake by the neurons in the brain causing cerebral 
hypothyroidism. The clinical manifestations of MCT8 
deficiency include marked hypotonia, weakness, 
generalized muscular atrophy and delay of develop-
mental milestones. Thyroid-function tests in MCT8 
deficiency are characterized by a high serum total 
and free T3, low total and free T4, as well as low rT3. 
MCT8 resides on the X chromosome, therefore, in 
boys with early postnatal hypotonia, it is important 
to determine thyroid hormone levels, especially T3. 
Until the time of the writing of this review there is no 
effective treatment for MCT8 deficiency. However, 
recently the administration of an MCT8 independent 
thyroid hormone receptor agonist DITPA in MCT8 
knock-out mice restored thyroid hormone abnormal-
ity, suggesting its future potential use in the treatment 
of human MCT8 deficiency. 
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