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Monocarboxylate Transporter 8
Deficiency: From Pathophysiological
Understanding to Therapy
Development
Ferdy S. van Geest , Nilhan Gunhanlar , Stefan Groeneweg and W. Edward Visser*

Academic Center For Thyroid Disease, Department of Internal Medicine, Erasmus Medical Center, Rotterdam, Netherlands

Genetic defects in the thyroid hormone transporter monocarboxylate transporter 8
(MCT8) result in MCT8 deficiency. This disorder is characterized by a combination of
severe intellectual and motor disability, caused by decreased cerebral thyroid hormone
signalling, and a chronic thyrotoxic state in peripheral tissues, caused by exposure to
elevated serum T3 concentrations. In particular, MCT8 plays a crucial role in the transport
of thyroid hormone across the blood-brain-barrier. The life expectancy of patients with
MCT8 deficiency is strongly impaired. Absence of head control and being underweight at
a young age, which are considered proxies of the severity of the neurocognitive and
peripheral phenotype, respectively, are associated with higher mortality rate. The thyroid
hormone analogue triiodothyroacetic acid is able to effectively and safely ameliorate the
peripheral thyrotoxicosis; its effect on the neurocognitive phenotype is currently under
investigation. Other possible therapies are at a pre-clinical stage. This review provides an
overview of the current understanding of the physiological role of MCT8 and the
pathophysiology, key clinical characteristics and developing treatment options for
MCT8 deficiency.

Keywords: MCT8 deficiency, monocarboxylate transporter 8, Allan-Herndon-Dudley syndrome (AHDS), thyroid
hormone transport, thyroid hormone signaling
INTRODUCTION

Throughout life, thyroid hormone plays an indispensable role in many processes in almost all
tissues of the human body. During prenatal and early postnatal life, adequate thyroid hormone
signalling is crucial for normal neurodevelopment (1). Furthermore, thyroid hormone regulates key
metabolic processes (e.g. mitochondrial respiration) in various tissues, including the liver, kidneys
and muscles (2, 3).

Thyroid hormone is the common name for both the prohormone thyroxine (T4), the major
product of the thyroid, and the biologically active triiodothyronine (T3). Intracellular thyroid
hormone signalling is governed by three major processes: 1) transport of thyroid hormone across
the cell membrane, facilitated by specific thyroid hormone transporter proteins, 2) conversion of T4
into T3 or the inactive metabolite reverse (r)T3 and further degradation into other inactive thyroid
hormone metabolites by deiodinating enzymes types 1-3 (DIO1-3), and 3) genomic action of T3
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upon binding to thyroid hormone receptor (TR) a and b (4).
Together, these mechanisms allow for a precise and tissue-
specific regulation of intracellular thyroid hormone signalling.
This is pivotal for proper development and function of many
tissues and crucial for the overall homeostasis of the
hypothalamus-pituitary-thyroid (HPT) axis (2, 3). Hence,
alterations in any of these mechanisms can result in tissue-
specific thyroid hormone signalling defects. In human, defects in
all these mechanisms have been identified and such disorders
generally impair cellular thyroid hormone signalling (5–12).

To date, the most specific thyroid hormone transporter
identified is monocarboxylate transporter (MCT) 8, encoded by
SLC16A2 on chromosome Xq13.2 (13). Pathogenic variants in
this gene result in a clinical syndrome of severe intellectual and
motor disability and increased serum T3 concentrations, leading
to thyrotoxic symptoms in peripheral tissues, together known as
MCT8 deficiency [also known as Allan-Herndon-Dudley
Syndrome (AHDS); OMIM number 300523] (8, 9, 14). Patients
generally have poor head control, remain non-verbal, are
wheelchair bound and severely underweight and often die at a
young age (15). Since the identification of the first series of
patients with MCT8 deficiency, many efforts have been
undertaken to better understand this rare disorder and to
develop potential therapeutic strategies (Figure 1). However,
important pathophysiological questions remain unanswered to
date and treatment options are limited.
PHYSIOLOGICAL ROLE OF MCT8

The SLC16A2 gene comprises two transcriptional start sites,
resulting either in an MCT8 protein of 613 amino acids
(referred to as the ‘long’ isoform) or 539 amino acids (referred
to as the ‘short’ isoform). Although the functional properties of
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both isoforms are highly similar, the short isoform is generally
considered physiologically relevant, since this is the only isoform
identified in human tissue to date. In vitro overexpression studies
have demonstrated a role for the extended N-terminus, specific
to the long MCT8 isoform, in ubiquitin-dependent proteasomal
degradation, thereby potentially regulating expression of MCT8
protein (16, 17). Yet, there is no definitive proof for the existence
of a long MCT8 protein isoform under physiological conditions,
which led to the recent change of the reference sequence from the
long isoform (NM_006517.3; NP_006508.1) to the short isoform
(NM_006517.5; NP_006508.2). It should be emphasized that
most literature on MCT8 available to date used the long
translational isoform to assign the position of variants. To
avoid confusion amongst researchers and clinicians, we
recently proposed to continue using the long isoform of MCT8
(counting from the first translational start site) in the
nomenclature of SLC16A2 variants, according to the majority
of variants described in literature (18, 19).

MCT8 is capable of mediating the flux of thyroid hormone
across the cellmembrane through facilitated diffusion, independent
of pH or a Na+ gradient (18). Major substrates of MCT8 are the
iodothyronines T3 and T4; to a lesser extent, it is also capable to
mediate transport of the inactive metabolites rT3 and 3,3-
diiodothyronine (3,3’-T2) (20). Both uptake and efflux of thyroid
hormone across the cell membrane are facilitated by MCT8 (21).
Interestingly, transport of thyroid hormonemetabolites lacking the
aNH2 group [e.g. 3,3’,5-triiodothyroacetic acid (Triac) and
3,3′,5,5′-tetraiodothyroacetic acid (Tetrac)] is not dependent on
MCT8 (22, 23). Silychristin, a flavonolignan found in some
traditional European and Asian medicinal compounds, is capable
of specifically and effectively blocking MCT8-mediated thyroid
hormone transport in different in vitro and ex vivo models
(24, 25). Based on studies using the inhibitors bromsulphthalein
(BSP) and desipramine, Jomura et al. suggest that MCT8 can be
FIGURE 1 | Schematic representation of seminal discoveries in understanding of disease and treatment effects in patients. Due to limited space, we were unable to
include all other relevant discoveries on MCT8 deficiency in the figure. MCT8, monocarboxylate transporter 8; AHDS, Allan-Herndon-Dudley Syndrome; KO, knock-
out; OATP1C1, organic anion transporter 1C1; DKO, double knock-out; BBB, blood-brain barrier; DITPA, diiodothyropropionic acid; T4, thyroxine; PTU,
propylthiouracil.
September 2021 | Volume 12 | Article 723750

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


van Geest et al. MCT8 Deficiency: From Pathophysiology to Therapy
involved in efflux of the anti-epileptic drug phenytoin across the
blood-brain barrier (BBB) (26).However, as these inhibitors arenot
MCT8-specific and with BSP being an inhibitor of the majority of
thyroid hormone transporting organic anion transporter proteins
(OATPs) (18), additional evidence is warranted to support
this hypothesis.

MCT8 is ubiquitously expressed throughout the human body.
BothMCT8mRNA and protein are most prominently expressed
in the liver, but are also found in significant quantities in the
thyroid, kidneys, pituitary and brain (27). In particular, MCT8 is
expressed in different neural cells, including subtypes of neurons,
astrocytes, oligodendrocytes and tanycytes (28, 29). Expression
of MCT8 in tanycytes may potentially play an important role in
the negative feedback of HPT axis homeostasis (30). During all
stages of intra-uterine development, MCT8 expression is
observed in vascular structures within the foetal brain and,
later in development, in their surrounding astrocytes (31).
Moreover, MCT8 expression is observed in radial glial cells,
leptomeningeal cells and blood vessels in the subarachnoid space
of murine models (at 14 to 38 gestational weeks) (31). These
findings are indicative of a prominent role for MCT8 at the BBB
and, to a lesser extent, also at the blood-cerebrospinal fluid
barrier (BCSFB), and underlie the current paradigm that
MCT8 is crucial for thyroid hormone transport across the BBB
in particular. Interestingly, recent detailed protein expression
studies fromWilpert et al. on murine brain tissues demonstrated
strong expression of MCT8 in the brain barriers and many
subpopulations of neurons (including cortical and cerebellar
neurons) at a young age (postnatal day 6, representative for
the foetal phase in human), but a sharp decrease in MCT8
expression in neurons upon aging, whereas expression in the
BBB and BCSFB did not change upon aging. In adult post-
mortem and fresh human brain tissues from 4 older individuals
(50 – 82 years), a similar pattern of strong MCT8 expression in
endothelial cells and minimal to no expression in neuronal
tissues was found (32). Together, these findings indicate the
presence of MCT8 in the majority of brain tissues during
(prenatal) development, whereas its presence may be restricted
to the brain barriers later in adult life. Yet, it is hitherto unknown
how MCT8 functionally contributes to intracellular thyroid
hormone homeostasis in different cell types at different
developmental stages.

Despite its ubiquitous expression in human tissues other
than brain (so called peripheral tissues), the physiological role
of MCT8 in these tissues is less well-defined. Importantly,
along with MCT8, various alternative thyroid hormone
transporters are ubiquitously expressed throughout the
peripheral tissues (members of the L-type amino acid
transporter and OATP family, as well as Na+-taurocholate
cotransporting polypeptide and the recently identified thyroid
hormone transporter SLC17A4) (18). Hence, other peripheral
tissues have a variable dependence on MCT8 for adequate
thyroid hormone homeostasis (33, 34).

MCT8 is highly expressed on the basolateral side of follicular
epithelial cells of the murine thyroid, as demonstrated by
different in situ hybridization, immunohistochemistry and
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immunoblot analyses (35, 36). Similar observations were made
in the human thyroid (37).
PATHOPHYSIOLOGY OF
MCT8 DEFICIENCY

The relevance of adequate MCT8-mediated thyroid hormone
transport becomes apparent in patients harbouring mutations in
the SLC16A2 gene. Such mutations result in a phenotype of
severe intellectual and motor disability and signs of peripheral
thyrotoxicosis, including negative clinical sequelae as tachycardia
and being severely underweight. As SLC16A2 is located on the X
chromosome, mostly men are affected; one female with MCT8
deficiency due to unfavourable X-inactivation has been described
(38). A detailed description of the clinical characteristics of
this disease is provided in section Disease Characteristics of
this review.

Different animal models have been exploited to better
understand the pathophysiology of MCT8 deficiency. The first
animal model generated for these purposes was the Mct8
knockout (KO) mouse (39, 40). In mice, which are commonly
studied to delineate tissue-specific intracellular thyroid hormone
signalling processes, the expression pattern of MCT8 is largely
comparable to the human situation (18). However, in contrast to
the human BBB, the BBB of mice (and other rodents) co-
expresses the T4-specific transporter Oatp1c1, enabling T4
transport into the brain and subsequent local conversion into
T3 by Dio2 (41). This observation is highly relevant in studying
cerebral thyroid hormone homeostasis, as murine models do not
well resemble the human physiological situation. Although Mct8
KO mice well resemble the serum thyroid hormone fingerprint
of patients with MCT8 deficiency, no overt neurological
abnormalities were identified. Therefore, results obtained in
rodent brains should be translated with caution to the human
situation (42). Hence, Mct8 KO mice are generally considered to
be an adequate model for the peripheral thyrotoxic state
observed in patients with MCT8 deficiency, but should not be
used when evaluating (treatment effects on) the neurocognitive
phenotype (42). Subsequently, an Mct8/Oatp1c1 double KO
(DKO) mouse model was generated, which indeed mimicked
both the peripheral thyrotoxic as well as the neurocognitive
phenotype of MCT8 deficiency. The latter was illustrated by
pronounced locomotor abnormalities, altered Purkinje cell
dendritogenesis, a reduction in cerebral T3 and T4 content to
10%, decreased cerebral expression of the thyroid hormone
sensitive gene Hairless and reduced cerebral levels of myelin
basic protein (MBP), indicating hypomyelination (41).
More recent studies suggest that Mct8/Dio2 DKO mice may
also mimic human MCT8 deficiency, as inactivation of
Dio2 prevents the formation of sufficient intracerebral T3
concentrations even in presence of functional Oatp1c1 (43).
In addition to murine models, zebrafish and chicken models are
available and resemble parts of the phenotypic spectrum of
MCT8 deficiency (44, 45).
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The functional contribution of MCT8 in the BBB only became
recently apparent when Vatine et al. successfully obtained MCT8
deficient vascular endothelial and neural cells from patient-derived
induced pluripotent stem cells (iPSCs) (46). In these MCT8
deficient neural cells, reduced thyroid hormone uptake capacity
was found. However, the ability of these MCT8 deficient iPSCs to
differentiate to neural cells was grossly unaltered. This latter
observation suggests that, despite the absence of functional
MCT8, sufficient intracellular T3 concentrations are reached in
these cells. Utilizing iPSCs to model the BBB demonstrated the
relevance of MCT8 in this barrier, with transport of T3 across the
modelled BBB being significantly reduced in absence of MCT8
(46). Defective MCT8 in specific neuronal populations or in neural
stem cells from patient derived iPSCs was not studied.
Complementary studies of Mayerl et al. on adult hippocampal
neurogenesis in murine neural stem cells showed that this process
is largely regulated by thyroid hormone signalling in a cell-
autonomous fashion, with MCT8 functioning as an important
gate keeper (47). Upon both global deletion and adult neural stem
cell-specific deletion of MCT8, differentiation of hippocampal
neuroblasts was reduced. Similarly, recent studies of Vatine et al.
demonstrated that oligodendrocyte precursor cells (OPCs) are not
able to generate myelinating oligodendrocytes in the context of
reduced cerebral thyroid hormone signalling, as observed in
MCT8 deficiency (29). It should be noted that these studies used
different models representing different neural cell types and
different stages of neuronal development, limiting direct
comparison of their results. López-Espıńdola et al. performed
post-mortem studies on the cerebral cortex and cerebellum of a
human foetus with MCT8 deficiency (30 gestation weeks) and an
11-year old patient with MCT8 deficiency (48). The foetal brain
already showed delayed cortical and cerebellar development
(including altered Purkinje cell dendritogenesis), hypomyelination
(indicated by low levels of MBP) and impaired maturation of the
axons, indicating that the brain suffers from a severe state of low
thyroid hormone signalling during pregnancy. Similar features were
identified in the brain of the 11-year old patient, thus excluding
spontaneous recovery of the neural aberrations with increasing age.
Cerebral cortex T3 and T4 concentrations were reduced by 50%.
The observed features were in line with the features found in Mct8/
Oatp1c1 DKO mice (41). Interestingly, the reduction in cerebral
thyroid hormone content was less prominent when compared to
Mct8/Oatp1c1 DKO mice. This remarkable difference is currently
not well understood; amongst other factors, differential expression
of so far unidentified thyroid hormone transporters or other
protecting mechanisms could underlie this observation. Together
with the studies of Wilpert et al., these studies point towards a
prominent role of MCT8 in the transport of thyroid hormone
across the brain barriers, and the role of MCT8 in neural cells
appears to vary between cell types and developmental stages.

Over the years, multiple hypotheses have been postulated on
the pathophysiology of the distinct thyroid hormone fingerprint
in MCT8 deficiency. It was first reasoned that, due to reduced
cerebral T3 uptake, a progressive buildup of T3 in serum
stimulates DIO1 activity in peripheral tissues, thus further
aggravating the peripheral thyrotoxicosis by enhancing T4 to
Frontiers in Endocrinology | www.frontiersin.org 4
T3 conversion. In Mct8/Pax8 DKO and Pax8 KO mice, both
being completely athyroid, injection of T3 resulted in similar
serum T3 concentrations in both groups (35). In contrast,
injection of T4 resulted in lower serum T4 concentrations in
Mct8/Pax8 DKO mice compared to Pax8 KO mice, indicating
increased deiodinase activity independent of the circulating T3
concentrations. Hence, a reduced cerebral thyroid hormone
uptake does not explain the characteristic high T3:T4 ratio
observed in MCT8 deficiency. As MCT8 is expressed in
human tanycytes and thyrotropin releasing hormone (TRH)-
expressing neurons (28, 49), it was hypothesized that MCT8 may
have an important role in controlling the HPT axis, and in
particular the negative feedback system. Moreover, the co-
expression of MCT8 and DIO2 in folliculostellate cells of the
human pituitary indicates that MCT8 might also control the
HPT axis on pituitary level, with folliculostellate cells acting in a
paracrine fashion (49). In Mct8 KO mice the thyroidal secretion
of T4 is decreased, whereas increased release of T3 is observed
(35, 36). It should be noted that the ratio of thyroidal T3 vs T4
secretion and intrathyroidal deiodinase activity are different
between rodents and humans (50). Taken together, it is likely
that MCT8 plays a role in thyroid hormone homeostasis at all
levels of the HPT axis (Figure 2). This, however, does not
completely explain the high serum T3:T4 ratio that is observed
in all patients with MCT8 deficiency (see Disease Characteristics),
as the increased peripheral thyroid hormone metabolism remains
not well understood in this hypothesis.

A third hypothesis focusses on deiodinase activity in
peripheral tissues. Dio1 has a role in rT3 clearance and
converts the prohormone T4 into biologically active T3. Dio2
has an activating function by catalysing T4 to T3 conversion,
whereas Dio3 primarily has a role in inactivation of thyroid
hormone (conversion of T4 to rT3 and T3 to T2) (4). In the liver
and kidneys of Mct8 KOmice, strongly increased activity of Dio1
was observed, whereas increased Dio2 activity was found in the
brain, pituitary and skeletal muscles (39, 40). In these mice,
increased liver T3 content and increased expression of Dio1 were
observed, and resulted in clinical features of increased thyroid
hormone signalling in the liver (e.g. decreased serum cholesterol
concentrations), in line with observations made in patients with
MCT8 deficiency (15, 39). By utilizing Mct8/Dio1 DKO mice,
Liao et al. demonstrated that the alterations in Dio1 activity are
primarily responsible for the high T3:T4 ratio in Mct8 KO mice
(51). Interestingly, proximal tubule cells that normally express
MCT8, showed increased Dio1 expression in the absence of
MCT8. Moreover, upon peripheral injection of radiolabelled
T3 and T4 in Mct8 KO mice, increased accumulation of
radioactivity was observed in kidney, but not in liver
homogenates (40). Also, liver-specific KO of Dio1 in Mct8 KO
mice did not result in normalization of the circulating thyroid
hormone levels, suggesting that the increased hepatic Dio1
expression is not causing the abnormal thyroid hormone levels
(52). Together, these findings hint towards a crucial role for
MCT8 in renal T4 efflux, thereby maintaining global thyroid
hormone homeostasis (Figure 2). Based on these findings, it is
currently hypothesized that, due to deficient MCT8-mediated
September 2021 | Volume 12 | Article 723750
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thyroid hormone excretion, T4 is trapped in the kidneys, which
results in an upregulation of Dio1. Subsequent to this increased
expression, T4 is rapidly conversed to T3 by Dio1 and released to
the circulation by other transporters, resulting in increased
serum T3 concentrations. However, further studies are
warranted to confirm if, and decipher how the kidneys
contribute to the distinct fingerprint of thyroid function tests
in MCT8 deficiency.
DISEASE CHARACTERISTICS

In 1944, Allan, Herndon and Dudley first described families with
several members suffering from an X-linked form of
neurodevelopmental delay, resulting in a lack of speech and
impaired walking ability. Hence, it was coined Allan-Herndon-
Dudley Syndrome or AHDS (53). The underlying pathogenic
mechanism of AHDS remained unclear up until 2004. Soon after
the identification of MCT8 as a specific thyroid hormone
transporter (13), the first patients with a mutation therein were
identified, presenting a remarkably similar clinical phenotype as
those males described by Allan, Herndon and Dudley (8, 9). In
2005, Schwartz et al. provided definite proof that the families
originally described by Allan, Herndon and Dudley indeed
carried mutations in MCT8 (14). Thus, the terms MCT8
deficiency and AHDS both comprise the same syndrome and
are both commonly used in the field. With the current tendency
Frontiers in Endocrinology | www.frontiersin.org 5
to avoid eponyms, MCT8 deficiency is currently preferred to
describe the disease.

Initial reports mainly focused on the neurodevelopmental
phenotype, resulting from defective thyroid hormone transport
into the brain. Over time, it was increasingly recognized that, in
contrast to the brain, other tissues of the human body (hereafter
called peripheral tissues) are in a chronic thyrotoxic state. Due to
the abundance of alternative thyroid hormone transporters in
peripheral tissues, these tissues adequately sense the high
circulating T3 concentrations.

When studying the genetic basis of MCT8 deficiency, it is
critical to discriminate deleterious mutations from benign (rare)
variants (54). Approximately 150 different mutations in about
250 different families have been described in literature and a
prevalence of 1:70,000 males has been suggested (15, 55). They
can be classified in three major groups: large deletions resulting
in an incomplete MCT8 protein, insertions/deletions/nonsense
mutations resulting in a frameshift or premature truncation, and
missense mutations resulting in a single amino acid change (18).
Whereas the pathogenic character of the first two categories can
be predicted with considerable certainty, not all missense
variants impair MCT8 thyroid hormone transport function.
Evaluation of residual thyroid hormone transport capacity of
these variants in in vitro systems or patient-derived fibroblasts is
therefore indispensable to confirm the pathogenic nature of
identified variants (56–58). Recent studies suggested that C-
terminal missense variants beyond amino acid residue Met574
(long isoform) are well-tolerated and likely to not results in a
FIGURE 2 | Schematic representation of the current understanding of potential pathogenic mechanisms underlying the abnormal serum thyroid hormone
concentrations in patients MCT8 deficiency. Loss of MCT8 function may lead to altered thyroid hormone sensitivity in the hypothalamus and pituitary (upper left
panel). Loss of MCT8 function results in decreased thyroidal T4 secretion (right panel). Loss of MCT8 function may results in decreased excretion and ‘trapping’ of
T4 in the kidneys, and subsequent increase in DIO1 expression. TRH, thyrotropin releasing hormone; T4, thyroxine; MCT8, monocarboxylate transporter 8; DIO1,
deiodinase type 1.
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phenotype (59). Additional studies are warranted to further
delineate the relationship between the different mutations and
the phenotypic variability.

In the years following its discovery, understanding of the
phenotype of MCT8 deficiency largely relied on reports of
individual cases and studies including small cohort of patients
with MCT8 deficiency. With the number of identified patients
strongly increasing with rising awareness amongst physicians in
recent years, the opportunity arose to study larger cohorts of
patients (15, 60). Following structured evaluation of two cohorts,
better understanding of different aspects of MCT8 deficiency was
obtained. The first cohort, described by Remerand et al.,
comprised of 24 patients in whom specifically the neurological
features were further detailed (60). In line with previously reports,
they showed that the neurocognitive phenotype of MCT8
deficiency comprises severe intellectual and motor disability.
Hypotonia, spasticity and dystonia are key clinical features
(observed in 100%, 71% and 75%, respectively). The majority of
patients had poor head control, did not develop speech and did
not attain the ability to sit or walk. Magnetic resonance imaging
(MRI) depicted hypomyelination in the majority of patients (19
out of 24 patients) and global brain atrophy in approximately 50%
of patients. Similar observations were made earlier, in 13 MRI-
scans of 6 patients (61). Moreover, detailed diffusion tensor
imaging, available in three subjects, demonstrated a lack of
definition in the anteroposteriorly directed association tracts,
whereas the commissural white matter tracts (indicating the
corpus callosum) and the corticospinal tracts appeared relatively
normal. A recent review of the available literature suggested that
MRI-scans of patients show gradual improvement of myelination
throughout life, indicating a state of delayed myelination rather
than hypomyelination (62). In contrast, post-mortem microscopic
evaluation of the brain of an 11-year old patient demonstrated
deficient myelination [also see Pathophysiology of MCT8
Deficiency (48)]. Strikingly, in the cohort of Remerand and
colleagues, 8 out of 24 (33%) patients were able to walk,
indicative of a less severe phenotype. This proportion was
considerably higher than estimates based on available case
reports and case series (18, 61), suggesting that patients with a
relatively less severe phenotype were overrepresented in this
cohort. Although Remerand et al. reported on thyroid function
tests, the peripheral phenotype had not been further detailed.

Hence, the establishment of a larger cohort was warranted, in
order to obtain more robust phenotypic data covering both the
neurological and peripheral phenotype. In an international
multicenter effort, Groeneweg et al., described the phenotypic
characteristics of up to 151 patients with MCT8 deficiency (15).
Similar observations of key clinical neurological symptoms were
found as in the cohort of Remerand et al., albeit with a much
lower proportion of patient who had developed walking abilities
(4 out of 77 patients). Also, this study was the first to
systematically collect quantitative data on the motor and
cognitive abilities of patients with MCT8 deficiency, as assessed
with the Gross Motor Function Measure-88 and Bayley Scales of
Infant Development III. These abilities plateaued at a median
developmental age of well below 12 months, whereas the median
age of evaluation was 6.4 years.
Frontiers in Endocrinology | www.frontiersin.org 6
Next to neurodevelopmental symptoms, this study was the first
to provide large-scale data on the peripheral phenotype (15).
Observed hallmark features were elevated serum T3
concentrations (present in 95% of patients), hypothyroxinaemia
(present in 89% and 90% of patients for serum free T4 and total
T4 concentrations, respectively), with serum thyroid stimulating
hormone (TSH) concentrations within the age-specific reference
range in the majority (89%) of patients. Serum rT3 concentrations
were low in 91% of patients, resulting in a high T3:rT3 ratio in all
patients. No difference in serum T3 concentrations was observed
in patients with severe vs less severe phenotype. In contrast,
patients with a less severe phenotype showed significantly higher
total T4 concentrations when compared to patients with a severe
phenotype (although still below the reference interval). As a
consequence, the T3:T4 ratio was lower in patients with a less
severe phenotype. Importantly, of eight patients with T4-based
neonatal screening data available, the majority of patients (88%)
had total T4 concentrations below the 20th percentile (Figure 3A).
None were identified through neonatal screening. Also, none
would be identified as abnormal in TSH-based screening
programs, which are commonly utilized (Figure 3B). Recent
studies demonstrated that rT3 concentrations and T3/rT3 ratio
might be suitable biomarkers in neonatal screening (63). As
pregnancy and delivery are unremarkable in most cases (15) and
treatment early in life can potentially improve the neurocognitive
phenotype, early identification of patients with MCT8 deficiency
through neonatal screening could be of large additive value.

As a consequence of the elevated serum T3 concentrations,
clinical parameters and biochemical markers reflecting thyroid
hormone action in peripheral tissues were altered. Being
underweight was detected in 71% of patients and 84% of
patients had hypotrophic musculature. Recurrent pulmonary
infections were common, which might be related to the high
incidence of impaired swallowing function (observed in 71% of
patients) and increased susceptibility as a result of being
A B

FIGURE 3 | Neonatal screening in patients with MCT8 deficiency; total T4
(A) and TSH (B). Blue dots represent individual data points. Black bars
indicate the mean ± SD. Grey areas indicate reference intervals. This figure
was published in Disease characteristics of MCT8 deficiency: an international,
retrospective, multicentre cohort study, Lancet Diabetes Endocrinol. 8(7), S
Groeneweg et al., Figures 3D and s9I, 594-605, Copyright Elsevier (2020).
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underweight. Moreover, signs of cardiovascular dysfunction
were commonly observed, including premature atrial
contractions (PACs), resting tachycardia and elevated systolic
blood pressure (in 76%, 31% and 53% of patients, respectively).
Serum sex hormone-binding globulin (SHBG) concentrations,
considered to be a marker of thyroid hormone signalling in the
liver, were elevated compared to its age-specific reference
intervals in 88% of patients.

Whereas life span had previously been reported to appear
relatively normal (14), systematic large-scale phenotyping
showed a strongly decreased life expectancy in patients with
MCT8 deficiency, with a median survival of 35 years (15).
Proxies of the severity of both the peripheral and neurocognitive
phenotype (being underweight early in life (1-3 years of age) and
absence of head control before the age of 1.5 years, respectively)
were strongly associated to increased mortality risk at a young age,
with approximately 50% of severely affected patients dying in
childhood. Importantly, sudden death was reported as a common
cause of death. The observed high prevalence of cardiovascular
abnormalities may point to a cardiac origin. Key characteristics
such as cardiovascular function and nutritional status had been
rarely documented in literature. These characteristics are potential
key determinants of early death. Such detailed quantitative natural
history data may serve as a control cohort in the evaluation of
future therapeutic interventions, with placebo-controlled studies
deemed not feasible due to the rarity of MCT8 deficiency.
DEVELOPMENT OF (POTENTIAL)
THERAPIES

Currently, no therapeutic strategies are registered for MCT8
deficiency. The severity of this syndrome and its impact on
quality of life of patients and their relatives, and the high
mortality rate in infancy, warrant the need for adequate
therapies. Since the description of the first patients with MCT8
deficiency, major research initiatives have been taken to design
and develop therapies. This paragraph discusses the different
treatment strategies that have been evaluated over time.

The ideal therapy should ameliorate or prevent the
neurocognitive phenotype and should alleviate the peripheral
thyrotoxicosis. It is generally accepted that putative beneficial
effects on the neurocognitive phenotype are most prominent
when treatment is commenced early in life, and are likely limited
in older patients (analogous to congenital hypothyroidism).
With symptoms of the peripheral phenotype linked to
increased mortality risk at young age (15), therapies that can
effectively and safely modulate the peripheral thyrotoxicosis
should also be considered relevant, irrespective of their effects
on neurocognitive outcomes.

Following the identification of the first patients with MCT8
deficiency and with hypothyroxinaemia being observed, patients
were initially treated with oral T4 supplementation [(8, 9, 64–82),
reviewed in (18)]. Upon treatment, the already elevated serum
T3 concentrations further increased in a subset of patients, as a
consequence of conversion of T4 to T3 in peripheral tissues.
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In line with this increase in serum T3 concentrations, body
weight and other markers of thyrotoxicosis even further
deteriorated. Hence, treatment with T4 monotherapy appears
to aggravate the peripheral thyrotoxic phenotype. As T4 is not
able to enter the human brain without functional MCT8, no
improvement of neurocognitive symptoms was observed.
Therefore, it is generally accepted that postnatal treatment with
T4 monotherapy is not recommended in MCT8 deficiency.
Following these observations, it was hypothesized that by
combining T4 with propylthiouracil (PTU), which inhibits
DIO1 in peripheral tissues, the aggravation of the
thyrotoxicosis could be overcome. This strategy has been
reported in five patients [(55, 83–86), reviewed in (18)] and
resulted in a decrease in serum T3 concentration and
improvement of biochemical markers and clinical symptoms of
the peripheral thyrotoxicosis (decrease in serum SHBG
concentrations, increase in body weight, decrease in heart
rate). Following the experiences with T4 monotherapy, no
alterations in the neurocognitive phenotype were observed
upon treatment. Interestingly, neurocognitive improvement
was observed upon intra-uterine instillation of T4 in one
mother pregnant of a foetus with MCT8 deficiency, followed
by T4 + PTU combination therapy after birth (87). It remains
unclear why prenatal treatment had a beneficial effect on
neurocognition, whereas this is not the case for postnatal
treatment (9, 78). This can possibly be explained by the timing
of the intervention or differential expression of alternative
thyroid hormone transporters in the prenatal brain. However,
as PTU carries a high risk of severe adverse reactions (e.g.
agranulocytosis and liver failure), the pros and cons of
treatment with a combination of T4 and PTU should be
carefully balanced, in particular in vulnerable patients such as
patients with MCT8 deficiency (88). Recent studies found that
intranasal thyroid hormone administration, theoretically
bypassing the BBB, did not result in alterations in cerebral
thyroid hormone content, but rather aggravated the peripheral
thyrotoxicosis in Mct8 KO mice (89). Hence, following the
conclusion of the authors, intranasal thyroid hormone
administration is likely not a valid treatment option in patients
with MCT8 deficiency. The efficacy of this therapy has not been
formally tested in patients.

With classic (anti-)thyroid drugs not being effective in MCT8
deficiency, alternative treatment options were explored. Research
initiatives have been focussing on compounds called thyroid
hormone analogues, which are able to cross the cell membrane
independent of MCT8, with intracellular effects and degradation
similar to T3 (90). In Mct8 KO mice, the thyroid hormone
analogue diiodothyropropionic acid (DITPA) was able to
effectively normalize serum TSH concentrations and Dio1
expression in the liver, indicative of a decrease of the peripheral
thyrotoxic state (91, 92). However, as Mct8 KO mice do not fully
resemble the human cerebral pathophysiology of MCT8
deficiency, these studies were less suited to address the effect of
DITPA on the neurocognitive phenotype. Following these pre-
clinical studies, four patients (median age 25 months, range 8.5 –
25 months) were treated with DITPA on compassionate use basis
for a median time of 38.5 months (range 26 – 40 months) (85).
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Upon treatment, serum T3 concentrations normalized and
subsequent improvement of some markers of peripheral
thyrotoxicosis, including body weight, was observed in some of
the subjects. However, DITPA treatment did not result in
improvements of the neurocognitive phenotypes in these
patients, despite their relatively young age. After these reports,
additional work showed that DITPA is able to cross the murine
placenta independent of Mct8 (93). If similar observations are
made for the human situation, this would classify DITPA as a
potentially suitable compound for prenatal treatment of foetuses
with MCT8 deficiency; this, however, remains to be elucidated. In
zebrafish larvae lacking Mct8, DITPA was able to partially restore
myelination six days after fertilization (94). Moreover, Lee et al.
showed that DITPA restores myelination in oligodendrocytes
derived from human embryonic stem cells, in which MCT8 was
knocked down using short hairpin (sh)RNA technique (95). It
should be noted that, despite its beneficial effects on the peripheral
phenotype, DITPA is currently not commercially available.

Alongside DITPA, the therapeutic potential of the thyroid
hormone analogue triiodothyroacetic acid (Triac) for MCT8
deficiency has extensively been studied. Triac is a naturally
occurring thyroid hormone metabolite, which potently binds and
activates the TRs and enters the cell independent of MCT8 (22).
Following these observations, the efficacy of Triac was evaluated in
Mct8/Oatp1c1 DKO mice. Importantly, a clear improvement in
brain development was observed when mice were treated
directly after birth (from postnatal day 1 to 12; dose 50 ng/g
body weight), with complete restoration when high doses of Triac
(400 ng/g body weight) were administered, as illustrated by
normalization of cerebellar Purkinje cell dendritogenesis (calbindin
immunoreactivity) and myelination (MBP immunoreactivity) (22).
In line with these findings, Triac was able to completely rescue
myelination in mct8-/- zebrafish larvae six days after fertilization,
when brain damage has already occurred (94). An international
phase II trial including 46 patients with a median age of 7.1 years
demonstrated that Triac effectively reduces the high serum T3
concentrations and improved subsequent clinical and biochemical
features of thyrotoxicosis, including body weight, heart rate,
occurrence of PACs, SHBG and creatinine. In a subset of patients,
treatment was extended up until 3 years and resulted in sustained
beneficial effects on the peripheral phenotype. Except transient signs
of increased thyrotoxicosis in a small subset of patients, no (severe)
adverse events related toTriacwereobserved.Furthermore, a trendof
improvement in neurodevelopment was observed in patients treated
early in life (younger than fouryearsatbaseline) (96).Previous studies
have demonstrated transplacental passage of Triac in women, also
making Triac a suitable compound for prenatal treatment of foetuses
with MCT8 deficiency (97).

In pursuit of the identification of thyromimetic molecules
with a larger bioavailability in the brain, the thyroid hormone
analogue sobetirome and its prodrug sob-AM2 have been
studied in Mct8/Dio2 DKO mice (98). Although upon
treatment serum T3 concentrations decreased, the effects of
sobetirome and sob-AM2 on the peripheral phenotype and its
safety profile remain unclear. In particular, upon sobetirome and
sob-AM2 treatment, expression of T3-responsive genes did not
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alter in the liver and were increased in the heart, suggesting that
these compounds may aggravate the peripheral thyrotoxic state.
Cerebral Hairless expression levels were restored, indicative of a
beneficial effect on cerebral thyroid hormone signalling.
Additional evaluation of efficacy and safety is warranted before
this drug can be used in a clinical setting.

Next to recovering thyroid hormone signalling via thyroid
hormone analogues that enter the cell independent of MCT8,
attempts to recover MCT8 function have been made. Gene
therapy using adeno-associated virus 9 (AAV9) vector
containing human MCT8 cDNA was able to increase cerebral
thyroid hormone signalling in Mct8 KO mice (99). These effects
were only observed after intravenous administration, but not
after intracerebroventricular administration, which underlines
the relevance of MCT8 at the BBB. Using a similar approach,
Zada et al. showed that upregulation of the fusion protein Mct8-
tagRFP completely rescued hypomyelination in mct8-/- zebrafish
larvae (94). The effects of these different forms of gene therapy on
the peripheral thyrotoxic phenotype as well as their safety
profiles are to be explored. Hence, clinical evaluation of these
promising therapies is not yet applicable.

In addition, different chemical chaperones have been exploited
to improve trafficking and stability of mutant MCT8, thus
potentially increasing MCT8-mediated thyroid hormone
transport across the cell membrane. Depending on the cell
model, different effects have been found. In overexpression
models of the p.F501del mutation, treatment with phenylbutyrate
and dimethylsulfoxide enhanced residual MCT8 transport capacity
(100, 101). In fibroblasts containing this mutation, considered the
most representative ex vivo model, these effects were not observed
(25). The effects of such molecules on the thyrotoxic and
neurocognitive phenotype are unclear, as none of these
compounds have been tested in animal models for MCT8
deficiency. As this potential therapy is only applicable for a
subset of mutations, its role in clinical praxis will likely be limited.
CONCLUSIONS AND FUTURE
PERSPECTIVES

Since the first recognition of MCT8 deficiency, major discoveries
have been made, helping to better understand this rare disorder.
By utilizing different in vitro, ex vivo and in vivo models, it
became clear that MCT8 particularly plays a crucial role at the
BBB. Additional studies are warranted to fully understand the
role of MCT8 within other parts of the brain. Results from recent
deep-phenotyping re-emphasized the relevance of the peripheral
phenotype in patients with MCT8 deficiency, as being
underweight early in life as a proxy of the peripheral
thyrotoxicosis, has been linked to increased mortality risk at a
young age. These findings stress the importance of the thyrotoxic
features as therapeutic target and thus the availability of
treatment options that modulate the peripheral phenotype. The
thyroid hormone analogue Triac, the only available safe
treatment at this moment, is able to effectively and safely
reduce the peripheral thyrotoxicosis in patients and might
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improve the neurocognitive phenotype when treatment is
initiated early in life.

Currently, a second international phase IIb trial studies the
effect of Triac on neurocognitive outcomes in young patients (<30
months at baseline; NCT02396459). Another research initiative
aims to treat women pregnant of a foetus with MCT8 deficiency
with intra-uterine instillation of DITPA on compassionate use
basis, in order to evaluate its effects on brain development when
commenced early in life (NCT04143295). Aiming to gain a deeper
understanding of the needs of patients and their parents and
physicians, an international registry linked to the European
Reference Network on Rare Endocrine Conditions centralizes
knowledge on MCT8 deficiency (https://mct8registry.erasmusmc.
nl/en/index.html). Together with other studies, these initiatives aim
to provide additional insights in MCT8 deficiency and to decipher
whether thyroid hormone analogues are able to modulate the
neurocognitive phenotype when treatment is initiated early in
life. With the availability of promising (prenatal) therapy, efforts
should be made to detect MCT8 deficiency as early in life as
Frontiers in Endocrinology | www.frontiersin.org 9
possible. This goal could potentially be achieved by redefining
neonatal screening programs. Given the rarity and complexity of
MCT8 deficiency, international collaboration amongst researchers
is warranted to attain these goals.
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