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Abstract

Thyroid hormone metabolism, intracellular activity, and transmembrane transport are processes facilitated by specific
transport proteins. Over the past 20 years, several thyroid hormone transporters have been discovered, such as
monocarboxylate transporter 8 (MCT8). MCT8 is a 12-domain transmembrane protein that crosses the cell membrane
and transports monocarboxylates. The MCT8 gene (encoded by SLC16A2) is located on chromosome Xq13.2. This
transporter (MCT8) is essential for the uptake of thyroid hormone (T3) in neurons and also plays a crucial role in
optimal neuronal development. MCT8 supplies neurons with T3 and is found in the choroid plexus and neuronal cell
membranes. The hypothalamus has been identified as an important site for integrating thyroid hormone feedback and
gene control, and several pathogenic mutations in the MCT8 transporter are associated with it. These mutations include
large-scale deletions involving one or more missing exons, frameshift mutations, deletions or insertions of a single
amino acid, and alterations in a single amino acid. Some have also been observed in multiple unrelated cases. Several of
these mutations have been functionally evaluated in cell lines that permanently or temporarily overexpress MCTS8,
resulting in complete loss of MCT8 function.
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1. Introduction

Thyroid hormone is a critical regulator of physiological processes essential for growth, differentiation, and functional
maintenance of multiple organs, particularly the brain, cardiovascular system, liver, and skeletal muscle [1]. Cellular
metabolism and oxygen are modulated. energy homeostasis, protein synthesis, and consumption, all of which are
essential for regular growth as well as systemic function [2]. Trilodothyronine (T3), the form that is biologically active,
acts through nuclear thyroid hormone receptors, which are transcription factors that depend on ligands. regulating
target cell gene expression [3]. Thyroid hormones are mostly found as thyroxine (T4). and triiodothyronine (T3), which
are both produced by thyroid follicular cells under the control of TSH, or thyroid-stimulating hormone [4]. T4 is secreted
in greater quantities, but it primarily serves as a prohormone converted intracellularly to the active T3 by iodothyronine
deiodinases, allowing regulation of thyroid hormone action in tissue [5]. Therefore, one important factor influencing
hormone bioactivity is intracellular T3 concentration. Because thyroid hormones are lipophilic, it was once believed
that they would passively diffuse across membranes. However, increasing data indicate that specialized transporters
are primarily responsible for cellular uptake [6]. The SLC16A2 gene encodes the high-affinity, T3-specific transporter
MCT8. MCT8 plays a crucial role in neurodevelopment and metabolic regulation, as evidenced by its high expression in
neurologically important tissues like the brain and liver [7]. Thyroid hormones can also cross membranes with the aid
of other transporters. Solute carriers that are limited to specific tissues and substrates include organic anion-
transporting polypeptides (OATPs), particularly OATP1C1, which facilitates T4's entry into the brain. [8]. Thyroid
hormones can be metabolized and bind nuclear receptors in intracellular compartments where their physiological
effects are determined thanks to the coordinated action of these transporters [9].
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Genetic abnormalities in the thyroid hormone transporter have important clinical implications. SLC16A2 mutations
cause Allan-Herndon-Dudley syndrome (AHDS), an X-linked neurodevelopmental disorder characterized by severe
cognitive and motor impairment, hypotonia, and abnormal thyroid hormone profiles due to defective neuronal uptake
[10]. These abnormalities are replicated in animal models such as Mct8 and Mct8/0atp1c1 knockout mice, which show
poor thyroid hormone delivery to the brain and related neurological dysfunction [11]. For some deficiencies, triac and
other thyroid hormone analogs showed promise as substitute treatments. We now have a better understanding of
thyroid hormone transport pathways thanks to recent structural biology research. The structure of human MCT8 in
relation to T3 and its ligands was determined using cryoelectron microscopy, which revealed characteristics that affect
substrate recognition, transporter selectivity, and conformational dynamics during hormone translocation [12, 13].
These findings open up new possibilities for specialized therapeutic approaches and help to clarify pathways. Lastly,
intracellular metabolism, transporter-mediated cellular uptake, and receptor interaction are some of the crucial
processes that control thyroid hormone bioactivity [14].

A comprehensive understanding of MCT8 and related transporters is therefore essential for elucidating normal thyroid
physiology and the pathogenesis of thyroid hormone-related neurological and metabolic disorders [15].

2. Pathophysiology of Thyroid Disease
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Figure 1 Regulation of thyroid hormone synthesis and secretion (hypothalamus - pituitary gland) [21]

A hormone gland involved in human growth, development, and metabolism is the thyroid. The butterfly-shaped thyroid
gland (glandular thyroidal) is located at the front of the neck, beneath the protrusion of the Adam's apple (thyroid
cartilage). Its two side lobes are joined at the front by an isthmus and surround the trachea. In 16 Thyroglobulin (TG)
and enzymes like thyroid peroxidase (TPO), which are in charge of organification, oxidation, and coupling reactions, are
found in the colloid that fills the central lumen of each lobe, which is composed of follicles made of follicular and
parafollicular cells [16]]17].The thyroid hormones triiodothyronine (T3) and thyroxine (T4), which affect baseline
metabolic processes and increase oxygen consumption in almost all body tissues, are produced by the gland and
released into the bloodstream [18]. Additionally, thyroid hormones affect neural development, dentition, bone
development, linear growth, and brain function, including intelligence and memory [19]. Thyroid-stimulating hormone
(TSH), which is secreted by the anterior pituitary gland, controls hormone synthesis. The hypothalamus produces
thyrotropin-releasing hormone (TRH) [20]. Thyrotropin cells secrete the hypothalamic peptide thyrotropin-releasing
hormone (TRH), which controls pituitary stimulating hormone (TSH), which controls the production of thyroid
hormone through G protein-coupled TSH receptors on follicular cells (Figure 1) [21]. TSH attaches to and activates the
thyroid gland by a well-known mechanism. The enzyme denylate cyclase, which is found in the plasma membrane, is
activated when TSH binds to a particular membrane receptor on the surface of the thyroid epithelial cell. This activation
raises intracellular levels of cyclic adenosine monophosphate (cAMP), which in turn stimulates additional intracellular
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signaling events that result in the synthesis and secretion of thyroid hormone through negative feedback [22]. TSH
secretion and sensitivity to TSH decline as T3 levels rise. T4 and T3 are generated and released after circulating iodide
is absorbed at the basolateral membrane [23].

3. Thyroid hormone transporter families

The transport of thyroid hormones across cell membranes, whether into the cell (absorption) or into the extracellular
environment (exocytosis), or through a combination of both mechanisms, depends primarily on a specialized system of
membrane transporters. Available evidence suggests that end thyroxine (ETH) can cross the cell membrane via
approximately sixteen different thyroid hormone transporters [24]. These transporters belong to five distinct protein
families, most notably monocarboxylate transporters (SLC16, also known as MCTs), L-type amino acid transporters
(LATs), and organic anion transporters, including the OATP, SLC10, and SLC17 families [25]. It is important to note that
the ability of some of these proteins to function as thyroid hormone transporters requires specific cellular conditions,
such as ionic gradients or binding to cofactors, which directly impacts the kinetics of cellular transport in both
absorption and excretion [26].Such transport behavior is commonly observed in secondary active transport systems
that exploit pre-existing ionic gradients, most notably those established by sodium (Na*) or hydrogen ions (H*)[27].
Through functional coupling to these ions, the transporters enhance the passage of thyroid hormones across the plasma
membrane in accordance with electrochemical driving forces [28]. Monocarboxylate transporters (MCTs) are integral
membrane proteins composed of several membrane-crossing regions, which are most commonly organized into twelve
transmembrane helices [29]. Rather than serving a single function, these transporters participate in the controlled
influx and efflux of a diverse group of substrates across the cell membrane. This group includes monocarboxylates and
selected aromatic amino acids, such as lactate, pyruvate, ketone bodies, and carnitine. Through this activity, MCTs
contribute directly to the regulation of intracellular metabolic balance [30][31].
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Figure 2 MCT8/SLC16 genome arrangement The A2. An illustration of the MCT8 gene at location Xq13.2 on the X
chromosome. ATG stands for transcription start site, and TAA for transcription stop Sitting In [32]

4. The physiological function of the thyroid hormone receptor MCT8

The thyroid hormone transporter MCT8 has a unique role as almost all tissues, such as basal metabolism, tissue control,
and regeneration, depend on thyroid hormones, especially the active hormones T4 and T3 [33]. While plasma
membrane transporter proteins enable the uptake and flow of T4 and T3, the enzyme deiodinase 3 (DI01-3) either
activates or deactivates thyroid hormones and influences the T3 concentration within the target thyroid cells [34, 35].
Only around 0.1% of the total amount of circulating thyroid hormone, or T4, can enter the cells in the unbound phase
by a transporter-mediated process (Figure 3A) [36].

Because it supplies neurons with T3 and controls its levels in brain tissues, MCT8, which is found in the choroid plexus
and neuronal cell membranes, is crucial to the development of the nervous system [37]. As a result, the brain's only
source of T3 is the creation of endogenous T3 levels, which neurons can access via a number of membrane transporters
[1]. This involves a number of mechanisms, including astrocytes' uptake of T4 and deiodinase 2's (D2) conversion of T4
to T3. The astrocytes then produce T3, which is then carried to the neurons via the nuclear receptor, where D3 will
continue to degrade T3 (Figure 3B) [23][38].
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A number of destructive alterations in the MCT8 transporter cause changes in T3 levels and neurological problems in
the hypothalamus, which is a vital site for processing feedback from thyroid hormones and regulating genes [39].
Myelination is a critical phase in brain development in which thyroid hormones play a key role. Individuals with an
inactive mutation in the MCT8 gene, which can affect how thyroid hormone works on oligodendrocytes, have been
shown in studies to experience delays in the myelination process [40].

It leads to impaired production of oligodendrocytes and also an increased ratio of small to large axons, both of which
are associated with MCT8 Allan-Herndon-Dudley syndrome, which is linked to the X chromosome and caused by non-
functional mutations in the SLC16A2 gene, first documented in 1944. Patients with this disease suffer from significant
motor-neuro impairment with central hypotonia, as well as spasms, lack of coordination, global developmental delay,
severe intellectual disability, basic communication abilities, and speech impairment. [41].

In various studies conducted, researchers reported individuals with similar clinical weakness and changes in serum
thyroid hormone concentrations, such as increased T3 and decreased T4 and T3, along with normal or slightly elevated
TSH values. Mutations in the gene encoding MCT8 were found as a result of these hormonal abnormalities, which
suggested a malfunction in thyroid hormone metabolism. [42].
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Figure 3 (a) MCT8's function in blood TH transportation and its impact on the target cell. (b) The MCT8 transporter's
function in TH absorption in brain cells [43]

5. Genetic mutations in Monocarboxylate transporter) MCTs8)

Genetic Alterations in SLC16A2 With a diversity of underlying genomic mutations, Allan-Herndon-Dudley syndrome has
been identified in at least 320 overstated people from 132 families [44]. These mutations include frameshifts deletions
or insertions of a single amino acid, massive deletions that result in the loss of one or more exons, and on its own amino
acid changes, some of which have been found in multiple unrelated cases. While a portion of these mutations have
demonstrated notable residual function, several of these mutations have been functionally assessed in cell lines that
either temporarily or permanently overexpress MCT8 and have resulted in total loss of MCT8 function [45]. These
functional studies have identified about three distinct pathogenic pathways. The transporter's mobility is changed by
the first class of mutations, but its expression levels at the cell membrane are unaffected. These mutations can eliminate
MCT8-mediated thyroid hormone transport entirely (class 1b) or partially (class 1a). Mutations that disrupt protein
stability and/or transit to the cell membrane make up the second type. Different cell types may exhibit varying levels of
residual activity of these mutant transporters. The first two categories primarily include heterozygous mutations and
single amino acid insertions or deletions. Large deletions, early stop mutations, and primarily frame shift mutations that
totally deactivate the MCT8 protein irrespective of the test model comprise the third class of mutations. MCT8 has been
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identified as the primary thyroid hormone transporter in dermal fibroblasts, additionally to these in vitro
overexpression investigations.

Because of this, multiple groups have employed these cells as an ex vivo model of MCT8 deficiency [46] [ 47]. Although
the genotype-phenotype relationship is still unknown, both methods may offer a helpful method for predicting the
degree of neurocognitive impairment [48].

6. Conclusion

The translocation of thyroid hormones across cell membranes is an essential stage in controlling thyroid function and
physiological functions. MCT8 is the primary specialized protein facilitating this translocation, unlike other transporters
which can handle it to varying degrees. Mutations in the gene encoding this transporter have been shown to cause
serious X-linked neurodevelopmental disorders, associated with marked impairments in thyroid hormone secretion
and metabolism. There are three major classes of disease-causing mutations in the MCT8 gene, each characterized by a
distinct molecular mechanism. In most cases, class I mutations do not significantly affect the level of MCT8 protein
expressed at the cell membrane, indicating that membrane targeting is largely preserved. In contrast, class Il mutations
primarily impair transporter function by reducing protein stability or disrupting its intracellular trafficking. These
molecular alterations result either in decreased levels of MCT8 at the plasma membrane or in an increased rate of
protein turnover at the membrane surface. Pathogenic mutations affecting the MCT8 gene can be classified into three
main categories, differing in the molecular mechanisms governing their functional effects. In most cases, mutations in
the first category do not show a significant change in the levels of MCT8 protein located on the cell membrane, indicating
that the protein's translocation process remains largely intact. In contrast, mutations in the second category are
associated with impaired transporter function, primarily affecting protein stability or its intracellular transport
pathways, which negatively impacts its functional efficiency.
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