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Abstract—One of the key elements responsible for the thyroid response to thyroid-stimulating
hormone (TSH) is the TSH receptor (TSHR), which belongs to the G protein-coupled receptor
superfamily. Binding of TSH or stimulatory autoantibodies to the TSHR extracellular domain
triggers multiple signaling pathways in target cells that are mediated through various types of
G proteins and B-arrestins. Inhibitory autoantibodies, in contrast, suppress TSHR activity,
inducing hypothyroid states. Activating mutations lead to constitutively active TSHR forms and
can trigger cancer. Therefore, the TSHR is one of the key targets for the regulation of thyroid
function and thyroid status, as well as correction of diseases caused by changes in TSHR activity
(autoimmune hyper- and hypothyroidism, Graves’ ophthalmopathy, thyroid cancer). TSH
preparations are extremely rarely used in medicine due to their immunogenicity and severe side
effects. Most promising is the development of low-molecular allosteric TSHR regulators with an
activity of full and inverse agonists and neutral antagonists, which are able to penetrate into the
allosteric site located in the TSHR transmembrane domain and specifically bind to it, thus
controlling the ability of the receptor to interact with G proteins and B-arrestins. Allosteric
regulators do not affect the binding of TSH and autoantibodies to the receptor, which enables mild
and selective regulation of thyroid function, while avoiding critical changes in TSH and thyroid
hormone levels. The present review addresses the current state of the problem of regulating TSHR
activity, including the possibility of using ligands of its allosteric sites.
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INTRODUCTION

The wide prevalence of thyroid pathology in the
human population makes the problem of finding
effective approaches to its correction extremely
relevant. The worldwide incidence of thyroid dys-
functions varies from 10 to 30%, depending on

dietary features at a given area, its remoteness
from the sea, and the presence of adverse environ-
mental impacts [1]. Thyroid diseases represent a
heterogeneous group of endocrine pathologies,
however, the pathogenesis of most of them is
associated with an increased or, on the contrary,
decreased activity of the thyroid-stimulating hor-
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mone receptor (TSHR), which is the main target
of TSH in thyroid follicular cells responsible for
the synthesis of thyroid hormones. All this makes
the TSHR an attractive target for the develop-
ment of new pharmacological approaches aimed
at restoring thyroid function and normalizing thy-
roid status. Before analyzing the structural and
functional organization of the TSHR and the
mechanisms of regulation of its activity, it is worth
briefly characterizing main thyroid diseases and
the currently available ways to correct them.

THE MOST PREVALENT THYROID
DISEASES

Hyperthyroidism (Graves’ disease)

Autoimmune hyperthyroidism, or Graves’ dis-
ease, is considered as one of the most common
thyroid disorders. There is no consensus on the
factors that certainly lead to its development, but
the most important among them are genetic pre-
disposition and female sex [2]. The pathogenesis
of Graves’ disease lies in the generation of stimu-
latory autoantibodies to the TSHR extracellular
domain, which is often accompanied by a
decrease in the immune tolerance to other com-
ponents of the system of thyroid hormone synthe-
sis, such as thyroperoxidase and thyroglobulin.
TSHR hyperactivation by stimulatory autoanti-
bodies leads to an uncontrolled increase in the
blood level of thyroid hormones, followed by the
implementation of their systemic metabolic
effects on target tissues, which leads to the clinical
manifestations of hyperthyroidism.

Treatment of Graves’ disease is mainly associ-
ated with the eradication of excess hormones,
either by blocking their synthesis or by reducing
the volume of thyroid tissue. All the currently
used approaches are associated with several com-
plications. Although thionamide derivatives,
which are the most widely used group of antithy-
roid drugs, have a favorable safety profile, their
application entails a number of undesirable side
effects, such as agranulocytosis, vasculitis, liver
damage, and skin reactions [3]. Moreover, treat-
ment with antithyroid drugs does not avoid a high
risk of disease recurrence within two years after
treatment discontinuation [4]. Radioiodine ther-
apy, which is the next step in the therapeutic strat-
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egy for Graves’ disease, is characterized by a
delayed effect, which necessitates simultaneously
prescription of antithyroid drugs [5]. Surgical
treatment is associated with risks of such compli-
cations as bleeding, infection, aesthetic defects,
laryngeal nerve palsy, and hypoparathyroidism
[6]. In addition, patients who have undergone
total thyroidectomy have to take L-thyroxine
preparations for life due to a significantly pro-
nounced postoperative hypothyroidism.

Such a variety of side effects and sometimes
quite complicated ways of their correction create
an urgent need to search for qualitatively new
pharmacological approaches to treating hyperthy-
roid conditions. One of the most interesting of
them is targeted therapy, which allows affecting a
specific pathogenetic link, such as the TSHR, the
target of TSHR-stimulatory autoantibodies.
Among such approaches under consideration is
the use of autoantibodies able to block the TSHR,
as well as its low-molecular allosteric antagonists.
Currently, anti-TSHR autoantibodies are in dif-
ferent phases of clinical trials and considered as a
very promising group of antithyroid drugs [7]. The
allosteric regulators that modify TSHR activity
will be discussed below in more detail.

Hypothyroidism

The factors that predispose to the development
of hypothyroidism, including its autoimmune
form, are burdened family history and female sex,
but the greatest contribution to the development
of this pathology is made by an alimentary iodine
deficiency. A combination of factors leads to the
production of autoantibodies against various
components of the system of thyroid hormone
synthesis, including the TSHR [8]. The classical
approach to the treatment of hypothyroidism of
any etiology is thyroid hormone replacement
therapy, primarily by L-thyroxine. Replacement
therapy is relatively safe, and side effects are typi-
cally due to overdose and iatrogenic thyroxine
excess [9]. However, it should be noted that some
patients with hypothyroidism have individual
intolerance to thyroxin preparations, which ham-
pers their treatment because of the lack of alterna-
tive approaches.

The development of selective agonists of thy-
roid hormone receptors [10] and allosteric ago-
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nists of the TSHR are promising approaches that
can become an alternative to the existing thera-
peutic standard [11]. The mechanism of action of
thyroid hormone receptor agonists consists in
their specific binding to the B-isoform of these
receptors, which results in the potentiation of
physiological effects of the thyroid hormones thy-
roxine and triiodothyronine. However, for some
thyromimetics, clearly pronounced toxic effects
have already been found at early stages of clinical
studies, as manifested in the destruction of carti-
laginous and bone tissues [12]. In addition, the
use of thyroid hormone receptor agonists is asso-
ciated with a significant risk of cardiovascular
complications. Selective allosteric TSHR agonists
refer to a poorly studied, though very interesting
group of drugs. The range of their clinical applica-
tion is not confined to hypothyroidism and can be
extended to a variety of metabolic diseases
accompanied by a decreased thyroid function,
such as obesity and diabetes mellitus of various
etiologies. They will be discussed below in an
appropriate section.

Thyroid-stimulating hormone receptor as a member
of the GPCR superfamily

The TSHR belongs to a large superfamily of
heterotrimeric G protein-coupled receptors
(GPCRs). Their common feature is the presence
of a transmembrane domain consisting of seven
hydrophobic helical segments (transmembrane
helices, TMHs). Despite the similar topology in
the membrane, the amino acid sequences and
positional relationships of these TMHs can differ
significantly in different GPCR families, leading
to different configurations of sites located within
the transmembrane domain [13]. The extracellu-
lar domain is characterized by a highest variability
of the GPCR primary structure and, in the case of
the TSHR, directly binds a ligand, being responsi-
ble for its primary recognition in most other
GPCRs. Intracellular GPCR loops are responsi-
ble for the activation of heterotrimeric G proteins,
functional interaction with B-arrestins and other
regulators of GPCR signaling, and are also targets
for GPCR-specific protein kinases. Currently, up
to 800 GPCRs have been identified in humans,
whose functions range from controlling visual and
gustatory functions to regulating reproductive and

1441

metabolic processes, as well as neurotransmission.
Exactly for this reason, GPCRs are the most pop-
ular therapeutic targets when treating numerous
pathologies, and more than 30% of all pharma-
ceuticals are targeted, directly or indirectly, on
these receptors [14].

The GPCR superfamily can be divided into
subfamilies based on phylogenetic analysis of their
primary structures, as well as the topology of
receptors in the membrane [15]. The glycoprotein
hormone receptor subfamily includes the TSHR,
follicle-stimulating hormone (FSH) and luteiniz-
ing hormone (LH) receptors, and belongs to a
larger A (rhodopsin) family. The common feature
of TSHR, as well as FSH and LH receptors, is the
presence of extremely large extracellular domains
(ectodomains) containing up to 340—420 amino
acid residues and including leucine-rich repeats.
These receptors resulted from a combination of
two protein molecules, the “classical” GPCR
with a heptahelical transmembrane domain and
the hydrophilic B-pleated sheet protein with a reg-
ular structure, containing about ten leucine-rich
repeats [16]. It has been shown that the amino
acid sequence of the TSHR, as well as gonadotro-
pin receptors, is characterized by a relatively high
degree of conservatism in various vertebrates. Sig-
nificant differences among TSH receptors,
including those amid higher primates, are due to
differences in post-translational modifications of
the receptor molecule, primarily at the level of its
N-glycosylation. When comparing different
classes of vertebrates, e.g., fish and mammals, dif-
ferences in the TSHR primary structure are
expectedly higher. At the same time, the degree of
homology of the TSHR primary structure in sal-
monids and mammals (humans, rodents) is quite
high despite 100 million years that have passed
since the divergence of these taxa. Meanwhile, the
difference between the primary structure of these
receptors within the infraclass Teleostei, on the
contrary, is very significant, which may be due to
a higher rate of accumulation of mutations in
TSHRs of the latter [17]. Most of the differences
in the primary structure of TSHRs in different
vertebrates are concentrated in the N-terminal
peptide and intracellular tail, while the extracellu-
lar ligand-binding and transmembrane domains
are highly conserved.
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STRUCTURE AND FUNCTION OF TSH
RECEPTORS

Extracellular domain (ectodomain)

The extracellular domain of glycoprotein hor-
mone receptors, including the TSHR, includes
two distinct regions: an N-terminal region con-
taining leucine-rich repeats, and a hinge region
that links the ectodomain with the transmem-
brane domain. In the leucine-rich N-terminal
region of the TSHR, there are 11 sequentially
arranged repeated segments 20—30 amino acid
residues long, each of which consists of a -strand
and an o-helix. They form an internal cavity
which contains a high-affinity (orthosteric) site
responsible for hormone binding [18]. The inner
surface of this cavity is formed by the side alkyl
groups of hydrophobic amino acids, whereas the
side radicals of aromatic amino acids are outside.
The repeated segment located in the C-terminus
contains two cysteine residues that form disulfide
bridges with cysteine residues located in the hinge
region, which leads to a stabilization of the inac-
tive TSHR conformation. In this case, the
replacement of cysteines by serine residues,
unable to form disulfide bridges, evokes perma-
nent activation of the receptor [19].

Currently, the role of the ectodomain hinge
region in glycoprotein hormone receptors in hor-
mone binding and signal transduction is being
intensively studied. This region contains the sites
that can be modified with N-glycans and sulfated,
which is indicative of its crucial role in the regula-
tion of the receptor’s functional activity [20]. In
2012, Jiang et al., while studying the FSH receptor,
demonstrated the critical importance of the sulfated
Tyr335 residue in its hinge region as an additional,
second, site for the interaction with FSH [21]. This
region performs a similar function in the TSHR,
because Tyr385 sulfation is required for receptor
activation by a ligand [22], with the TSHR hinge
region playing a key role in ligand recognition and
providing the specificity of TSH interaction with its
receptor [23, 24]. There are grounds to believe that
the hinge region in the TSHR and gonadotropin
receptors can interact to a greater extent not with
the B-subunits of respective hormones, which
determine their individuality, but with the o-sub-
units, common to both TSH and gonadotropins,
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whose functions consist in the physical impact of
the of-heterodimeric pituitary hormone on the
extracellular loops and transmembrane domain of
the receptor. For example, after the binding of a
hormone molecule to the receptor, the hinge
region is “retracted” into a pocket located
between the N-terminal region, which includes
leucine-rich repeats, and the external entry into
the transmembrane domain. Since the N-termi-
nal part of the ectodomain has an inhibitory effect
on the ability to transition into an activated con-
formation required for signal transduction to het-
erotrimeric G proteins and intracellular effectors
[25, 26], ectodomain—transmembrane domain
uncoupling due to such a retraction of the hinge
region into the interface between them leads to
the removal of the ectodomain’s inhibitory effect
and receptor activation. This mechanism is sup-
ported by the fact that TSHR ectodomain
removal leads to the transition of the receptor to a
permanently activated form, insensitive to TSH
and stimulatory antibodies [27]. An important
role in the implementation of the TSHR activa-
tion mechanism can be played by a variable
(during TSHR activation) location of the small
decapeptide fragment located at the C-terminus of
the hinge region, immediately before the first
transmembrane region (TMH1), called the “inter-
nal inverse agonist” [28]. This fragment wedges in
between the external termini of the TMH receptor
and prevents signal transduction in the absence of a
ligand. When the receptor binds to the hormone,
the peptide fragment is pulled out from the entry
into the receptor transmembrane channel due to a
change in the conformation of the hinge region,
thus leading to the activation of signal transduction
[29]. Along with its impact on the activated TSHR
conformation during receptor binding to the hor-
mone, the hinge region can be a target for stimula-
tory autoantibodies produced during autoimmune
hyperthyroidism [30]. Although autoantibodies to
the hinge region, which are detected in some
patients with Graves’ disease, do not activate the
receptor directly, they can influence post-transla-
tional modifications of this region, primarily the
sulfation of tyrosine residues, and thereby modu-
late the TSHR response to its interaction with
stimulatory autoantibodies [31].

A modification of TSHR extracellular part
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by N-glycans at asparagine residues, targets for
N-glycosylation, plays an exceptionally important
role in TSHR functioning [32]. N-glycans typically
have a negative charge and mediate the efficient
binding to the TSH molecule, which is also glyco-
sylated at both its a- and B-subunits [33]. The N-ter-
minal domain of the TSHR contains, apart from
leucine-rich repeats, five N-glycosylation sites,
while there is one more such a site in the hinge
region. It has been shown that, in a functionally
active state, the receptor must be glycosylated at
least at four N-glycosylation sites [34]. The TSHR
can be glycosylated at asparagine positions 77, 99,
113, 177, 198, and 302, among which Asp!!3 is
specific for the human TSHR, while Asp177 is spe-
cific for other mammalian TSHRs, with the other
asparagine residues representing evolutionarily
conserved N-glycosylation sites [33, 35]. Of all the
sites, glycosylation at Asp77 exerts a greatest effect
on the functional activity of the receptor, as the
replacement of this residue by glutamine, which
shares similar physicochemical properties, leads to
a complete loss of biological activity in the mutant
receptor, whereas, for example, the replacement of
the Asp113 residue by glutamine only reduces the
receptor affinity for the hormone [36]. Apparently,
glycosylation at other sites does not have an appre-
ciable effect on the receptor affinity for the ligand,
as well as its ability to mediate an increase in the
intracellular cAMP level in a TSH-bound state.

Transmembrane domain

For want of experimental data of crystallography
on the TSHR and other receptors of glycoprotein
hormones, still unobtained, information about the
spatial structure of their transmembrane domains
and conformational changes occurring in there
upon binding to hormones is based solely on homol-
ogous models. These models are built on GPCRs of
the same class A, for which X-ray diffraction data
are available, including B-adrenergic and adenosine
receptors, as well as the light-sensitive receptor pro-
tein rhodopsin [29]. Based on the analysis of the
homology of transmembrane domain amino acid
sequences, it is believed that the transmembrane
domain of the B,-adrenergic receptor is the closest
to the TSHR in terms of spatial organization [37].
However, this assumption has a number of signifi-
cant limitations. Thus, in contrast to most class A
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GPCRs, the highly conserved proline residue local-
ized in TMHJ (at position 5 x 50) is replaced by an
alanine residue in the TSHR [29]. The proline resi-
due is known to refer to helix-breaking residues, and
its localization in the middle of TMHS5 generates a
hard kink in it, which contributes to the formation
of a bulky ligand-binding pocket inside the trans-
membrane channel, as shown, for example, for
B-adrenergic receptors. As the TSHR lacks proline,
TMHS forms a regular a-helix in it without any
bends breaking its integrity. Another important dis-
tinction of the TSHR is the replacement of the large
tryptophan residue in TMHG6 (at position 6 x 48),
characteristic of class A GPCRs, by a relatively
small methionine, which also contributes to the for-
mation of a more compact pocket inside the trans-
membrane channel of the receptor. The functional
importance of this replacement is supported by the
fact that the reverse replacement of methionine by
tryptophan leads to a constitutively active mutant
TSHR [29].

The transmembrane domain plays a key role in
TSHR activation and hormonal signal transmis-
sion to the transducing components of the TSH
signaling pathways, with a change in the mutual
orientation of TMH, primarily TMH6, playing an
important role [29, 38]. For example, hydropho-
bic interactions between TMH3, TMHS5, and
TMHG6 are most important for the transition to an
activated conformation as they provide the out-
ward shift of TMH6 and a more efficient involve-
ment of the interfaces between this helix and the
third cytoplasmic loop of the receptor in interac-
tion with G proteins [39]. Hydrophilic contacts
between the inner surfaces of TMH2, TMH3,
TMH6, and TMH?7 also contribute to the stabili-
zation of the activated TSHR conformation. TSH
binding to its receptor leads to a change in the
efficiency of interactions between the hydrophilic
groups of amino acid residues inside the trans-
membrane channel, which, in turn, alters its con-
figuration and increases the ability to interact
functionally with the C-terminal regions of the
G protein o-subunits that penetrate into this
channel from the cytoplasmic side [40].

TSH receptor signaling pathways

The TSHR can be activated not only by TSH,
but also by thyrostimulin [41], anti-TSHR stimu-
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TSHE TSH Receptor

PKA
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form form

Nucleus

Apoptosis and survival gene expression

A

Fig. 1. TSH signaling pathways in thyrocytes (modified from [48]). Abbreviations: TSH, thyroid-stimulating hormone; PLC,
phosphoinositide-specific phospholipase C-f; PI3K, phosphatidylinositol-3-kinase; PKC, calcium-sensitive isoform of pro-
tein kinase C; cAMP, cyclic AMP; PKA, cAMP-activated serine/threonine protein kinase A; CREB, transcription factor
interacting with the cAMP-response element; PDK1, phosphoinositide-dependent kinase-1; Akt, serine/threonine protein
kinase B; mTOR, rapamycin-sensitive kinase encoded by the MTOR (mammalian target of rapamycin) gene belonging to the
family of PI3K-like kinases; NFkB, nuclear factor kB; Raf, protooncogenic serine/threonine protein kinase belonging to the
family of mitogen-activated protein kinases, a product of the Raf1 gene which phosphorylates MEK1/2 kinase; MEK1/2,
mitogen-activated protein kinase, which phosphorylates ERK1/2 kinase; ERK1/2, terminal kinase in the mitogen-activated
protein kinase cascade, regulated by extracellular signals; Elk1, ternary complex factor encoded by the Elk I gene and func-

tioning as a transcription activator.

latory autoantibodies, and trypsin cleaving the
receptor molecule and removing the ectodomain
that inhibits its basal activity [42]. Along with this,
permanent TSHR activation results from muta-
tions in its various loci and deletions in the extra-
cellular domain region [43]. TSHR activation
promotes its functional interaction with various
types of heterotrimeric G proteins belonging to
the G, Gj/o, and Gy, families, as well as with
regulatory proteins B-arrestins [44] (Fig. 1).

The “classic” signaling pathway, which is trig-
gered by hormone-mediated TSHR activation, is
the cAMP-dependent pathway, which includes
the Gq protein and adenylyl cyclase catalyzing the
formation of a second messenger, CAMP [43]
(Fig. 1). An increase in the intracellular cAMP
concentration leads to the activation of protein
kinase A and phosphorylation of the targets of this
kinase, primarily the transcription factor that spe-
cifically binds to cAMP-responsive elements in
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promoter gene regions (CAMP response element-
binding protein, CREB). It is through the activa-
tion of the CREB factor that the effects of TSH on
the synthesis of thyroid hormones, as well as
growth and differentiation of target cells, are
implemented [45]. Prolonged elevation of cAMP
levels activates signaling cascades that mediate the
attenuation of cAMP-dependent signaling path-
ways, with one of them being mediated by the
activation of G; , proteins and inhibition of TSH-
induced adenylate cyclase activity [29].

TSHR activation via G,y proteins can lead to
the activation of phosphoinositide-specific phos-
pholipase C-beta (PLC-B) and, as a result, to the
triggering of calcium-dependent and 3-phospho-
inositide cascades mediating a broad range of
metabolic and growth processes [29, 46] (Fig. 1).
PLC-B activation enhances the production of
inositol-1,4,5-triphosphate, which mediates the
release of calcium ions from intracellular depots
and the activation of calcium-dependent proteins
and transcription factors, as well as diacylglycerol,
an activator of phorbol-sensitive isoforms of pro-
tein kinase C (PKC) and the mitogen-activated
protein kinase pathway. All these processes pro-
mote the implementation of a wide spectrum of
regulatory influences on cell growth and differen-
tiation, as well as control over the key stages of
thyroid hormone synthesis [47]. PLC-J activation
also evokes the activation of phosphatidylinositol-
3-kinase (PI3K), an enzyme catalyzing the syn-
thesis of phosphatidylinositol-3,4,5-triphos-
phate. This, in turn, stimulates the activity of
another downstream enzyme, serine/threonine
protein kinase B (Akt-kinase), whose targets are a
large number of enzymes and transcription factors
that regulate the transcription of many genes con-
trolling apoptosis and cell survival [46].

As noted above, the TSHR can be transitioned
into a constitutively activated state by replacing a
number of amino acids through site-directed
mutagenesis, with most of these amino acids
being located in the transmembrane domain [49].
Currently, the following activating mutations that
affect amino acid residues located in TMHI,
TMH2, TMH3, TMH6 and TMH7 have been
identified or generated: V4211 (TMH1), Y466A
(TMH2), T501A (TMH3), L587V (TMH6),
M637C (TMH6), M637W (TMH6), S641A
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(TMH®6), Y643F (TMH6), L645V (TMH6) and
Y667A (TMH7). Among them, the mutation
M637W (TMH6) exerts a strongest activating
effect, as it alters a spatial configuration of the
transmembrane channel to the greatest extent,
thus increasing the efficiency of mutant receptor
interaction with G proteins.

All these residues are to some extent involved in
the formation of the TSHR allosteric site located
inside its transmembrane domain [49]. In this
regard, it should be noted that in most GPCRs, the
high-affinity orthosteric site is located either within
the transmembrane domain or nearby the area of
the extracellular entry into the transmembrane
channel, while low-affinity allosteric sites reside in
the extracellular loops of the receptor. However, in
TSHR and gonadotropin receptors, which bind to
large pituitary glycoprotein hormones, there is an
inverse situation: the position of the orthosteric site
in the transmembrane domain is occupied by the
allosteric site, while the orthosteric site is moved to
the extracellular domain. Thus, there is another very
important regulatory site in the TSHR, which
resides inside the transmembrane domain and
remains vacant in the case of hormone-mediated
receptor activation. Speaking more correctly, it
contains bound water and simple ions and can
become one of the targets for the regulation of the
activity of TSH-dependent pathways, both positive
(allosteric agonists) and negative (inverse agonists,
neutral antagonists) [50].

TSH receptor allosteric regulators with activity
of agonists and antagonists

The high functional importance of the TSHR in
the hormonal regulation of thyroid function indi-
cates that this receptor may become one of the
promising targets for pharmacological agents
designed to treat thyroid pathology. The criteria,
such a drug must meet, include causing minimal
side effects, maintaining normal thyroid function,
being safe in pregnancy and lactation, acting at the
level of pathogenesis, as well as being economically
advisable. TSH preparations are virtually of no use
in medicine now, neither do they meet most of the
above criteria. At the same time, great prospects
are currently associated with TSHR allosteric site
regulators. It should be noted at this point that a
similar strategy is also used in searching for new
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regulators and modulators of gonadotropin recep-
tors, although in this case there are gonadotropin
preparations that have been clinically used for
many years to treat reproductive dysfunctions and
in assisted reproductive technologies [51].

An undeniable advantage of TSHR allosteric
regulators is that they do not interact with the
extracellular orthosteric site, thus not preventing
the binding of endogenous TSH to the receptor.
Along with this, depending on their structure and
features of interaction with the TSHR allosteric
site, ligands of the allosteric site can be active not
only as full agonists (like TSH), but also as inverse
agonists and antagonists, which makes them
unprecedented among biogenic regulators. As for
the treatment of thyroid pathology, TSHR
allosteric site ligands with different activities are in
demand. Full agonists can be used to correct hypo-
thyroidism and stimulate the pumping of radioac-
tive iodine into thyrocytes when treating thyroid
cancer. Currently, TSH is used to boost radioactive
iodine uptake, however, this is associated with a
number of undesirable effects. In turn, allosteric
inverse agonists are instrumental in compensating
for autoimmune hyperthyroidism and Graves’
ophthalmopathy, the main cause of which is circu-
lating stimulatory anti-TSHR autoantibodies,
while allosteric neutral antagonists are useful in the
treatment of TSH-dependent tumors, including
those of non-thyroidal localization. Importantly,
TSHR allosteric regulators having the activity of
inverse agonists and antagonists act gently and only
partially suppress the synthesis of thyroid hor-
mones, preventing thereby the development of
acute hypothyroid conditions [52—54].

However, there are several challenges in devel-
oping TSHR allosteric regulators, among which
the most significant is their potential ability to
interact with transmembrane allosteric sites of
gonadotropin receptors, primarily the LH recep-
tor, which is very alike to the TSHR in terms of the
structure of its allosteric site [55]. A high conserva-
tism of the primary structure and spatial organiza-
tion of the transmembrane allosteric sites of TSHR
and gonadotropin receptors is due to the fact that
mutational variability characterized almost exclu-
sively the receptor ectodomain, which determines
its specific interaction with various isoforms of
pituitary hormones, as well as the cytoplasmic
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regions involved in conjugating with various trans-
ducer and regulatory proteins. At the same time,
the mechanism of signal transduction to G pro-
teins, which the transmembrane domain is mainly
responsible for, remained unchanged, and this led
to an evolutionary stability of the allosteric site
localized in it [56]. However, despite the structural
similarity, there are some differences between the
allosteric sites of TSHR and gonadotropin recep-
tors, which can be used to create selective regulators
of these sites. For example, the TSHR transmem-
brane allosteric site, in contrast to the LH receptor
allosteric site, is smaller and characterized by a large
number of hydrophobic amino acid residues,
including those at the external entry to the site [55].
In this regard, more hydrophilic low-molecular
allosteric regulators of the LH receptor penetrate
into the TSHR allosteric site with low efficiency
and have low binding constants to it. For example,
a relatively hydrophobic compound S37 with an
activity of a TSHR allosteric inverse agonist, devel-
oped in 2019 and having a rigid framework struc-
ture, suppresses TSHR stimulation both by the
hormone and by stimulatory antibodies, but does
not affect the functional activity of LH and FSH
receptors [57]. The thienopyrimidine derivatives
with an activity of TSHR agonists and inverse
antagonists, we created in our laboratory, also did
not affect the activity of the LH receptor, both in
vitro and in vivo [11, 52, 38, 59]. At the same time,
in terms of hydrophobicity, they significantly
exceeded the corresponding derivatives with an
activity of LH receptor agonists and had a smaller
volume of side radicals, which completely matched
the structural characteristics of the TSHR
allosteric site [11, 59].

The docking of low-molecular compounds,
endowed with an in vitro and in vivo activity toward
the TSHR, to the receptor allosteric site indicates
that these compounds interact predominantly with
those amino acid residues in the receptor trans-
membrane allosteric site, whose replacements have
a greatest impact on its specific activity. At the same
time, the effector specificity of allosteric regulators
is of importance, as they activate or, on the con-
trary, inhibit certain signaling cascades that are
implemented through a specific type of G proteins
or B-arrestin. This makes it possible to design effec-
tor-specific regulators of the TSHR, which, unlike
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Table 1. TSH receptor allosteric regulators with activities of full and inverse agonists and neutral antagonists

No Title, formulae Biological activity | Refer-
ence
Full agonists
1 |Orgd1841 Activation of the TSH | [55]
N-tert-butyl-5-amino-4-(3-methoxyphenyl)-2-(methylthio)thieno[2,3- |-ccePtor and TSH-
. . dependent signaling
d]pyrimidine-6-carboxamide
pathways, and the
2 INCGC00168126—01 increasing of cAMP [60]
N-(4-(5-(3-(furan-2-ylmethyl)-4-oxo-1,2,3 4-tetrahydroquinazolin-2- | 1¢Y¢1s in target cells
yl)-2-methoxybenzyloxy)phenyl)acetamide
3 [INCGC00161870—01 [60]
N-(4-(5-(3-benzyl-5-hydroxy-4-oxo-1,2,3,4-tetrahydroquinazolin-2-
yl)-2-methoxybenzyloxy)phenyl)acetamide
Inverse agonists
4 |INCGC00229600 Inhibition of both con- | [53]
2-{3-[(2,6-dimethylphenoxy)methyl]-4-methoxyphenyl}-3-(pyridin-3- f)tr“;ﬁf);‘f‘ﬁggg;”;‘:;i
ylmethyl)-2,3-dihydroquinazolin-4(1H)-1 lated TSH receptor
5 INCGCO00161856 activity [61]
2-{3-[(2,6-dimethylphenoxy)methyl]-4-methoxyphenyl}-3-(furan-2-
ylmethyl)-1,2-dihydroquinazolin-4(1H)-1
Neutral antagonists
6 |[NIDDK/CEB-52 Suppression of TSH [62]
. . . receptor activation by
5—am%no.—é.l-(4-br0m0pheny1)—N -tert-butyl-2(methylthio)thieno[2,3- both TSH and stimula-
d]pyrimidine-6-carboxamide o
tory autoantibodies
7 INCGC00242595 with no effect on basal | [61]
2-{3-[(2,6-dimethylphenylthio)methyl]-4-methoxyphenyl}-3(furan-2- | TcCePtor activity
ylmethyl)-2,3-dihydroquinazolin-4(1H)-1

the hormone itself, directionally trigger a certain
intracellular signaling cascade and therefore realize
quite a certain biological effect.

Currently, full and inverse agonists, as well as
neutral antagonists, of the TSHR have been
developed (Table 1).

Thienopyrimidine derivatives Org41841 and
Org43553, also known as full LH receptor ago-
nists, were the first compounds to be developed
and to demonstrate their efficiency as TSHR
allosteric agonists [63]. They have also been
shown to have a biological effect on the TSHR,
although to a much lesser extent. Based on data
on the key interactions between these allosteric

regulators and the TSHR, the first model of the
transmembrane domain of the TSH receptor was
created using molecular modeling techniques
[55], enabling further designing of new low-
molecular ligands of this receptor. For example,
the compound NCGC00168126-01 and its more
active analog NCGC00161870-01 were devel-
oped, with both being characterized by a high
selectivity for the TSHR and able to stimulate the
receptor activity in the absence of TSH and stim-
ulatory antibodies [50, 60].

Further studies were directed toward searching
for compounds with activities of neutral antago-
nists and inverse agonists. For example, in 2008,
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the compound NIDDK/CEB-52 was developed,
which inhibited hormone- and autoantibody-
stimulated TSHR activity, thus allowing com-
pound to be classified as a neutral antagonist [62].
Subsequently, there were synthesized the com-
pounds NCGC00242595 and NCGC00242364
having a pronounced antagonistic activity toward
the TSHR [53, 64], as well as the compound s37a
which suppressed receptor stimulation not only by
TSH, but also by oligoclonal antibodies charac-
teristic of Graves’ disease [57].

Based on the structure of NCGC00165237-01,
inverse agonists NCGC00161856 [65] and
NCGC00229600 [50] were developed, which
suppressed both stimulated and basal TSHR
activity. This was important for growth suppres-
sion of tumors caused by activating mutations in
the TSHR molecule, which lead to a high consti-
tutive activity of the receptor and its inability to be
stimulated by endogenous TSH.

Over the past few years, we have developed
compounds with an activity of various allosteric
regulators of the TSH receptor. The compound
5-amino-N-(tert-butyl)-4-(4-iodophenyl)-2-(meth-
ylthio)thieno[2,3-d]-pyrimidine-6-carboxamide
(TP48) was characterized by an inverse agonist
activity [58]. It reduced the TSH-stimulated pro-
duction of thyroid hormones in the culture of
Fischer rat thyroid follicular cells (FRTL-5), as
well as basal levels of thyroid hormones when the
compound was administered intraperitoneally
(i.p.) to male rats at a dose of 15 mg/kg. When
administered half an hour before the treatment
with intranasal thyroliberin, a TSH releasing fac-
tor, TP48 inhibited a thyroliberin-stimulated
increase in thyroxine and triiodothyronine levels
and suppressed thyroliberin-stimulated expres-
sion of the Tg, TPO, and Dio2 genes encoding the
main proteins of thyroid hormone synthesis in
thyrocytes: thyroglobulin, the main source of
tyrosine for the synthesis of thyroid hormones,
thyroperoxidase, which performs tyrosine iodina-
tion and the condensation of iodotyrosine mole-
cules into thyroxine, and D2-deiodinase, which
converts thyroxine into triiodothyronine, an
effector hormone of the thyroid system.

The compound 5-amino-N-(tert-butyl)-4-(4-
(3-methoxyprop-1-yn-1-yl)phenyl)-2-(methio)
thieno|2,3-d]-pyrimidine-6-carboxamide (TPY1)
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was similar to TP48 in its ability to suppress TSH-
stimulated thyroid hormone synthesis and the
expression of thyroidogenic proteins in FRTL-5
cells, as well as to inhibit the stimulating effects of
thyroliberin on thyroxine and triiodothyronine
production when administered to male rats [59,
66]. However, the TPY1 compound did not affect
basal levels of thyroid hormones and the expres-
sion of thyroidogenic genes in the rat thyroid
gland without thyroliberin treatment. All the
aforesaid indicates that TPY1 is endowed with an
activity of a neutral antagonist that prevents
TSHR stimulation by the hormone, but does not
affect the own activity of this receptor.

Compound ethyl-2-(4-(4-(5-amino-6-(tert-
butylcarbamoyl)-2-(methylthio)thieno[2,3-d]-
pyrimidin-4-yl)phenyl)-1H-1,2,3-triazol-1-yl)
acetate (TPY3m) demonstrated the activity of a
full TSHR agonist, which increases the expression
of genes involved in the synthesis of thyroid hor-
mones [11]. When administered to male rats
(15 mg/kg, i.p.), TPY3m gently stimulated basal
levels of thyroid hormone and increased 7g, TPO,
and Dio2 gene expression. TPY3m pre-adminis-
tration to rats increased the stimulating effect of
thyroliberin on the level of thyroid hormones and
expression of the 7PO and Dio2 genes, as well as
on the expression of the NIS gene encoding the
sodium-iodide symporter NIS responsible for
iodide uptake by thyroid follicular cells. The
TPY3m-induced increase in the expression of the
Tshr gene encoding the TSHR in the thyroid
gland of control and thyroliberin-treated rats can
also contribute significantly to the stimulating
effect of TPY3m [11].

Along with allosteric regulators interacting with
the transmembrane allosteric site, it seems prom-
ising to develop ligands for allosteric sites local-
ized in the TSHR cytoplasmic loops, primarily in
its second and third cytoplasmic loops, which
contain key molecular determinants responsible
for the interaction with G proteins. In this regard,
palmitoylated peptide fragments of the TSHR
third cytoplasmic loop are promising, as they are
able to stimulate the activity of the receptor in the
absence of TSH by changing the conformation of
its cytoplasmic allosteric sites and thereby to
modulate the interaction of the receptor with G
proteins [67—69].
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Fig. 2. The mechanism of functioning of the “ion lock” in the TSH receptor (modified from [70]).

Possible mechanisms of action of TSH receptor
allosteric regulators

Among the possible mechanisms underlying the
inhibitory effect of TSHR allosteric antagonists/
inversion agonists, the two hypothetical molecu-
lar mechanisms have been proposed (Fig. 2). The
first of them consists in allosteric ligand-induced
stabilization of the “ionic lock” which represents
a polar interaction between a positively charged
arginine residue, located at the border of TMH3
and the second cytoplasmic loop, and negatively

charged residues of glutamic or aspartic acids
residing at the border of TMH6 and the third
cytoplasmic loop [64]. The main function of the
“ionic lock” is to stabilize the inactive conforma-
tion of the receptor. By stabilizing the “ionic
lock”, antagonist prevents conformational
changes leading to TSHR activation, which
blocks the binding of the TSH-TSHR complex to
G proteins [70]. At the same time, TSHR
allosteric full agonists can destabilize the “ionic
lock”, induce conformational changes, primarily
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due to altering the spatial localization of TMH6 in
the transmembrane domain, and thereby stimu-
late signal transduction to intracellular cascades
[71] (Fig. 2).

Another mechanism of action of allosteric
antagonists may lie in mechanical impediments to
a normal movement of the hinge region in the
TSHR extracellular domain [57]. In this case, an
antagonist wedges in between the receptor’s
extracellular loops and “freezes” the hinge region,
preventing it from undergoing conformational
rearrangements upon binding of TSH or stimula-
tory autoantibodies to the extracellular domain.
However, given that allosteric regulators pene-
trate into the TSHR transmembrane domain, it is
not entirely clear how they can directly influence
hinge motility.

It cannot also be ruled out that allosteric regu-
lators affect the ability of TSHRs to form dimeric
and oligomeric complexes, thus influencing their
activity and the selectivity of signal transduction
to intracellular targets most directly [70]. Such a
possibility has been demonstrated for the FSH
receptor. The interaction of allosteric regulators
with one of the monomers of the FSH receptor
oligomeric complex leads to an attenuation of the
interaction between the monomers and modifies
the ability of receptor molecules to interact with
the hormone [72].

CONCLUSION

The obtained experimental and clinical data
indicate that the TSH receptor can be considered
as one of the most important targets for thyroid
function regulation, thyroid status control, and
the correction of diseases caused by TSHR hyper-
activation (Graves’ disease, cancers caused by
activating mutations in the TSHR) or a decrease
in its activity (hypothyroid states). Paradoxically,
TSH and various constructs based thereupon can-
not be widely used to correct the functions of the
thyroid system due to their high immunogenicity
and grave side effects, while the development of
approaches to using stimulating or inhibitory anti-
TSHR autoantibodies at its infancy, while their
possible applications entails a number of undesir-
able consequences typical for autoimmune dis-
eases of the thyroid gland. In this regard, TSHR
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low-molecular allosteric regulators are of consid-
erable interest as they can be endowed with an
activity of both full agonists and inverse agonists/
antagonists. They interact with the allosteric site
located in the transmembrane domain and do not
affect its binding to the hormone or autoantibod-
ies, which is realized via the TSHR extracellular
regions. The development of allosteric regulators
enables finer and milder regulation of TSHR
activity without eliciting critical changes in TSH
and thyroid hormone levels.
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