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Abstract: Graves’ disease is an autoimmune disease of the thyroid gland, characterized by increased
production of thyroid hormones, which can affect many different organ systems in the body. Among
other problems, it can cause disorders of the skeletal system, shortening the bone remodeling cycle
and causing a decrease in bone density. The Wnt cascade signaling pathway and the 3-catenin, as
a part of the canonical Wnt pathway, also play roles in maintaining bone mass. Inhibition of the
Wnt pathway can cause bone loss, and its stimulation can increase it. The Wnt signaling pathway
influences the effectiveness of thyroid hormones by affecting receptors for thyroid hormones and
deiodinase, while thyroid hormones can change levels of 3-catenin within the cell cytoplasm. This
indicates that the Wnt pathway and thyroid hormone levels, including hyperthyroidism, are linked
and may act together to change bone density. In this review article, we attempt to explain the interplay
between thyroid hormones and the Wnt pathway on bone density, with a focus on directions for
further research and treatment options.
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1. Introduction

Graves’ disease (GD) is an autoimmune disease of the thyroid gland in which anti-
bodies bind to the TSH receptor in thyroid follicular cells, causing hyperplasia, increased
production of thyroid hormones tetraiodothyronine (thyroxine, T4), triiodothyronine (T3),
and hyperthyroidism [1]. T4 and T3 are released from the thyroid follicular cells into the
circulation, mostly bound to plasma proteins, while a small fraction circulates freely.

Hyperthyroidism causes accelerated metabolism and can affect different organs and
organ systems, so the symptoms and signs of the disease can be different, encompassing,
among other problems, disorders of the skeletal system, shortening the bone remodeling
cycle by almost 50% [2]. There is a disturbance in the relationship between bone formation
and resorption, the second overcoming the first, leading to a decrease in bone density,
i.e., osteopenia or osteoporosis [3,4].

Due to the increasing prevalence of osteoporosis, one of the major causes of fractures
and disability in the aging population, factors important for maintaining the bone remodel-
ing process have been systematically investigated. The Wnt cascade signaling pathway and
its inhibitors play an important role in maintaining bone homeostasis [5-8]. One of the key
players is 3-catenin, a part of the canonical Wnt pathway. Stimulation of the Wnt pathway
increases bone mass, whereas its inhibition causes bone loss [9]. Therefore, inhibitors of
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the canonical Wnt pathway have become a focus of research, especially sclerostin and
dickkopf 1 (DKK1).

In this review article, we aimed to elucidate the association between thyroid hormones
and the Wnt pathway on bone density. Given the complexity of engaged interactions
in the bone remodeling process, we intended to provide guidelines for further research,
considering the importance of osteoporosis and hypothyroidism treatment.

2. Graves’ Disease

Graves’ disease is the most common cause of hyperthyroidism, in which thyroid
hormones are increasingly secreted into the circulation and affect target organs. The
incidence of GD is 20-50 cases per 100,000 people per year, affecting mostly adults between
30 and 60 years of age [2,10]. Women are affected 5-10 times more often than men, and the
risk of developing the disease during a lifetime in women is 3% and only 0.5% in men [10].
The factors that lead to the onset of the disease are mostly genetic, in 79% of cases, while
environmental factors account for 21% [2]. Typical risk factors are smoking, sex hormones,
pregnancy, stress, inflammation, and inappropriate iodine intake [11].

Thyroid hormones are important for a variety of cellular functions, including prolifer-
ation, growth, differentiation, metabolism, regeneration, and homeostasis [12].

The production and secretion of thyroid hormones is regulated by the negative feed-
back loop of the hypothalamus—pituitary—thyroid axis [13]. The hypothalamus produces
thyrotropin-releasing hormone (TRH), which goes to the anterior part of the pituitary gland
where it binds to TRH receptors stimulating the production of thyroid-stimulating hormone
(TSH) [14]. Subsequently, TSH affects the production of thyroid hormones by binding to
TSH receptors (TSH-R) located on the membrane of thyroid follicular cells [15] (Figure 1).
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Figure 1. Schematic representation of the hypothalamus—-pituitary—thyroid axis and effect on bone
in hyperthyroidism and euthyroidism, TRH thyroid releasing hormone, TSH thyroid stimulating
hormone, T4 thyroxine, T3 three iodothyronine, and TR«1 thyroid hormone receptor «.
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Binding of TSH to TSH-R in follicular cells stimulates glycoprotein production thy-
roglobulin (Tg) and the intake of iodine from the circulation into the follicular cells via
the sodium-iodide symporter (natrium-iodide symporter, NIS). In the colloid, with the
mediation of the thyroid peroxidase (TPO) enzyme, iodide converts into iodine and iodine
binds to tyrosyl residues on the Tg molecule. Binding of one iodine to tyrosine produces
monoiodotyrosine (MIT), and binding of two iodides to tyrosine produces diiodotyrosine
(DIT). The union of MIT and DIT produces thyroid hormones, triiodothyronine (T3) and
tetraiodothyronine (thyroxine, T4). These fusion processes are also mediated by the TPO.
The next step is the endocytosis of Tg, returning Tg from the colloid to the follicular cell,
where the separation of T4 and T3 from Tg takes place, enabling excretion into circulation.

The largest part of circulating thyroid hormones, about 99%, is bound to plasma
proteins, and the rest circulates as unbound, free T4 (FT4), and free T3 (FT3) [16] in order
to form a reserve of thyroid hormones, preventing excretion by the urine [17]. The main
hormone secreted by the thyroid gland is T4 [18]. T4 acts as a prohormone for T3, and its
main role is the conversion to T3 [19] in peripheral tissues by the deiodinase enzyme [20].
There are three types of deiodinases: 1, 2, and 3 (D1, D2 and D3). D1 is the most important
for the conversion of T4 to T3, although the conversion is also mediated by D2. D1 and D3
mediate the conversion of T4 into metabolically inactive reverse T3 (rT3). The conversion
of rT3 into T2 hormone (which is metabolically inactive and rapidly further metabolized)
is mediated by D1 and D2, while the conversion of T3 into T2 is mediated by D3 [21].
Eighty percent of T3 is produced by the conversion of T4 to T3, and the remaining 20%
is excreted directly from the thyroid gland. Upon entering the target cell, T3 binds to
thyroid hormone receptors (TR) located in the nucleus, which regulates gene transcription.
There are several forms of the receptor: TRx1, TR«2, TRB1, and TRB2 [22]. Both receptors,
TRal and TRB1, are present in bone cells, but TR«1 is more common than TRB1 and is an
important mediator of the action of T3 in bones [23].

GD is an autoimmune disease in which antibodjies related to the TSH receptor (antiTSH-R)
are activated, binding to TSH-R on the follicular cells of the thyroid [11] (Figure 1) and
continuously and uncontrollably stimulate the follicular cells of the thyroid, which conse-
quently produce an excessive amount of thyroid hormones, T3 and T4.

In addition to GD, hyperthyroidism can be caused by nodular diseases, such as
multinodular toxic goiter (MNTG), the presence of multiple nodules in the thyroid gland,
and toxic adenoma (TA), which is characterized by the presence of one nodule of a certain
size in one lobe of the thyroid gland. Unlike GD, these two diseases are not caused by
autoimmune processes, whereas the increased production of thyroid hormones is usually
less pronounced than in GD and occurs more often in people with heart disease.

Elevated levels of thyroid hormone in the blood can also be a consequence of thyro-
toxicosis. Unlike hyperthyroidism, which is the result of increased production of thyroid
hormones in the thyroid gland itself, thyrotoxicosis means only their increased level in
the circulation, which is not the result of increased production in the follicular cells of
the thyroid. The causes of thyrotoxicosis can be inflammatory thyroid diseases, such as
subacute thyroiditis, postpartum thyroiditis, silent thyroiditis, excessive iodine intake (as
a result of taking drugs or performing diagnostic tests that contain inactive iodine, as
well as taking dietary supplements that contain iodine). Likewise, hormone levels can be
transiently elevated in another autoimmune thyroid disease called Hashimoto’s thyroiditis,
which is the most common cause of hypothyroidism.

3. Clinical Symptoms and Treatment of GD

Thyroid hormones act on different organs and organ systems, so the symptoms and
signs of the disease can be different. The most common are palpitations, fatigue, tremors,
anxiety, sleep disturbance, weight loss, heat intolerance, and excessive sweating. During
the physical examination, rapid heartbeat, trembling of the extremities, and warm and
sweaty skin are most often present. Additionally, as part of the extrathyroidal manifestation
of GD, changes in the eyes can occur, which are known as Graves’ orbitopathy (GO) [24,25].
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To clinically establish the diagnosis of GD, it is necessary to determine the levels of
thyroid hormones in the blood and the levels of antibodies, most importantly antiTSH-
R. There are other antibodies that can be determined, such as antibodies related to TPO
(antiTPO) and to Tg (antiTg). Their levels can be elevated in GD, as it is an autoimmune
disease, but the most important antibody for GD is antiTSH-R, which usually correlates well
with disease activity. In addition to laboratory tests, thyroid scintigraphy and ultrasound
are used to determine the size and appearance of the thyroid gland. Laboratory findings
characteristic of GD are elevated serum thyroid hormone levels, either T4 and T3 or FT4
and FT3, low TSH levels, or elevated serum antiTSH-R levels.

There are three ways of treating patients with GD, namely, the use of antithyroid
drugs, radioiodine therapy (RITh), and thyroid surgery [26]. Treatment options may vary
by geographic region. The first choice of treatment for GD is the introduction of antithyroid
drugs. Treatment methods for MNTG and TA are the same as for GD, but the first choice of
treatment is the use of RITh, followed by thyroid surgery or treatment with antithyroid
drugs. Thyrotoxicosis is usually treated symptomatically or in the case of a certain type of
iatrogenic thyrotoxicosis with the use of corticosteroids.

Antithyroid drugs actively enter the thyroid gland, where they prevent the production
of thyroid hormones by inhibiting TPO. Therefore, iodine oxidation, Tg iodination, and the
coupling of MIT and DIT into thyroid hormones are reduced. Moreover, the formation of
Tg and the growth of follicular cells are decreased, and conversion of T4 to T3 in peripheral
tissues is impaired. Since antithyroid drugs prevent the formation of new hormones, but do
not prevent the release of already formed hormones into the circulation, it takes a certain
amount of time for the levels of T4 and T3 in the circulation to decrease.

According to the guidelines of the European Thyroid Association, the drugs of choice
in the treatment of GD are thionamides, such as carbimazole, in a dose of 10-30 mg per day
and propylthiouracil (PTU) in a dose of 100 mg every 8 hours. In addition to the action
above, PTU also reduces the conversion of T4 to T3 in peripheral tissues [27].

4. GD Impact on Bone Remodeling

The skeletal system, among others, can be affected by GD. Bones are biologically
very active, and during one’s lifetime, undergo processes of bone remodeling in order to
maintain their main functions: supporting the body, protecting the internal organs, and
maintaining the mineral balance of the organism [28]. The skeletal system consists of cells
and an intercellular matrix.

The process of bone remodeling is active throughout the lifespan, however, the pro-
cesses of bone resorption and bone formation are normally in homeostasis, maintaining
bone mass [29]. A stimulus for initiating the bone remodeling process can be structural
damage or systemic paracrine factors regulating body mineral balance [23]. There are
four phases of bone remodeling. The first phase is the activation phase, during which
osteocytes are activated and regulate osteoblasts and osteoclasts activation creating bone
remodeling compartment on the bone surface where osteocyte cell apoptosis occurs and
cytokines and growth factors are released. This is followed by the second phase of the
bone resorption. During this phase, osteoclasts drawn by the cytokines and growth fac-
tors released in the previous phase start to resorb damaged areas. In addition, released
growth factors and matrix degradation proteins attract osteoblasts, followed by a third
phase called the turnover phase. Bone resorption ends, and formation of bone matrix
begins. Different mononuclear cells resorb bone matrix leftovers and prepare the resorbing
site for the final bone formation phase. Preosteoblasts differentiate into osteoblasts, thus
producing components of the intercellular matrix and regulating the mineralization of a
new matrix by excreting calcium and phosphates and degrading inhibitors of mineraliza-
tion. The result of the remodeling cycle is damaged bone restoration to maintain bone
strength, mineralization, and structure [20,30]. The bone resorption phase normally lasts
50 days, while the bone formation phase lasts 150 days [30], which is slightly shorter than
seven months. To maintain bone integrity, bone resorption and bone formation must be
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coordinated in space and time. In hyperthyroidism, bone remodeling cycles occur more
frequently, while the cycle itself is shortened and lasts about three to four months, which is
shorter by about 50% [31] in comparison to a bone remodeling cycle of normal duration,
whereby bone resorption overcomes its formation (Figure 1). When GD is treated, either
with pharmacotherapy or other types of treatment, the bone remodeling cycle returns to
normal length, and bone density improves [32].

The action of T3 and TSH in osteocytes has not been investigated, and it is not
known whether osteocytes have transporters for thyroid hormones, deiodinases, thyroid
hormone receptors, or TSH receptors. On the other hand, osteoblasts have transporters
for thyroid hormones, deiodinases D2 and D3, as well as thyroid hormone receptors
(predominantly TRx) and TSH receptors. Most of the studies suggest that T3 enhances
osteoblast differentiation and bone formation. Data on the effect of TSH are ambiguous,
therefore, are not clear whether TSH acts as a stimulator, inhibitor, or has no effect on
osteoblast differentiation and function. Osteoclasts also have type-3 deiodinase, thyroid
hormone receptors, and TSH receptors. However, the mechanism of T3 action on osteoclasts
remains unclear, whether it acts directly on osteoclasts or indirectly via osteoblasts [20].

5. Wnt/(3-Catenin Pathway

The first member of the wingless/integrated (Wnt) pathway was discovered in
1982 [33] and has been investigated ever since. The Wnt pathway is a complex cascade
signaling pathway made of at least 19 Wnt proteins, 10 transmembrane receptors from
the family of Frizzled (FZD) proteins, a few different coreceptors, different inhibitors,
such as low-density lipoprotein receptor-related proteins (LRP), LRP4, and LRP5/6, di-
sheveled proteins (DVL), axin, adenomatous polyposis coli (APC), glycogen synthase
kinase 33 (GSK-3f3), casein kinase 1 (CK-1), 3-catenin, T-cell factor/lymphoid enhancer
factor (TCF/LEF), Goucho repressor, sclerostin, and dickkopf 1.

In the last couple of decades, diseases related to rare gene mutations, leading to
bone density disorders, were investigated [34]. During this research, the Wnt pathway
was identified as a crucial factor in bone homeostasis, made of two main components.
One component is the Wnt/ 3-catenin pathway, also known as a canonical pathway. The
second component is the noncanonical pathway, which includes the planar cell polarity
pathway (PCP) and the Wnt calcium pathway (Wnt-Ca?*) [9,35]. All three pathways act
via binding Wnt proteins to FZD receptors [36]. The canonical Wnt/3-catenin pathway
regulates morphogenesis during embryonic development and maintenance of homeostasis,
as well as stem cell biology [37]. The noncanonical Wnt pathway regulates more than
one cell function, including proliferation, differentiation, adhesion, polarity, motility, and
migration [38]. The most important and most investigated pathway is Wnt/ 3-catenin
pathway. Noncanonical pathways are independent of 3-catenin and LRP, as opposed to the
canonical pathway [39]. Activation and inhibition of the Wnt/ 3-catenin pathway occur
through several cascade steps in which different proteins take part.

Activation of the pathway begins following the binding of the extracellular cell signal
to LRP5/6 and FZD receptors located in the cell membrane, whereby the extracellular cell
signal usually represents one of the Wnt proteins, most often Wnt 3a and Wntlc. FZD
receptors are specific seven-pass transmembrane FZD proteins. In the cell cytoplasm, DVLs
transfer the signal to a protein complex composed of GSK3f3, CK1, axin, and APC. The
consequence is inhibition of GSK3f and axin, leading to decreased (3-catenin phosphory-
lation, enabling stability and accumulation of 3-catenin. In the nucleus, the signal reacts
with transcription factors TCF/LEEF, resulting in enhanced transcription of genes relevant
to cells survival, differentiation, and migration (Figure 2) [40,41].

The opposite situation is the inhibition of the Wnt signaling pathway inhibition.
Factors bind to FZD and LRP5/6 in the cell membrane. This signal is passed through
DVL to protein complex made of GSK3f3, CK1, axin, and APC, also called the destruction
complex, since GSK3f3 and CK1 phosphorylate 3-catenin, while axin and APC cause f3-
catenin ubiquitination and proteasomal degradation. The consequence is the absence of
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[-catenin, the Groucho repressor binds to the TCF/LEEF, thus preventing the transcription
of target genes [40,41] (Figure 2a,b).
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Figure 2. Schematic representation of activation (A) and inhibition (B) of the Wnt pathway. FZD
frizzled; LRP4/5/6 lipoprotein receptor-related proteins 4, 5 and 6; DVL disheveled; GSK-3f3 glyco-
gen synthase kinase 3f3; CK-1 casein kinase 1; APC adenomatous polyposis coli; TCF/LEF T-cell
factor/lymphoid enhancer factor; DKK1 dickkopf 1; Scl sclerostin.

The Wnt/ 3-catenin pathway is important for all three cell types present in the adult
skeleton: osteoblasts, osteoclasts, and osteocytes, which contribute to the regulation of
osteoblasts and osteoclasts during bone remodeling [42]. An activated Wnt pathway
increases bone mass, while its inhibition decreases bone density [9,43]. Therefore, it is
not surprising that the investigations of Wnt inhibitors, especially sclerostin and DKK,
become the focus of research regarding the pathophysiology and pharmacotherapy of
bone disorders.

Sclerostin and DKK1 expression is regulated by complex mechanisms, including cross-
action of systemic hormones, cytokines, and mechanical load. Following mechanical stimuli,
osteocytes secrete sclerostin, which travels to the bone surface, where DKK1, binds to
LRP5/6. LRP4 presents sclerostin to LRP5/6 [8], while DKK1 binds to Kremen proteins [44].
These reactions prevent Wnt protein binding and inhibit signal transmission in bone cells,
thereby inactivating the Wnt/ 3-catenin in the previously described manner. Wnt/3-catenin
pathway inhibition, besides on bone cells, also has an impact on RANK/RANKL/OPG
system. The receptor activator of nuclear factor kappa-B ligand (RANKL) is secreted by
osteoblasts and osteocytes. RANKL binds to receptor activator of nuclear factor-kappa B
(RANK), which enables activation, maturation, and survival of osteoclasts. Osteoblasts
also excrete glycoprotein osteoprotegerin (OPG), which serves as a decoy for RANKL,
preventing RANK to RANKL binding, leading to osteoclastogenesis inhibition. OPG is also
called osteoclastogenesis inhibitory factor (OCIF), whose effects are opposite to those of
RANKL. Wnt/ 3-catenin pathway inhibition leads to osteoblastogenesis impairment and a
decrease in osteocyte survival. OPG expression is decreased in osteoblasts and osteocytes
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while, in osteocytes, it increases the expression of sclerostin and RANKL. These processes
favor the differentiation of osteoclast precursors into osteoclasts, and the consequence is
reduced formation and increased bone resorption. Additionally, increased expression of
sclerostin limits bone formation through a negative feedback loop. Likewise, osteocytes’
expression and activity of the enzymes in the bone matrix are intensified, leading to
increased osteolysis [45].

Sclerostin is a glycoprotein encoded by a SOST gene [46]. It is produced mainly in os-
teocytes [47,48] and, therefore, depends on bone mass and osteocytes” presence. Osteocytes
are embedded in the bone mineral matrix [49] and contain a wide network of canaliculi,
essential for the bone remodeling process, via recognition of microfractures [50]. Sclerostin
is also found in osteoblasts, chondrocytes, odontoblasts, and cementocytes, while SOST
can be transcribed in bone marrow, cartilage, kidneys, liver, lungs, and pancreas [51].

In vertebrates, DKK1 is a glycoprotein and a member of a family consisting of four
members (DKK1-4) [52] produced by osteocytes and osteoblasts, while its expression was
also found in the skin, endothelium, prostate, placenta, platelets, and, to a lesser extent,
in other tissues [53,54]. It inhibits the development and activity of osteoblasts. Therefore,
increased levels of DKK1 can damage osteoblasts activity and cause bone loss [7]. Sclerostin
and DKK1 antibodies are interesting as pharmacological options in osteoporosis treatment
and other bone disorders [44], but sclerostin is a highly selective pathway modulator [34],
possibly influencing bone formation, as well as bone resorption, thus making it a more
suitable pharmacotherapeutic option.

DKK1 effects on bone mass were variable and less pronounced compared to those
obtained by sclerostin antibodies administration and are achieved in two ways. One way is
by causing bone erosions seen in some autoimmune diseases, such as rheumatoid arthritis,
osteoarthritis, and systemic lupus erythematosus. The other way is causing osteopenia,
which can be induced by glucocorticoids or estrogen deficiency [53]. In vitro studies and
preclinical research provided some encouraging results on DKK1 antibody applications in
orthotropic cancers [55].

Systematic investigations on inhibitors of the Wnt pathway led to the approval of
a new drug for osteoporosis treatment called romosozumab [56] This drug is approved
for the treatment of severe osteoporosis in postmenopausal women who have a high risk
of fracture.

6. Wnt/3-Catenin Signaling Pathway and Thyroid Hormones

Deiodinases are, as well as TR, important for thyroid hormone action. In hyperthy-
roidism, the activity of D1, present in the peripheral tissue, increases. It is mostly found in
the liver and kidneys and to a lesser extent in skeletal muscles, heart, and thyroid gland.
The action of D1 increases the conversion T4 into T3, while D2 is responsible for the conver-
sion of T4 into T3 inside the cell. Its activity increases in the state of thyroid gland deficiency,
i.e., hypothyroidism, in order to increase the conversion of T4 into T3 [57]. Additionally, the
activity of D3 is diminished to reduce the conversion of T4 to metabolically inactive forms.

The second level of action of thyroid hormones is the receptors to which they bind
in the cell’s nucleus so as to pursue their activity. TRs are transcription factors that are
modulated by T3. T3 has a higher binding affinity to TR than T4, which makes it a
biologically more active hormone. The physiological response to T3 depends on the type of
TR found in the cell. After T3 enters the cell and the nucleus, where it binds to TR, gene
transcription is stimulated. T3 binds to TR, after which the corepressor is separated from
TR, and the coactivator binds. This complex, TR and coactivator, binds to the promoter
region of the gene and stimulates the transcription of the target genes. When there is no T3
in the cell, TR remains in complex with the corepressor resulting in the inhibition of gene
transcription [58].

However, the TR function is coordinated and integrated via other signaling pathways
as well, which is particularly related to the interaction between the TR pathway and the
Wnt pathway. The interaction can take place in different tissues and involve either TRx
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or TR receptors. The final result of their interaction depends on the type of cells in
which T3 can stimulate proliferation or differentiation, or activation or repression of the
Wnt system in certain tissues [36]. In colon cancer cells, binding of T3 to TR31 results in
suppression of the Wnt pathway, inhibiting transcription of the cyclin D1 gene in a reaction
mediated by inhibition of 3-catenin [59]. Additionally, the interaction between TRf3 and
[3-catenin was investigated in mouse thyroid cancer. The results showed that TR binds to
[-catenin, while T3 interrupted their interaction, promoting the degradation of 3-catenin
in the cytoplasm and, consequently, reducing the activity of the Wnt pathway [60].

The Wnt pathway can indirectly affect T3, as described in a colon cancer model.
The Wnt pathway effect is mediated through deiodinases, whereby {3-catenin stimulates
D3, while simultaneously reducing D2. This double action results in a decrease in the
intracellular level of T3 [61]. When the Wnt pathway is activated, 3-catenin is not degraded
in the cytoplasm, but goes to the nucleus, where it stimulates the transcription of the D3
gene. As a result, the level of D3 increases, and through its mediation, T4 is inactivated by
conversion to r'T3, as well as T3 to T2. It is believed that Wnt affects directly to D2, but the
molecular mechanisms involved in this process have not yet been clarified [62].

Thyroid hormones are important for normal skeleton development. Several studies
have investigated and demonstrated the effect of thyroid hormone on chondrocytes in
growth plates by acting on the Wnt/3-catenin signaling pathway. It has been shown
that thyroid hormones regulate terminal differentiation of chondrocytes in growth plates
partially via the Win/ 3-catenin pathway in a study in which rat epiphyseal chondrocyte
cell culture was treated with T3 hormone. The results showed an increased amount of
stable 3-catenin in the cytoplasm, as well as increased transcriptional activity of TCF/LEF
in the nucleus, thus stimulating Runx2/cbfal gene expression, and the end result was
the final differentiation of chondrocytes. Additionally, the action of DKK1 inhibited the
Wnt/ 3-catenin pathway and, consequently, the changes induced by the action of the T3
hormone [63]. In addition, carboxypeptidase Z (CPZ) was shown to be a factor that is a part
of the T3 action pathway on the Win/ 3-catenin pathway. T3 stimulated CPZ expression,
and CPZ stimulated signal transmission in the Wnt pathway, leading to chondrocyte
differentiation in the growth plate [64]. Another mediator of the interactions between T3
and the Wtn/3-catenin pathway is insulin-like growth factor 1 (IGF-1), which stimulates
the expression of Wtn4 and acts as a 3-catenin stabilizer [65]. Additionally, IGF-1 receptor
expression is stimulated by T3.

There are only a few studies investigating the association between thyroid hormones,
the Wnt signaling pathway, and bone. An animal model was designed mainly for testing
thyroid cancer [60,66], and the experimental mice had a mutation in the gene for TRp. In
mouse osteoblasts, a dominant negative mutation of the TR gene led to activation of the
Wnt/ 3-catenin pathway and increased bone formation [67]. Based on in vitro studies in
which transfection induced the expression of Thrb1 and Thral in osteoblast cells, it was
suggested that free TRs act as a stabilizer of 3-catenin in bone. This effect was interrupted
by the binding of T3 to TR, leading to the degradation of 3-catenin and inhibition of the
Wnt pathway [60,67].

Studies on the association between elevated thyroid hormone levels, the Wnt signaling
pathway, and bone are lacking. In two studies involving hyperthyroid patients due to
GD or MNTG conducted by the same authors, a significant decrease in serum sclerostin
concentration was achieved after four to six weeks of treatment with antithyroid drugs
when the euthyroid state was accomplished [68,69]. These results match other studies
in which significantly elevated serum sclerostin concentrations were in the hyperthyroid
state compared to euthyroid state [32,70], as well as in a study involving hyperthyroid
mice [71]. However, opposite results are also recorded, since no significant difference
in serum sclerostin levels was obtained between hyperthyroid patients and euthyroid
controls [72]. As far as we know, there are two studies on animal models and one study
conducted in humans regarding the influence of elevated thyroid hormone levels on DKK1
concentrations. Two studies investigated whether hyperthyroidism is associated with
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DKK1 [32,71]. In hyperthyroidic mice, serum DKK1 concentrations were decreased [71].
Similar results were shown in a study including human hyperthyroid participants with GD,
comparing control serum DKK1 measurements in the euthyroid state with the hyperthyroid
state, where an increase in serum DKK1 concentrations was observed [32]. Additionally,
when the role of DKK1 was assessed in thyroid hormone—-induced changes in bone using
conditional DKK1 knockout mice, it was shown that loss of DKK1 is not sufficient to fully
reverse changes in bone mass and bone turnover [73].

The results of the majority of the studies (shown in Table 1) indicate that serum
concentrations of Wnt inhibitors, sclerostin, and DKK1 are changing depending on thyroid
function status. Serum sclerostin levels are higher in hyperthyroid versus euthyroid state,
while DKK1 levels are lower in the hyperthyroid state and increase while reaching the
euthyroid state. Therefore, these results are indicative of existing cross-talk between thyroid
hormones and the Wnt signaling pathway. It would be interesting to investigate changes
in serum concentrations of these two inhibitors after achieving the euthyroid state given
the time period in which bone density improves can vary. Consequently, sclerostin and
DKKI1 could serve as biomarkers in diagnosis and follow up of diseases involving the
bone system.

Table 1. List of studies investigating hyperthyroidism and Wnt inhibitors, and this includes

main findings.

Author Study Design Hyperthyrmdlsm Analyzed Wnt Inhibitor Main Results
Etiology
Induced Increased sclerostin and decreased
Tsourdi 2015 [71] Animal models h 1 Sclerostin, DKK1 DKK1 serum concentrations in
yperthyroidism h . .
yperthyroid mice;
Loss of DKK1 is not sufficient to
. . Induced fully reverse thyroid hormone-
Tsourdi 2019 [73] Animal models hyperthyroidism DKK1 induced changes in bone mass and
bone turnover
In 15 patients, sclerostin was
. PO measured at diagnosis of Py . A significant decrease in serum
Skowronska-Jozwiak h thvroidi d af Graves’ disease or toxic Sel . 1 in levels af hievi
2012 [68] yperthyroidism and after multinodular goitre clerostin sclerostin leve sa ter achieving
6-10 weeks of treatment euthyroid state
with thiamazole
In 33 patients, serum sclerqstin ) After treatment of
. PO was measured at diagnosis Graves ‘3 PPN
Skowronska-Jézwiak g . . . hyperthyroidism, a significant
of hyperthyroidism and after disease or toxic Sclerostin - :
2015 [69] . . . decrease in serum sclerostin
6-10 weeks of treatment with multinodular goitre
thiamazole was measured.
There was no difference
24 patients with hyperthyroidism, Multinodular goiter and in the serum sclerostin levels
Saritekin 2017 [72] yet untreated and 24 voluntary u G odu /a dgo era Sclerostin between the
normal persons raves disease hyperthyroid group and the
control group.
An amount of 30 patients with Graves’ disease and Sclerostin levels were significantly
hypothyroidism, hyperthyroidism, subclinical elevated in hyperthyroidism
Mihaljevi¢ 2020 [70] and subclinical hyperthyroidism due to Sclerostin compared to
hyperthyroidism, as well as thyroxine subclinical hyperthyroidism and

10 euthyroid controls

suppressive therapy

control group

Mudri 2022 [32]

Longitudinal study included
37 patients in which serum
sclerostin and DKK1 were
measured at diagnosis of GD and
after one year of ATD therapy

Graves’ disease

Sclerostin, DKK1

Significant decrease in serum
sclerostin and significant increase
in serum DKKT1 in euthyroid state

after one year

7. Conclusions

Due to the fact that hyperthyroidism can cause osteoporosis [74], there have been
proposals to consider BMD as a standard test in patients with newly diagnosed hyperthy-
roidism to identify groups in need of further monitoring [75]. There are various studies in
which hyperthyroidism led to a decrease in bone density [75-78]. Additionally, the risk of
fracture is increased [79] in the first five years after the diagnosis of hyperthyroidism. Treat-
ment with antithyroid drugs significantly reduced this risk independent of the dose [80].
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However, an increase or normalization of bone density can occur even one to four years
after hyperthyroidism is detected [4], and the increase in bone density can be partial, in
the lumbar spine and hips, but with a decrease in the forearm [74,81]. Considering all the
above stated, and the fact that bone density improves after antithyroid drug treatment,
we assume that measuring bone density should not be mandatory in all patients with
hyperthyroidism [82], but only in those that are already at risk for osteoporosis.

Sclerostin and DKK1 inhibit bone formation, promote bone resorption, and play an
important role in maintaining bone balance. As a part of the Wnt pathway, they interact
with thyroid hormones and their metabolism, and vice versa. As there are established
treatments for osteoporosis using sclerostin inhibitor drugs, it would be interesting to
further investigate their efficacy in hyperthyroidism for the reservation of bone mass.
Moreover, additional research should be conducted on the interaction of the Wnt pathway
and thyroid hormones in humans.
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