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SUMMARY — Graves’ disease is an autoimmune disease characterized by excessive thyroid hormone
production. One of the consequences of that state can be a decrease in bone mineral density (BMD).
Graves' disease is often treated with antithyroid drugs (ATD) as first line therapy, which can lead to disease
remission. Moreover, recent data show that improvement in BMD can be expected. However, vitamin D
deficiency can coexist along with Graves’ disease, which is also involved in the process of bone remodeling.
It is still not known whether lower values of vitamin D can contribute to onset of Graves’ disease and if its
supplementation might be helpful in therapy for hyperthyroidism. In the past couple of decades, osteopenia
and osteoporosis have become a major health burden not only in post-menopausal women but also as a re-
sult of other diseases, leading to extensive research into various pathophysiological mechanisms responsible
for bone remodeling. The Wnt (wingless integrated) signaling pathway is a very important factor in bone
homeostasis, especially the canonical pathway. Present data indicate that stimulation of the Wnt pathway
leads to bone mass increase and, in contrast, its inhibition leads to bone mass decrease. Hence, inhibitors of
the canonical Wnt pathway became the focus of interest, in particular sclerostin and dickkopf 1 (DKK1).
Hyperthyroidism and osteopenia/osteoporosis are quite common today and can coexist together or as sep-
arate entities. In this article, we aimed to give an overview of possible associations and potential mutual

pathophysiological mechanisms.
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Introduction

Hyperthyroidism is a state of excessive produc-
tion of thyroid hormones which causes symptoms
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and signs of hypermetabolism. Hyperthyroidism can
be caused by toxic adenoma (TA), multinodular toxic
goiter (MNTG) and Graves’ disease. TA and MNTG
are usually treated by radioiodine therapy or surgery.
Graves’ disease is an autoimmune disease caused by
elevated TSH receptor autoantibodies (antiTSH-R).
First-line treatments are antithyroid drugs (ATD).
According to incidence data, which do differ, the fre-
quency is approximately 20-50 cases in 100.000 peo-
ple, mostly occurring in people from 30 to 60 years of
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age. It is more common in women, in which risk of
hyperthyroidism is 3%, compared to 0.5% in men.

Hyperthyroidism, i.e. Graves’ disease, can affect
the skeletal system by shortening the remodeling cy-
cle of the bone!. Phases of bone formation and bone
resorption are disrupted in a way that bone resorption
overcomes bone formation. The whole process may
ultimately cause reduction in bone mineral density
(BMD), leading to osteopenia or osteoporosis. Loss
of BMD in adults is 10-20%, mostly in the cortical
bone!. Osteopenia is not a disease, but it can lead to
higher fracture risk, and can lead to osteoporosis by
exacerbating bone mass loss. Osteoporosis is a disease
which is characterized by microarchitecture changes
which may lead to fracture and disability. According
to the International Osteoporosis Foundation (IOF),
more than 200 million people around the world have
osteoporosis. It also occurs more commonly in wom-
en, and also more frequently with aging. The “Golden
standard” for measuring BMD and establishing osteo-
penia/osteoporosis is dual-energy X-ray absorptiom-
etry, osteoporosis being defined as T-score more than
-2.5 standard deviations below the young adult female
reference value?.

Graves’ disease is a disease curable with ATD ther-
apy, leading to an euthyroid state. BMD can increase
with the achievement of euthyroidism. But the time
period necessary to accomplish improvement in bone
density can be of variable length. Present data show
only a 4% improvement of BMD after a treatment
period of one year’, while in other studies only par-
tial improvement occurred*’. Restoring BMD is im-
portant to prevent negative skeletal consequences, the
most important of which are bone fractures.

In addition to thyroid hormones, vitamin D is also
important in the metabolism of the skeletal system.
Its main functions are regulation of bone metabolism
and phosphorus and calcium homeostasis. Recent
data suggest that vitamin D has an important role
in different autoimmune diseases, including autoim-
mune thyroid disease (AITD)*”. However, vitamin D
deficit is becoming a global health problem. Over a
billion people around the world have vitamin D defi-
cit or insufficiency®’. The effect of vitamin D is me-
diated through the intracellular vitamin D receptor
(VDR), which belongs to the steroid/thyroid nuclear
receptor family. These receptors, as well as 1a — hy-
droxylase, are present in various organs and cells oth-
er than the kidneys. In humans they are also present
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in immune cells such as macrophages, dendritic cells
and T and B lymphocytes'’. 1a — hydroxylase is an
enzyme which converts 25-hydroxy vitamin (25(OH)
D) to 1,25-dihydroxy vitamin D (1,25(OH)2D), the
biologically active form of the molecule. Vitamin D
has an important role in both the innate and humor-
al immune system, inhibiting inflammatory cyto-
kine production and stimulating anti-inflammatory
cytokine production. It also inhibits dendritic cells
(DC) maturation and differentiation, indirectly by
suppressing T cell proliferation leading to the phe-
notype Th1 in Th2 change. The result is a reduction of
antigen presenting cells, which otherwise stimulate T
cells, thus benefiting immune system tolerance®.

A possible association of Graves’ disease and de-
creased 1,25(OH)2D raises questions about the mo-
lecular mechanisms involved. In an experiment involv-
ing mice with induced hyperthyroidism by triiodothy-
ronine (T3), significantly reduced mRNA expression
of gene encoding 1o — hydroxylase (CYP27B1 gene)
was observed. T3 also reduced transcriptional activity
of that gene through both types of thyroid receptors,
TRa and TRB1™,

Still, it remains unclear whether vitamin D supple-
mentation should be implemented as a modification of
inflammatory disease. It is unclear whether vitamin D
status is causally connected to the disease pathogenesis
or if it is just a disease marker™.

Pathophysiological mechanisms of thyroid hormone
on bone metabolism

Thyroid hormone production is regulated by the
hypothalamus — pituitary gland — thyroid axis. The hy-
pothalamus produces thyrotropin-releasing hormone
(TRH) which stimulates production of thyroid stim-
ulating hormone (TSH) from the pituitary gland. Fi-
nally, TSH aftects the thyroid and influences hormone
production. Thyroid hormones, T3, tetraiodothyronine
or thyroxine (T4), are synthetized in thyroid follicular
cells under the TSH stimulation, which is secreted by
the pituitary gland. Following secretion from the thy-
roid, hormones circulate in the blood where they are
99% bounded with plasma proteins. The most likely
reason for this is to secure thyroid hormone reserve
for cells and tissues so that they will not be secreted
in urine™. Before entering target cells, thyroid hor-
mones can rapidly unbind plasma proteins. The main
hormone which thyroid secretes is T4%. It acts as a
prohormone and is converted to T3'. Eighty per-
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cent of T3 is converted from T4 and is much more
biologically active than T4. Conversion of T4 to T3
is mediated by the deiodinases enzyme®. There are
three types of deiodinases: 1, 2 and 3 (D1, D2 and
D3). D1 is inefficient or it inactivates T4, D2 medi-
ates conversion from T4 to T3 by deiodination of T4,
and D3 inactivates T3, and in a minor part prevents
activation of T4, Thyroid hormones enter target cells
through transmembrane transporters. They are pro-
teins which can be divided in two groups. The first
group comprises anionic transporters, (Na(+) tauro-
cholate cotransporting polypeptide — NTCP — and
organic anion transporting polypeptide — OATP. The
second group includes amino acid transporters type
L (LAT 1 and LAT 2) and type T (monocarboxylate
transporters MTC 8 and MTC 10)*. MTC 8 is one of
the most efficient and specific transporters for thyroid
hormones, but also the most important transporter in
the brain'”'%. After entering target cells, T3 bounds to
thyroid hormone receptors (TR) in the nucleus. There
are more than one receptor form and isoform: TRal,
TRa2, TRB1 and TRPB2Y.

TR is predominantly located in the hypothalamus
and pituitary gland, liver and kidneys. TR is predom-
inantly located in the heart, central nervous system
(CNS), intestine, skeletal muscles and bones. Both
TRal and TRP1 are present in bone cells, but TRal
is expressed about 10 times more than TRB1 and it is
a crucial mediator for T3 in the bones®.

T3 regulates chondrocyte proliferation, promotes
terminal differentiation, and induces mineralization
and angiogenesis. It also stimulates production of type
IT and X collagen and alkaline phosphatase, which are
markers of bone mineralization?!.

Clinical relevance of thyrotoxicosis for BMD and
fracture risk

Hyperthyroidism can affect skeletal turnover since
bone cells have TR. Thyroid hormones affect all cells
and processes in the bone, but mainly bone turnover,
which may consequently decrease BMD. It can be
hypothesized that BMD will be increased by restor-
ing euthyroidism, implying that the process is revers-
ible?>. The time to restore normal BMD can be dif-
ferent in individuals, which is already known**

Numerous studies have shown that hyperthyroid-
ism causes BMD reduction®?. Additionally, fracture
risk is increased and can stay increased for the next

five years®. The therapeutic effect of ATD diminish-
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es that risk, regardless of the drug dose®. Achieving
BMD increase or restoration can take as much as 1-4
years after hyperthyroidism is diagnosed®. Increase in
BMD may also be partial®. In some studies, alendro-
nate was used along with ATD to improve osteoporo-
sis caused by hyperthyroidism, and the results were fa-
vorable for that group of patients compared with those
treated only with ATD?*. Other bisphosphonates can
also be used in addition to alendronate, especially in
postmenopausal women, since hyperthyroidism alone
is a risk factor for development of osteoporosis®~.
Osteoporosis could be a reversible process in younger
patients, but not in postmenopausal women. However,
in this group of patients, bisphosphonates can prevent
development of osteoporosis and incidence of frac-
tures at older ages’.

Results regarding antiTSH-R and the association
with bone are ambiguous. According to some studies,
antiI'SH-R may have negative impact on bone metab-
olism*%. Other studies have shown that antiTSH-R
could have a protective effect on bone®. Possible ex-
planations involve thyroid status, i.e. whether overt
or subclinical hyperthyroidism or euthyroidism are
present, as well as the type of the existing antibod-
ies (blocking or stimulating). In overt hyperthyroid-
ism, antiTSH-R could have a protective role, while
in subclinical hyperthyroidism or an euthyroid state
they could accelerate bone loss*'. Some researchers did
not find a direct causal association or the underlying
mechanism.

In conclusion, since hyperthyroidism is a secondary
risk factor for osteoporosis, BMD measurement as a
standard protocol in Graves’ disease should be consid-
ered in order to identify patients who require further
management*.

Impact of vitamin D deficiency associated with hy-
perthyroidism on bone health

Vitamin D has an important role in maintaining
bone health. Its main source is dermal synthesis stim-
ulated by ultraviolet B radiation (UVB), which com-
prises 90% of all vitamin D in the human body*.

The rest is ingested by food and absorbed in the
intestines. It is estimated that short-term and occa-
sional arm and face sun exposure equals ingestion of
200 (international units) per day*. However, it is not
clearly defined how long the exposure should last. Af-
ter ingestion or skin synthesis, vitamin D is hydrox-

ylised in the liver, resulting in 25(OH)D2 or 25(OH)
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D3 synthesis. The next step is conversion of 25(OH)
D to to 1,25(OH)2D or calcitriol, which happens in
the kidneys mediated by 1o — hydroxylase®. The mod-
ern life style, encouraging spending less time outdoors
and using sun cream with high protection factor, could
diminish vitamin D skin synthesis*. Additionally, sea-
sonal and race differences also exist*.

Vitamin D mostly circulates as 25(OH)D, calcidi-
ol. Its half-life in circulation is 2-3 weeks. It is active
in the bones and intestines, but significantly less po-
tent than calcitriol. Calcitriol is the most active form
of vitamin D, and its half-life in circulation is 4-6
hours™. In hyperthyroidism, levels of vitamin D can
be decreased, caused by increase in calcium levels as a
result of faster bone turnover. Hypercalcemia leads to
a decrease in parathyroid hormone (PTH) excretion,
which causes diminished conversion of 25(OH)D to
1,25(OH)2D and/or intestine absorption*°.

However, it has been noted that vitamin D has arole
in the pathogenesis of autoimmune diseases. Therefore,
investigating the possible association between vitamin
D and Graves’ disease is of great interest. However, the
results remain variable and inconclusive.

Xu conducted a meta-analysis®® which included
13 studies. Vitamin D status was determined in pa-
tients with Graves’ disease and in the control group of
healthy patients. It was concluded that patients with
Graves’ disease were more likely to have a vitamin D
deficit. In some of these studies, the results were com-
patible with the general conclusion®®, but in others
there was no greater risk for vitamin D deficit in pa-
tients with Graves’ disease’.

In another meta-analysis conducted by Wang, 20
studies were analyzed, and in the majority vitamin D
deficit or lower vitamin D status was present in pa-
tients with autoimmune thyroid diseases (AITD)
compared with the control group., both patients with
Graves’ disease and with Hashimoto thyroiditis (HT)
were included in this meta-analysis®*.

In another study, vitamin D was not significantly
lower in patients with Graves’ disease”. Those results
were explained by the variability of the patients in-
cluded in the study, which was conducted in different
centers. Newly-diagnosed patients had different levels
of antithyroid peroxidase antibodies, which could be
associated with variable levels of serum calcium and
ultimately have an effect on vitamin D. No change in
vitamin levels was found when comparing patients

with hyperthyroidism to those with hypothyroidism.
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However, comparing hyperthyroid and hypothyroid
patients found that hyperthyroidism was not asso-
ciated with lower vitamin D levels when compared
with hypothyroidism®®. However, the prevalence of
the vitamin D deficiency in the same study was sig-
nificantly higher in patients with AITD than those
with non-AITD. Such results could be the outcome
of positive antithyroid peroxidase antibodies and ab-
normal thyroid function tests, and ultimately the role
of vitamin D in AITD pathogenesis. In other studies,
lower serum vitamin D levels were found in patients
with AITD, regardless whether it was Graves’ disease
or HT. Based on these findings, the authors concluded
that vitamin D levels were not associated with thyroid
function®®.

In a group of female patients treated for Graves’
disease with ATD, vitamin D levels were lower in
women without disease remission compared with the
group with Graves’ disease in remission®’. In addition,
according to some authors, vitamin D deficit could
cause and/or aggravate Graves’ disease’®.

A good therapeutic effect was achieved by imple-
menting vitamin D as a therapeutic agent in Graves’ or-
bitopathy*’, possibly due to modulation of immune re-
sponse involved in pathogenesis of Graves’ orbitopathy.

Lower concentrations of vitamin D were present in
patients with Graves’ disease with positive anti TSH
— R compared with controls®?, suggesting that vitamin
D could have a role in physiological mechanisms in-
volved in Graves’ disease. AITD incidence was more
frequent in subjects with lower vitamin D concentra-
tions*®. However, no association between Graves’ dis-
ease and antiT'SH-R was found in another study, only
in patients with HT®.

Possible pathophysiological mechanism involved in
the reversibility of bone loss with antithyroid therapy

The bone system is very active. It is constantly re-
modeling throughout a person’s life in order to main-
tain its main functions: body support, protection of
internal organs and maintaining mineral homeostasis
in the body*.

The main bone cells included in bone remodeling
are osteoblasts, osteocytes and osteoclasts. Osteoblasts
comprise 5% of the above and have a role in bone for-
mation. Osteocytes comprise 90-95% of the above and
regulate osteoblast and osteoclast activity. Osteoclasts
comprise 1-2% and have role in bone resorption®.
Bone remodeling is an active process through the life-
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time. A signal that points which part of bone should
be remodeled could be structural damage or systemic
paracrine factor that regulates mineral homeostasis of
the body*.

Bone remodeling is a process that has four phases.
Osteocytes are activated in the first phase. They regu-
late osteoblast and osteoclast activity. A specific struc-
ture on the bone surface that needs to be remodeled
is called the bone remodeling compartment, where
osteocyte apoptosis and the release of growth factor
takes place. The second phase is resorption. During
that phase, osteoclasts are activated by cytokines and
growth factors released during osteocyte apoptosis.
Osteoclasts resorb the damaged area, and different
growth factors and degraded matrix proteins are re-
leased during that process, attracting osteoblasts. In
the third phase, reversal, the resorption phase ends and
matrix formation begins. Mononuclear cells remove
the remnants of the resorbed matrix and prepare the
resorbed area for the next phase where preosteoblasts
proliferate and differentiate to osteoblasts. Osteoblasts
synthetize matrix compounds and regulate mineral-
ization of the new matrix by excretion of calcium and
phosphates as well as degradation of mineral inhibi-
tors. The results of the bone remodeling cycle is repa-
ration of damaged bone to maintain strength, miner-
alization and structure®®¢!,

Bone resorption lasts 50 days, and bone formation
lasts 150 days 2, i.e. a little less than 7 months.

To maintain bone integrity, the processes of resorp-
tion and formation must be coordinated in time and
space”. In hyperthyroidism, the bone remodeling cy-
cles are more frequent, and the cycle is shortened so it
lasts 3-4 months, which is shorter by about 50%°¢. The
formation phase is more reduced than resorption, con-
sequently leading to bone loss of 10% per cycle*'. Thy-
roid hormones have direct effects on osteoblasts and
chondrocytes. T3 directly stimulates osteoblasts activi-
ty and differentiation, as well as indirectly through cy-
tokines and growth factors*'. Thyroid hormones have a
catabolic effect on the adult skeleton®.

Apart from investigating whether thyroid hor-
mones influence the skeleton, studies investigating
whether TSH acts on bone remodeling and whether
there is an association between T'SH receptors (T'SHr)
and changes in BMD have also been conducted. A role
of TSH in those processes was suggested in 200366
Such a link was demonstrated, as well as the direct
action of TSH on the bone by inhibiting osteoclas-
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togenesis and osteoblastogenesis®. It was postulated
that TSH inhibits formation and survival of osteo-
clasts and inhibits osteoblast differentiation and the
expression of type 1 collagen through TSHr in os-
teoblasts and osteoclast cells. Another effect of TSH
is increased expression of D2 in human osteoblasts®”.
However, suppressed TSH levels in Graves’ disease
lead to decreased expression of D2 enzyme, culmi-
nating in high levels of triiodothyronine and thus
stimulating bone resorption®®. Additionally, research
on hyperthyroid Tshr—/—(TSH receptor knockout)
mice completely devoid of TSH signaling showed
higher levels of bone resorption and bone loss com-
pared with hyperthyroid wild type mice in which
TSH levels were undetectable®.

Difterent results were reported regarding the im-
pact of antiTSH-R on bone metabolism, ranging
from having a protective role on bone tissue to stim-
ulation of bone loss***". This effect could depend on
the status of thyroid hormones and whether euthy-
roidism, subclinical or over hyperthyroidism is pres-
ent. In addition, it could also depend on the domi-
nating type of the antiTSH-R, namely stimulating
or blocking*!.

In the past decade, research on diseases caused by
rare gene mutations has expanded. These gene muta-
tions lead to BMD disorders’, and it became obvious
that the Wnt (wingless integrated) signaling pathway
is a very important factor for bone homeostasis. It is
divided into (1) Wnt/B-catenin (also called the ca-
nonical Wnt path) and (2) non canonical Wnt. This
second path can be further divided into (A) planar cell
polarity (PCP) and (B) the Wnt calcium path, Wnt —
Ca2+ 7.'The canonical pathway is the most important
for all three bone cell types of the adult skeleton. Pres-
ent data indicate that stimulation of the Wnt pathway
leads to bone mass increase, while in contrast its in-
hibition leads to bone mass decrease. Hence, inhibi-
tors of the canonical Wnt pathway have become the
focus of interest, in particular sclerostin and dickkopf
1 (DKK1). Sclerostin is almost exclusively produced
by osteocytes”. It is therefore dependent on bone mass
and osteocyte presence. Sclerostin inhibits osteoblasts
activation and induces their apoptosis, consequently
inhibiting bone formation and promoting bone re-
sorption’®. The Dickkopf group consists of four mem-
bers in vertebras (DKK 1,2,3,4). Evidence shows that
DKK1 has a role in the Wnt canonical pathway. It acts
in the bone by inhibiting osteoblast development and
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activation. Thus, increased levels or activity of DKK1
can damage osteoblast activation and lead to bone
loss™.

Although both thyroid hormones and the Wnt
signaling pathway are important for bone homeo-
stasis, the possible influence of thyroid hormones on
the regulation of the Wnt signaling pathway has only
recently been investigated in vivo™. In the abovemen-
tioned study, the data suggest that regulation of scle-
rostin and DKK1 by thyroid hormones is distinctive
and could have different roles in the pathogenesis
of thyroid hormone-induced bone loss. Data on the
association of thyroid hormones and Wnt inhibitors
are scarce and varied. It has been shown that serum
sclerostin concentrations were increased in hyperthy-
roid patients, and sclerostin concentrations decreased
after the restoration of euthyroidism’. However, the
pathophysiological mechanism responsible for that
change is still unclear””. It has been speculated that
the decrease in sclerostin concentrations may be due
to the normalization of the bone metabolism”. How-
ever, one recently conducted study showed no differ-
ences regarding sclerostin levels in the hyperthyroid-
ism group in comparison with the control group. It is
possible that the change of sclerostin levels depended
on the duration of exposure of the bone tissue to el-
evated thyroid hormones’. Additionally, the effect of
thyroid hormones and sclerostin on the Wnt signal-
ing pathway could be independent from each other,
with regard to numerous cofactors and antagonists
that influence them.

Conclusion

Hyperthyroidism can cause a decrease in BMD
leading to osteopenia/osteoporosis. ATD are the first-
line therapy for Graves’ disease. With treatment, dis-
ease remission along with relief of symptoms and signs
of hypermetabolism can be achieved. Additionally,
lower values of vitamin D and a decrease in BMD can
coexist in Graves’ disease. It can sometimes be difficult
to distinguish whether there is a causal relationship
between the two or if they a consequence of life style,
age, race or a mixture of all of these. In addition to
vitamin D, an important factor for bone homeostasis
is the Wt signaling pathway, especially the canonical
pathway. It is significant for all three bone cell types.
Since present data indicate that inhibition of the Wnt
pathway can lead to bone mass decrease, it is plausible
that inhibitors of this pathway are responsible, espe-
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cially sclerostin and DKK1, for bone mass restoration
process in hyperthyroid patients treated with ATD.

In conclusion, the question remains whether den-
sitometry be included in the initial diagnostic proce-
dures in newly-diagnosed patients with Graves’ dis-
ease. Additionally, should vitamin D levels be deter-
mined and does its supplementation provide an addi-
tional benefit in treatment, and should it therefore be
recommended as a therapeutic agent. We suggest that
larger and possibly multicentric studies could provide
a better perspective of the state of the targeted popula-
tion, and the data thus acquired could facilitate patient
management, while additional data on sclerostin and
DKK1 could contribute to better understanding of
bone processes.
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UCINAK HIPERTIREOZE I ANTITIROIDNE TERAPIJE NA KOSTANU GUSTOCU - PATOFIZIOLOSKI
MEHANIZMI TE KLINICKO ZNACENJE

D. Mudri, T! Kizivat, M. Smolic, I. Mihaljevic, R. Smolic, N. Raguz Lucici I. Bilic-Curci¢

Gravesova bolest je autoimuna bolest karakterizirana prevelikom proizvodnjom hormona §titnjace. Jedna od posljedica

toga stanja moze biti sniZzenje mineralne gustoce kosti. Lijeci se antitireoidnim lijekovima kao prvim izborom ¢ime se moze
posti¢i remisija bolesti. Postizanjem remisije, moze se ocekivati i pobolj$anje mineralne gustoée kosti. No, uz Gravesovu
bolest, moze postojati i sniZena vrijednost vitamina D koji je takoder vazana za procese pregradnje kosti. Jos je uvijek
otvoreno pitanje mou li sniZene vrijednosti vitamina D pridonijeti nastanku Gravesove bolesti i da li bi njegova supstitucija
mogla pomodi u lije¢enju hipertireoze. Kako je smanjena mineralna gusto¢a kosti danas rasprostranjena $irom svijeta, u
proslim desetlje¢ima poceo se istrazivati Wnt put. Ovaj put vrlo je vazan za homeostazu kosti, osobito njegov dio koji se
naziva kanoni¢ki put u kojem sudjeluju i sklerostin i dickkopf 1 kao inhibitori. Svi spomenuti ¢imbenici, odnosno stanja,
danas su uestala i mogu postojati zajedno i odvojeno. Ovim ¢lankom pokusali smo dati pregled moguée veze izmedu njih.
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Kljuéne rije¢i: Gravesova bolest, kostana gustoca, Wnt signalni put, sklerostin, dickkopf 1
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