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The multiple effects of thyroid 
disorders on bone and 
mineral metabolism
Os múltiplos efeitos das disfunções tireoidianas 
sobre o metabolismo osteomineral

Ludmilla F. Cardoso1, Léa M. Z. Maciel1, Francisco J. A. de Paula1

ABSTRACT
Differently from most hormones, which commonly are specialized molecules able to influen-
ce other cells, tissues and systems, thyroid hormones (TH) are pleiotropic peptides, whose 
primordial function is difficult to identify. The complex action of TH on human economy can 
be easily witnessed by examining the diverse consequences of TH excess and deficiency du-
ring development and after maturity. In particular, different manifestations in bone modeling 
and remodeling reflect the circumstantial consequences of thyroid disturbances, which are age 
dependent. While hyperthyroidism during childhood enhances bone mineralization and acce-
lerates epiphyseal maturation, in adults it induces bone loss by predominant activation of oste-
oclast activity. Furthermore, the syndrome of TH resistance is a multifaceted condition in which 
different sites exhibit signs of hormone excess or deficiency depending on the configuration 
of the TH receptor isoform. The investigation of the impact of TH resistance on the skeleton still 
remains to be elucidated. We present here a thorough review of the action of TH on bone and of 
the impact of thyroid disorders, including hyper- and hypothyroidism and the syndrome of TH 
resistance, on the skeleton. Arq Bras Endocrinol Metab. 2014;58(5):452-63
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ReSumo
Diferentemente da maioria dos hormônios, que usualmente são moléculas especializadas ca-
pazes de influenciar outras células, tecidos e sistemas, os hormônios da tireoide (HT) são pep-
tídeos pleiotrópicos, cuja função primordial é difícil de identificar. A ação complexa dos HT na 
fisiologia humana pode ser facilmente reconhecida ao observar as diversas consequências 
do excesso e da deficiência de HT durante e após o pleno desenvolvimento. Em particular as 
diferentes manifestações na modelação e remodelação óssea refletem que as consequências 
esqueléticas das disfunções tireoidianas dependem das circunstâncias e variam com a idade. 
Enquanto o hipertireoidismo durante a infância aumenta a mineralização óssea e acelera a 
maturação epifisária, em adultos induz a perda óssea pela ativação predominante da ação 
osteoclástica. Além disso, a síndrome de resistência ao HT é uma condição multifacetada na 
qual diferentes tecidos apresentam sinais de excesso ou deficiência hormonal, dependendo 
da predominância da expressão das diversas isoformas do receptor de HT. O impacto da re-
sistência ao HT sobre o esqueleto ainda é motivo de investigação. Apresentamos aqui uma 
revisão abrangente sobre as ações ósseas dos HT e o impacto no esqueleto dos distúrbios da 
tireoide, incluindo hipo e hipertireoidismo e síndrome de resistência ao HT. Arq Bras Endocrinol Metab. 

2014;58(5):452-63
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INTRoDuCTIoN

T hyroid hormones (TH), vitamin D (VD) and 
steroids belong to a special group of endocrine 

molecules which produce their effects by signaling in 
nuclear receptors (NR) (1). Typically they are pleiotro-
pic hormones, affecting a significant range of cell types 
in most tissues and in various systems. In common 
TH, steroids and VD also have intense effect on bone 
strength and on mineral and energy metabolism. While 
glucocorticoids and gonadal steroids, respectively, lead 
to a loss and an increase in bone mass, TH have a more 
complex effect depending on age, circumstances. 

The TH 3,5,3’,5’-tetraiodo-L-thyronine (thyroxin 
or T4) and 3,5,3’-triiodothyronine (T3) are produced 
and secreted by thyroid follicles which, under TSH 
stimulation, capture iodide through the membrane 
protein NIS (a iodide-sodium cotransporter) and uti-
lize it for TH synthesis. T4 is considered to be a pro-
hormone whose main function is to serve as a substrate 
for the production of T3 through deiodination by the 
type 1 (D1) and type 2 (D2) deiodinase enzymes. T3 is 
the main hormone responsible for the genomic actions 
of TH, modulating the expression of target genes after 
binding to the TH receptor (TR), while T4, reverse 
T3 (rT3) and 3,5-diiodothyronine (T2) seem to be 
more involved in non-genomic TH actions, which oc-
cur more rapidly and usually in consonance with their 
genomic actions. These last hormones are also funda-
mental for the regulation of basal cell activity and are 
important for rapid adjustments of cell homeostasis (1).

Once released into the blood circulation, TH are 
transported to the intracellular medium by TH transport-
ers (THT), which have 12 transmembrane domains and 
can be divided into two subfamilies: organic anion trans-
porters (NTCP and OATP) and amino acid transporters 
(L type – LAT1 and LAT2, and T type – MCT8 and 
MCT10). The only THT specific for TH is MCT8, while 
all the others are denoted secondary transporters (2).

Inside the cell, T3 binds to TR, which belongs 
to the superfamily of NR and is usually found in the 
nucleus as a heterodimer with the retinoid X receptor 
(RXR), modulating gene transcription. Thus, NR are 
transcription factors activated by their ligands, proteins 
that bind to the promoter region of target genes in or-
der to activate or repress transcription. In the absence 
of T3, TR recruits corepressor complexes (CoR) which 
compact chromatin by means of histone acetylation and 
prevent the action of the transcription machinery. T3 

binding to TR changes its tridimensional conforma-
tion, which then shows greater affinity for coactivator 
complexes (CoA). As a consequence, CoR dissociation 
occurs, leading to histone acetylation and chromatin 
loosening, with the subsequent transcription of the tar-
get gene (1). The biological genomic activity of TH 
depends on the intracellular concentrations of T3, on 
D1 and D2 activity, and also on the activity of type 3 
deiodinase (D3), which inactivates T3. 

TR are coded by the THRA (c-erbAα) and THRB 
(c-erbAβ) genes, respectively located on chromosomes 
17 and 3, which code by alternative splicing various iso-
forms distributed in the organism depending on tissue 
and on age. While TRβ predominates in the hypothala-
mus-pituitary region, the liver and kidneys, TRα is the 
primary effector of the actions of T3 on the heart, cen-
tral nervous system, intestine, skeletal muscle, and bone 
(3). Different isoforms have diverse effects, as can be 
observed in experimental models using knockout mice, 
in which the deletion of different types of TR leads to 
diverse manifestations.

mATeRIALS AND meTHoDS

The platform Medline-PubMed database, followed by 
the Embase and Scientific Electronic Library Online/
Latin American and Caribbean Health Science Litera-
ture (SciELO/Lilacs) databases were used to search 
articles. The search terms used were thyroid hormone 
and bone in association with one of the following: os-
teoporosis, calcium, phosphorus, thyroid hormone re-
sistance and growth.

molecular actions of TH in the skeleton

The ample interface between TH and bone metabolism 
is demonstrated by the variety of molecules related to 
the metabolism and action of TH expressed in skeletal 
tissue, such as TRs, THTs and deiodinases (4-6).

The actions of T3 in bone are complex and only 
partially understood; they occur through direct and in-
direct pathways during all phases of the bone remodel-
ing cycle, and stimulate both bone formation and re-
sorption (7,8). For instance, during bone formation, 
T3 stimulates osteoblast proliferation, differentiation 
and apoptosis, and increases the expression of osteocal-
cin, type 1 collagen, alkaline phosphatase, metallopro-
teins, IGF-1 and its receptor (IGF-1R). Subsequently, 
during bone resorption, T3 increases the expression of 
important differentiation factors of the osteoclast li-

Thyroid hormones and bone
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neage such as interleukin 6 and prostaglandin E2 (5). 
Moreover, T3 acts in a synergistic manner with osteo-
clastogenic hormones such as parathyroid hormone 
(PTH) (9) and VD (10). It has also been demonstrated 
that T3 increases the expression of mRNA of the ligand 
of receptor activator of nuclear factor-κβ (RANKL) in 
the osteoblast, which activates RANK present in osteo-
clast precursors a key step in the osteoclastogenesis (7). 

The TRβ1 and TRα1 isoforms are expressed in 
the stromal cells of bone marrow, chondrocytes, os-
teoblasts and osteoclasts. Quantitative RT-PCR stu-
dies have indicated that TRα1 expression is at least 
ten times higher than TRβ1 expression, indicating that 
TRα1 is the predominant mediator of the actions of 
T3 on the skeleton. Studies on adult female rats trea-
ted with 3,5-dimethyl-4-(4-hydroxy-3-isopropylbenzyl)
phe  noxy acetic acid (GC-1), a TRβ-selective analogue, 
have shown that chronic treatment with GC-1 does not 
change bone mass. Conversely, treatment with a supra-
physiological dose of T3 equimolar to the GC-1 dose 
causes a generalized bone loss. Taken together, these 
findings support the concept that the osteopenic effects 
of T3 are mediated by TRα (11).

Studies using animal models genetically modified 
for TR and D2 and with congenital hypothyroidism 
have made important contributions to the understand-
ing of osteomineral effects of TH. Table 1 lists vari-
ous representative studies in this line of investigation. 
In general, these studies demonstrated that mice with 
mutation of TRα or of both α and β receptors nearly 
show the same phenotype of retarded growth and bone 
maturation, with delayed ossification, reduced postna-
tal growth and bone mineralization, delayed closure of 
the cranial sutures in early life and increased mineraliza-
tion during adult life, as observed in hypothyroidism, 
although with less severity. In contrast, mice with muta-
tion in TRβ gene show a thyrotoxic skeletal phenotype, 
with increased mineralization and advanced ossification 
which result in short stature and craniosynostosis in 
childhood and reduced mineralization and low bone 
mass in adulthood (12). However, the lower severity 
of the skeletal phenotype of TR mutants compared to 
mice with TH deficit or excess actually suggests a sub-
stantial overlap in the action of these two receptors re-
garding the control of bone development. Thus, up to 
a point, TRβ and TRα are interchangeable, although 
the compensatory effects are incomplete, with some ef-
fects being isoform-specific. In addition, TRα1 mutants 
exhibit reduced expression and signaling of GH and 

IGF-1 receptors during the growth, suggesting that 
these receptors are targets of the physiological action of 
T3 on bone in vivo. In support to this point, there are 
studies demonstrating that IGF-I is stimulated by T3 in 
clones of cells of the osteoblast lineage (13). 

Osteoblasts also express type 2 and 3 deiodinases, 
especially D2, the deiodinase that activates TH. D1 
is not expressed in bone tissue (14). In addition, the 
THT is expressed in chondrocytes, osteoblasts and 
osteoclasts in all stages of cell differentiation, and the 
THT LAT 1 and LAT2 have been identified in mouse 
bone tissue and in cultures of osteoblast-like cells de-
rived from mouse calvaria (MC3T3-E1) (4). Similar-
ly, expression of the TSH receptor (TSHR) has been 
demonstrated in osteoblasts and osteoclasts, suggesting 
that TSH may have direct effects on these cells (6). The 
identification of TSHR in various tissues including the 
brain, testicles, kidneys, heart, thymus, lymphocytes, 
adipose tissue, fibroblasts and bones suggests that TSH 
may play a broader role than its traditionally recog-
nized stimulation of thyroid follicle cells (15). Some 
authors have proposed that TSH plays important roles 
on bone tissue, which are independent of the actions 
of TH (16). This is supported by studies on mice with 
deletion of the TSHR gene, which show high TSH and 
low serum levels of TH. TH therapy in these mice im-
pacts body weight but does not affect bone mass or 
bone length (6). Alternatively, other authors (15) sug-
gest that the failure in both bone mass gain and bone 
growth may be due to the remarkable delay of matu-
ration during the period of prenatal hypothyroidism 
and during the three postnatal weeks that precede the 
beginning of TH replacement. Another study has sug-
gested that TSH binding to its receptor in bone cells 
has beneficial effects on the skeleton through inhibi-
tion of osteoclastogenesis. In accordance to this tenet, 
Ma and cols. (16) suggested that in Graves disease the 
antibody TRAb decreases bone loss against the cata-
bolic effects of high circulatory levels of TH. The new 
evidence of the direct effects of TSH on bone, open the 
door to the investigation of additional mechanisms for 
the emergence of bone disease in thyroid disturbances. 
In the clinical setting, it will be challenging to define 
the contribution of TSH and THs to primary thyroid 
disorders. Nonetheless, further studies will be necessary 
to verify if bone catabolism is synergistically stimulated 
by suppressed serum TSH levels in primary hyperthy-
roidism and, conversely, if TSH has protective skeletal 
effects in primary hypothyroidism. 

Thyroid hormones and bone
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Table 1. Skeletal phenotypes of genetic modified mice showing congenital hypothyroidism, TSH resistance, mutation in the type 2 deiodinase and thyroid hormone 
resistance alpha and/or beta

model Genotype Hormonal status Young skeleton Adult skeleton Skeletal 
phenotype References

Pax8 Lack of essencial 
transcriptor factor 
Pax8 for thyroid 

development

No thyroid. 
Undetectable TH; 

elevated TSH 2000 
fold

Serious and persistent 
linear growth 

retardation, delayed 
endochondral 

ossification, reduced 
cortical bone, reduced 

bone mineralization

NR Hypothyroid Mansouri and cols. (61); 
Friedrichsen and cols. (62)

TSHR TSHR deleted Thyroid hypoplasia. 
Undetectable TH; 

elevated TSH

Death after weaning if 
not treated with TH

NR NR Marians and cols. (63)

Hyt/hyt Loss of function 
mutation in TSHR gene

Low TH; elevated TSH 
2000 fold

Linear growth 
retardation, delayed 

endochondral 
ossification, reduced 

cortical bone, reduced 
mineralization

NR Hypothyroid Beamer and cols. (64); Gu 
and cols. (65)

D2 Type 2 deiodinase 
deleted

Elevated TSH and T4; 
normal T3

Normal growth and 
development

NR NR Bassett and cols. (5); 
Fraichard and cols. (66)

TRα0/0 TRα deleted;

TRβ preserved

Euthyroid; normal GH 
and IGF-I

Transient growth 
retardation; delayed 

endochondral 
ossification, reduced 

mineralization

Osteosclerosis; 
increased trabecular 
volume, reduction of 

osteoclastic absorption

Hypothyroid Gauthier and cols. (67); 
Bassett and cols. (5)

TRα1PV/+ TRα mutation with 
heterozygous 

dominant negative 
TRα receptor

Mild thyroid failure, 
normal GH, reduced 

IGF-I

Serious and persistent 
growth retardation; 

delayed 
intramembranous and 

endochondral 
ossification, reduced 

mineralization

NR Hypothyroid Kaneshige and cols. (68); 
O’Shea and cols. (69)

TRβ-/- TRβ deleted; 

TRα preserved

RTH with elevated TH 
and goiter

Persistent short 
stature; advanced 

ossification, increased 
mineralization

Osteoporosis, reduced 
mineralization, 

increased osteoclastic 
resorption

Thyrotoxic Forrest and cols. (69); 
Gauthier and cols. (67); 

Bassett and cols. (5)

TRβPV/PV TRβ mutantion with 
homozigous dominant 
negative TRβ receptor

RTH serious and 
goiter; reduced GH

Accelerated prenatal 
growth; retarded 

persistent postnatal 
growth; advanced 

ossification; increased 
mineralization

NR Thyrotoxic Kaneshige and cols. (70); 
O’Shea and cols. (12); 
Bassett and cols. (5)

TRα-/-TRβ-/- TRα and TRβ deleted RTH and small goiter Growth retardation, 
delayed ossification, 

reduced mineralization

Death near the 
weaning

NR Gauthier and cols. (67); 
Bassett and cols. (5)

TH: thyroid hormone; TSHR: thyroid stimulating hormone receptor; D2: type 2 deiodinase; TRα: thyroid hormone receptor alpha; TRβ: thyroid hormone receptor beta; RTH: resistance to thyroid 
hormone; NR: not reported.

Consequences for development 

Childhood and adolescence are periods of great ske-
letal changes, when more than 90% of the bone mass is 
acquired. During the prepubertal period, bone growth 
and mineralization are more rapid in the limbs than in 
the spine (17). Spine growth accelerates during early 
and intermediate puberty and both axial an appendicu-

lar bone undergoes reduced growth at the end of pu-
berty. At seven years of age, girls have already reached 
80% of their adult height, but have acquired only 40% 
of their adult bone mass. At about 7 years of age, boys 
reach 70% of their final height, but only 35% of their 
bone mass. The peak of mineralization occurs about 
eight months after the peak growth rate; thus, bones 

Thyroid hormones and bone
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are relatively less mineralized during the peripubertal 
period, contributing to the risk of fractures during this 
phase. Between six and 16 years of age, bone mass in-
creases 2.5 and 3 times in girls and boys, respectively. 
The peak of bone mass reached at the beginning of 
adult life is a major determinant of osteoporosis emer-
gence after reproductive age (17). Although genetic 
factors determine 60 to 80% of the variability of skeletal 
bone mass, other factors related to health and life style 
can significantly influence bone growth and remodel-
ing. Among these factors are various hormones such as 
estrogens (18), androgens and GH (19), with anabolic 
effects, glucocorticoids with catabolic actions (20,21) 
and TH with a variable effect depending on the phase 
of development. T3 is known to be a potent regulator 
of skeletal growth and maturation, with its actions on 
bone varying according to developmental stage, with 
predominance of anabolism during development and 
of catabolism after bone maturation (22). 

Hypothyroidism and thyrotoxicosis

In children, TH deficiency leads to delayed maturation, 
short stature and changes in the epiphyseal growth 
plates, while TH excess results in advanced bone age, 
premature fusion of the epiphyses, and consequent lim-
itation of final stature (23,24).

The relative expression of the two TR genes also 
varies, not only among tissues, but also during the 
different phases of development. It has been demon-
strated that the TRα1 and TRβ1 isoforms are function-
ally present at varying proportions in three osteosar-
coma cell lines which express fibroblast, preosteoblast 
and mature osteoblast phenotypes (ROS 25/1, UMR 
1O6 and ROS 17/2.8, respectively), suggesting a pos-
sible change in TH action during bone development 
(25). Indeed, these cells show different responses to 
T3 treatment. 

Together with GH, IGFs, glucocorticoids, estro-
gens and androgens, TH represent important systemic 
factors that influence bone growth and maturation, es-
pecially after the beginning of puberty. Under normal 
conditions, TH activates both synthesis and degrada-
tion of bone matrix, having relevant role for skeletal 
integrity maintenance (8). One of the mechanisms by 
which TH produce these effects is an indirect action 
increasing GH and IGF secretion (26), as reported in 
classical studies on thyroidectomized rats treated with 
TH. After thyroidectomy, the animals show a reduction 

of pituitary and serum circulatory levels of GH, which 
is reversed after TH replacement. Additionally, there 
is evidence that TH can act directly on the epiphyseal 
plate independently of GH (26), as demonstrated in 
studies with cultures of epiphyseal plate cells submitted 
to a T3-rich environment. Within this context, there is 
inhibition of the clonal expansion of immature chon-
drocytes in parallel to an increased differentiation of 
hypertrophic chondrocytes, the latter representing the 
end phase of life of these cells, when they can no longer 
promote growth. 

The final height can be impaired by both lack and 
excess of TH. Spontaneous nocturnal secretion of GH 
is low in hypothyroidism and hyperthyroidism (27,28). 
The rate and the amount of GH released are reduced 
in adolescents with untreated thyrotoxicosis compared 
with normal controls. It has been proposed that the 
reduced GH release during GHRH stimulation in hy-
perthyroidism may be explained in part by an increase 
in hypothalamic somatostatin tone with a concomitant 
decrease in GHRH (28). While in the presence of thy-
rotoxicosis the impairment of height occurs in a pro-
portionate manner, congenital hypothyroidism is the 
only cause of secondary disproportionate short stature, 
mainly affecting the lower segment of the body. 

Resistance to thyroid hormones

In 2012, it was reported the first cases of resistance to 
TH (RTH) due to mutation in THRA gene (RTHα). 
The skeletal phenotype of these individuals was marked 
by disproportionate short stature. They also had de-
layed skeletal maturation as well as retarded closure 
of cranial sutures and tooth eruption. This strong evi-
dence indicates that TRα1 plays a fundamental role 
in bone development (29,30). In contrast, in cases of 
RTH due to mutation in THRB gene (RTHβ), pro-
portionate short stature and delayed bone age were de-
tected at proportions ranging from 8 to 18% and from 
29 to 47%, respectively (31,32). The last condition 
was first reported in 1967 by Refetoff and cols. (33), 
with the description of more than 3,000 individuals 
affected distributed among more than 1,000 families, 
with the identification of more than 170 mutations in 
the THRB gene (34). In a study of 14 Brazilian pa-
tients with RTHβ, 8 adults and 6 children, short stat-
ure (below the 3rd percentile of the growth curve) was 
observed in 2 adults (14.3%), and no significant delay 
or advancement of bone age was detected (35). It is 

Thyroid hormones and bone
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not known whether the delay in bone age occurring in 
some of these individuals with RTHβ is primarily due 
to TRβ dysfunction per se or to the negative dominant 
effect that mutants may exert on normal TRα1, pre-
venting their full physiological role.

Consequences for bone mass

The bone remodeling process is an ingenious mecha-
nism that simultaneously contributes to calcium ho-
meostasis and bone resistance. Under ideal conditions, 
the final product of bone remodeling is the mainte-
nance of bone integrity (8). Conversely, imbalance in 
bone formation and resorption leads to bone loss and 
deterioration of bone microarchitecture, with conse-
quent emergence of bone fragility and an increased risk 
of fractures (9).

Hypothyroidism and thyrotoxicosis

The intracellular TH metabolism performed by de-
iodinases D2 (activator) and D3 (inactivator) in the 
osteoblasts is a sophisticated mechanism for the main-
tenance of intracellular T3 concentrations in a man-
ner partially independent of its serum concentrations. 
Thus, D2 activity is maximum in hypothyroidism and 
minimum in thyrotoxicosis, in order to maintain con-
stant intracellular T3 concentrations. These adaptations 
may play an important role by preserving bone minera-
lization and strength during the phase of installation of 
thyroid disorders. However, when hypothyroidism and 
thyrotoxicosis become established, this local feedback 
mechanism is unable to maintain T3 in bone microen-
vironment, with the occurrence of increased (hypothy-

roidism) or reduced (hyperthyroidism) mineralization, 
and repercussions on bone mass and strength. Thus, an 
increased risk of fractures occurs in hypothyroidism due 
to stiffness and instability, or due to fragility in thyro-
toxicosis. Expectedly, the risk of fracture according to 
thyroid status, follows a “U”-shaped curve, with the 
risk being lower in euthyroidism and increasing with 
both the lack and the excess of TH (7,8). The main 
changes and consequences of TH excess or deficiency 
are summarized in table 2.

Hypothyroidism leads to a low bone turnover, with 
a reduction of osteoclast bone reabsorption and of os-
teoblast formation, slowing the remodeling process and 
increasing the time taken in the remodeling cycle, mainly 
due to the prolongation of the mineralization phase. A 
slight increase in bone mass may even occur, which unfor-
tunately does not result in a reduced risk of fracture. On 
the contrary, the risk of fracture arises before bone mass 
reaches levels compatible with osteoporosis. Although 
the mechanisms are not fully understood, impairment of 
bone quality is believed to occur in association with the 
reduction of mechanical stimuli due to lower physical ac-
tivity and with an increased risk of falls (36-38). 

In contrast, in thyrotoxicosis there is an increase in 
bone turnover, with a reduction of the cycle mainly im-
pairing the phase of bone formation, with decoupling 
of the remodeling process in favor of reabsorption. As a 
consequence bone loss occurs; indeed hyperthyroidism 
is a major cause of secondary osteoporotic fractures. 
The catabolic effects of TH in bone were described 
more than one century ago, and the clinical reper-
cussion in BMD and risk of fractures have been fully 
characterized more recently in untreated hyperthyroid 

Table 2. Main effects of thyroid hormone deficiency or excess on bone turnover in young adult skeleton

Hypothyroidism Thyrotoxicosis

on bone remodeling cycle

D2 activity Maximum Minimum

Osteoblastic and osteoclastic activity Reduced Increased

Duration of bone remodeling cycle Prolonged, mainly at the expense of increasing the 
resorption phase

Reduced, mainly to the detriment of the formation 
phase

on young skeleton

Growth velocity Reduced Increased

Bone mineralization Reduced Increased

Intramembranous ossification/Bone age Reduced Increased

Final stature Reduced and disproportionate Reduced and proportioned

on adult skeleton

Bone mass Increased Reduced

Risk of fractures Increased, by stiffness Increased, by fragility

Thyroid hormones and bone
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subjects. Histomorphometry studies in thyrotoxicosis 
have demonstrated increased osteoblast and osteoclast 
activity (11). The evaluation of bone histomorphom-
etry on humans and animals have shown that, in the 
presence of excess TH, osteoblast and osteoclast activ-
ity is increased, with a predominance of the latter. As a 
result, bone metabolism is accelerated, favoring resorp-
tion and a negative calcium balance and as a result bone 
loss (37,38). The ensuing structural changes involve 
reduction of the thickness and number of trabeculae, 
implying in a reduction of trabecular bone volume. 
There is also increased porosity and reduced thickness 
of cortical bone. Bone fragility has been reported as an 
early adverse effect that may arise even in subclinical 
hyperthyroidism (5). 

An important clinical aspect that emphasizes the 
negative impact of hyperthyroidism on the skeleton is 
the bone recomposition that follows the reestablish-
ment of normal TH production. However, there is still 
controversy about whether this recovery is total or par-
tial (39,40). A 2003 meta-analysis study has suggested 
that treatment of hyperthyroidism alone restores bone 
mass to normal levels after one to four years, even when 
no other measure is taken to increase bone mass (41).

Although all skeletal sites are responsive to TH, they 
exhibit different response to TH stimuli. The long-term 
administration of high LT4 doses to adult male rats for 
a period of 3 to 20 weeks resulted in reduced bone min-
eral density (BMD) in the femur but not in vertebrae. 
There was also a significant increase in the expression 
of osteocalcin, osteopontin, alkaline phosphatase and 
tartrate-resistant acid phosphatase in the femur, but not 
in the spine specimen. (42,43). In clinical investiga-
tion, hyperthyroidism seems to affect cortical bone to 
a greater extent than trabecular bone, demonstrated by 
predominant bone loss in the forearm (44). The vari-
ability in response pattern is probably related to the dif-
ferential expression not only of TRs, but also of other 
factors that modulate bone remodeling (45). 

It is also possible that TH may interfere with the 
bioavailability and action of estradiol and/or androgens, 
since both hypo- and hyperthyroidism can cause signifi-
cant changes in the bioavailability of these steroids (46). 
These changes range from elevation of sex hormone 
binding globulin (SHBG), estradiol and testosterone, 
in the case of thyrotoxicosis, to reduction of these 
parameters in hypothyroidism. Both TRα and TRβ 
are expressed in the testicles and TRα1 is the isoform 
most likely associated with testicular development and 

function (47). The ovaries also express TRs, inclusive 
mRNA of TRα1, TRβ1, TRβ2 and c-erb-TRΔα2 hav-
ing been detected in human oocytes (48). These data 
indicate the existence of a strict interaction between the 
gonadal and thyroid axis. Certainly, this is one of the 
multiple mechanisms involved with the emergence of 
bone disease in patients showing thyroid disorders. 

Resistance to thyroid hormone

Animal models of congenital hypothyroidism, thyro-
toxicosis and RTH due to THRA and THRB genes 
deletions or mutations have greatly contributed to the 
understanding of osteomineral metabolism in different 
thryoid conditions. The models of TH deficiency, usu-
ally due to PAX8 or TSHR mutation, as well as TRα 
mutants, present a skeletal phenotype of hypothyroi-
dism, with the animals showing reduced mineraliza-
tion, growth retardation and delayed ossification du-
ring development, but with increased mineralization 
after maturation (5,12). In human beings, an especially 
curious clinical model of primary hypothyroidism is 
congenital hypothyroidism due to thyroid dysgenesis. 
In addition to low serum TH levels, affected indivi-
duals show reduced circulating levels of calcitonin. 
Previous studies have shown that adult patients with 
thyroid dysgenesis who started TH replacement during 
different phases of childhood have a normal bone mass 
despite the concomitant chronic calcitonin deficiency. 

In contrast, experimental models of TH excess usu-
ally involve treatment with T3 and TRβ mutants. The 
thyrotoxic skeletal phenotype varies from increased 
mineralization and advanced ossification during de-
velopment to reduced mineralization after maturation 
(5,12). Other experimental models, such as mutants 
for D2 and dual oxidase (Duox2), the enzyme gen-
erating hydrogen peroxide which permits the action 
of thyroperoxidase, are more complex. In the former, 
they show normal skeletal growth and development al-
though with stiff bones due to increased bone miner-
alization. In the last, the bone phenotype still is to be 
characterized (42).

Diverse bone phenotypes have been described in pa-
tients harboring RTH. No involvement of bone mass 
was observed in individuals with RTHα compared to 
controls, whereas adults showing RTHβ have decreased 
bone mass (35). These data suggest that RTHβ in hu-
man is associated with a thyrotoxic bone phenotype 
and similar results have been found in animal model.

Thyroid hormones and bone
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Bone ResoRption

osteoclasts (oc)

May express TRs
T3 may have direct actions in OC and/or

T3 may stimulate OC through the stimulation of OB synthesis of 
RANKL and other cytokines involved in osteoclastogenesis

actions of t3

StimulateS expreSSion of

IL-6, IL-8
PGE2

RANKL

actS in a SynergiStic manner with

PTH
VD

Figure 1. Interface between TH and bone metabolism. Bone remodeling on the surface of trabecular bone is illustrated here. T3 stimulates osteoblast 
differentiation and activity by complex direct actions on TRs and indirect mechanisms, involving diverses growth factors and cytokines. T3 also stimulates 
osteoclast differentiation and activity, but it still remains unclear whether the effects of T3 on the promotion of bone resorption result from direct actions 
in osteoclasts or indirectly through effects on osteoblasts. TR, thyroid hormone receptor; IL-6, interleukin 6; IL-8, interleukin 8; PGE2, prostaglandin E2; 
RANKL, ligand of receptor activator of nuclear factor-κβ; PTH, parathyroid hormone; VD, vitamin D; D2, type 2 deiodinase; D3, type 3 deiodinase; THT, 
thyroid hormone transporters; MCT8, monocarboxilate transporter 8; LAT: L-type amino acid transporter; TSHR, TSH receptor; IGF-I, insulin-like growth 
factor I; IGF-IR, IGF-I receptor.

Consequences for osteomineral metabolism

Over the last two decades there has been a significant 
advance in the understanding of bone physiology. It 
has been unequivocally determined that the skeleton 
has a marked metabolic activity, utilizing substrates in 
order to provide the energy used in the bone remodel-
ing process. In addition, bone is involved in the en-
docrine modulation not only of mineral metabolism, 
but also of energy metabolism. The fibroblast growth 

factor 23 (FGF-23), originally produced by osteocytes, 
shares with PTH an important role on the modulation 
of circulatory levels of phosphate. In parallel, FGF-23 
inhibits the production of both PTH and calcitriol 
[1,25(OH)2D] (49). The anatomical structure enables 
trabecular bone to have greater metabolic activity than 
its cortical counterpart (49). Bone remodeling is regu-
lated by a variety of systemic hormones and local fac-
tors that act on osteoblast and/or osteoclast cell lines, 

Bone foRmation

osteoBlasts (oB)

Express TRs, mainly TRα1, but also TRα2 and TRβ1
Express D2 and D3

Express THTs MTC8, LAT1 and LAT2
Express TSHR

actions of t3

StimulateS expreSSion of

IGF-I / IGF-IR
Osteocalcin

Type I collagen
Alkaline phosphatase

Metalloproteases 9 and 13
FGF-R1
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exerting effects on the proliferation of undifferentiated 
cells and on cell recruitment, differentiation and/or ac-
tivation (49). Among the main systemic hormones that 
participate in the modulation of bone metabolism are 
the so-called calciotrophic hormones, which include 
PTH, 1,25(OH)2D and calcitonin, the last one of less 
importance. In addition, TH, together with insulin, 
growth hormone, glucocorticoids and sex steroids, 
have a significant influence on the development and 
maintenance of bone mass (8). 

Hypothyroidism and thyrotoxicosis

Hyperthyroidism causes important changes in calcium 
and phosphorus metabolism which may lead to an in-
crease of as much as three times of the urinary and fe-
cal excretion of calcium. The action of TH on renal 
phosphorus reabsorption starts early, during develop-
ment. For instance, it was observed that TH promote 
the maturation of tubular phosphate transporters in 
rats. Although TH increase the total urinary excretion 
of phosphorus, they also increase the renal reabsorp-
tion of phosphorus by activating phosphorus channels 
dependent on the sodium gradient (50-52). 

The hypercalcemia of thyrotoxicosis may result 
from an abnormal calcium efflux from the skeleton, 
kidneys and gastrointestinal tract to the extracellular 
fluid. The trend to hypercalcemia in thyrotoxicosis 
has been documented and its incidence varies from 8 
to 22%. It is usually mild, but occasionally it is severe 
enough to be symptomatic and rarely is associated with 
signs and symptoms of acute hypercalcemia. The mean 
serum calcium concentrations of hyperthyroid patients 
are higher than those of control subjects (53-55). Pre-
vious studies have shown that hypercalcemia in thyro-
toxicosis is mainly due to increased mineral bone mo-
bilization. This in turn is caused by a direct stimulation 
of bone cells by the high TH concentrations, with a 
consequent increase in bone reabsorption. It has been 
demonstrated that T3 increased the mRNA expression 
of the RANKL in preosteoblastic cells. The RANKL is a 
key molecule for osteoclastogenesis and osteoclast acti-
vation. It is synthesized and secreted by the osteoblasts 
and binds to its receptor, RANK, expressed on osteo-
clast precursors and mature osteoclasts, thus activating 
osteoclastogenesis and osteoclast activity (7,8). Indeed, 
in patients with thyrotoxicosis, bone histomorphom-
etry is consistent with increased osteoclast reabsorption 
in cortical bone, leading to increased cortical porosity, 

while in cancelous bone these changes are less evident. 
The biochemical markers of bone formation and reab-
sorption, such as osteocalcin (OC), alkaline phospha-
tase (AP), bone-specific AP, urinary pyridinoline and 
deoxypyridinoline, are increased in patients with hy-
perthyroidism, indicating enhanced bone remodeling 
activity.

The increased mineral bone mobilization and con-
sequent hypercalcemia, may lead to the suppression 
of PTH release in patients with thyrotoxicosis. It has 
also been reported that hyperphosphatemia, hypercal-
ciuria and hyperphosphaturia frequently occur in these 
patients (53,54). The calcium balance in patients with 
untreated hyperthyroidism is negative and the losses do 
not seem to be due to VD deficiency, since they are not 
reduced by VD treatment (55). Some authors have also 
proposed that hypercalcemia in thyrotoxicosis may be 
due to increased adrenergic tonus. In support to this 
hypothesis there are studies showing that thyrotoxic 
patients with hypercalcemia may become normocal-
cemic after therapy with propranolol alone. Moreover 
the serum levels of bone turnover markers (e.g., alkaline 
phosphate and osteocalcin) are elevated in hyperthy-
roidism, and remain high for months during its treat-
ment, despite normalization of serum TH (54).

Regarding phosphorus metabolism in hyperthy-
roidism, the findings are more conflicting. Some au-
thors have reported that thyrotoxicosis courses with 
hyperphosphatemia, while others detected normal 
phosphorus concentrations, and hypophosphatemia 
(50,53,54). Hyperphosphatemia in hyperthyroidism 
appears to be caused by: increased bone reabsorption 
and tubular phosphate reabsorption; a direct action of 
TH on the renal N/Pi transporters and by PTH sup-
pression induced by hypercalcemia. In the kidneys, 
studies using immunocytochemistry and specific anti-
bodies against TRα and TRβ have demonstrated the 
presence of both isoforms in all segments of the proxi-
mal tubules. Hyperphosphatemia due to excess TH 
also seems to trigger compensatory mechanisms for the 
increase in phosphaturia. Recent studies reported that 
patients with Graves disease exhibit high serum levels 
of FGF-23, however this occurrence is exclusive of pa-
tients with hyperphosphatemia (56). In other words, 
the increase in FGF-23 secretion appears to be a conse-
quence of high phosphorus concentrations and not an 
event secon dary to the direct action of TH.

Studies investigating the influence of TH on PTH 
concentration have produced contradictory results. 

Thyroid hormones and bone
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Some studies have demonstrated that PTH concentra-
tions are unchanged in the presence of hyperthyroid-
ism (57-59), others have shown an increase in PTH, 
while most investigations have indicate a phenomenon 
of counterregulation between PTH and TH (9,20,41). 
It has been demonstrated that treatment with T3 in-
creases the number of PTH receptors in osteoblastic 
osteosarcoma cells in a time- and dose-dependent man-
ner. Also it has been shown that treatment with PTH 
increases the number of TRs, suggesting a synergism 
between these two hormones in the regulation of bone 
metabolism (9). 

There is evidence that T3 and VD act synergisti-
cally on osteoclastogenesis. It has been demonstrated 
that the α and β TR isoforms and vitamin D receptors 
(VDR), in addition to estrogen and androgen receptors, 
are coexpressed in the bone marrow of mice, suggesting 
that this is a prerequisite for this synergism for osteo-
clastogenesis (10). In another study on co-cultures of 
pre-osteoblasts with bone marrow cells, T3 increased 
the osteoclast formation induced by VD. T4 had the 
same effects, suggesting its local metabolization to T3, 
which later led to the identification of the expression 
of D2 mRNA in pre-osteoblastic cells. It has also been 
demonstrated that VD increases D2 expression in these 
cells in a time- and dose-dependent manner, indicating 
the presence of an additional synergistic mechanism be-
tween VD and T3 in osteoclastogenesis (10). 

Resistance to thyroid hormone

No studies have evaluated osteomineral metabolism in 
RTHα. In RTHβ low serum phosphorus concentra-
tions and renal threshold for phosphate loss have been 
observed (35,60). Additionally it was observed higher 
serum levels of FGF-23 and calcium concentrations in 
these patients compared to control subjects (35). These 
data represent a challenge for new studies to unveil the 
control of calcium and phosphorus homeostasis and 
fracture risk in these patients.

CoNCLuSIoNS

The molecular mechanisms of the actions of TH on 
the skeleton are complex and only partially understood, 
occurring in a direct and indirect manner. The pheno-
types developed by a wide variety of mutant mice sug-
gest that a complex interaction of different TR isoforms 
with their target genes mediates the effects of TH on 

bone tissue, indicating that the skeleton is an important 
target of T3. TH play a fundamental role in endochon-
dral ossification, in skeletal development and growth, 
and in the maintenance of bone mass, predominantly 
through the action of TRα1. 
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