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Evidence shows that sympathetic nervous system (SNS) activation inhibits bone
formation and activates bone resorption leading to bone loss. Because thyroid hormone
(TH) interacts with the SNS to control several physiological processes, we raised the
hypothesis that this interaction also controls bone remodeling. We have previously shown
that mice with double-gene inactivation of a2A- and -adrenoceptors (a2A/2C-AR™/7)
present high bone mass (HBM) phenotype and resistance to thyrotoxicosis-induced
osteopenia, which supports a TH-SNS interaction to control bone mass and suggests
that it involves a2-AR signaling. Accordingly, we detected expression of a2A-AR, a2B-AR
and a2C-AR in the skeleton, and that triiodothyronine (T3) modulates a2C-AR mRNA
expression in the bone. Later, we found that mice with single-gene inactivation of a2C-AR
(@2C-AR~/7) present low bone mass in the femur and HBM in the vertebra, but that
both skeletal sites are resistant to TH-induce osteopenia, showing that the SNS actions
occur in a skeletal site-dependent manner, and that thyrotoxicosis depends on a2C-AR
signaling to promote bone loss. To further dissect the specific roles of a2-AR subtypes,
in this study, we evaluated the skeletal phenotype of mice with single-gene inactivation
of a2A-AR (a2A-AR™/7), and the effect of daily treatment with a supraphysiological dose
of T3, for 4 or 12 weeks, on bone microarchitecture and bone resistance to fracture.
Micro-computed tomographic (uWCT) analysis revealed normal trabecular and cortical
bone structure in the femur and vertebra of euthyroid asa-AR~/~ mice. Thyrotoxicosis
was more detrimental to femoral trabecular bone in a2A-AR~/~ than in WT mice,
whereas this bone compartment had been previously shown to present resistance to
thyrotoxicosis in «a2C-AR™/~ mice. Altogether these findings reveal that TH excess
depends on a2C-AR signaling to negatively affect femoral trabecular bone. In contrast,
thyrotoxicosis was more deleterious to femoral and vertebral cortical bone in WT than
in a2A-AR~/~ mice, suggesting that a2A-AR signaling contributes to TH actions on
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cortical bone. These findings further support a TH-SNS interaction to control bone
physiology, and suggest that a2A-AR and a2C-AR signaling pathways have key roles in
the mechanisms through which thyrotoxicosis promotes its detrimental effects on bone
remodeling, structure and resistance to fracture.

Keywords: thyroid hormone, thyrotoxicosis, sympathetic nervous system, «2A-adrenoceptor, cortical bone,

trabecular bone, bone remodeling

INTRODUCTION

Thyroid hormone (TH) is recognized as an important regulator
of bone remodeling, having a key role in the maintenance of bone
mass and bone integrity (1). TH affects the skeleton indirectly,
modulating the expression or action of other hormones and
factors, such as GH and IGF-1 (2, 3), but also acts directly
in the skeleton, controlling the proliferation, differentiation
and/or activity of the main skeletal cells (4-7). Thyroid hormone
receptors (TR) were detected in osteoblasts (8-11), osteocytes (9),
osteoclasts (9, 12) and chondrocytes (13). In conditions of TH
deficiency, both bone formation and resorption are decreased,
leading to a state of low bone turnover. In this condition
bone mass may be slightly increased or unchanged (14-16). In
contrast, TH excess increases both osteoblastic and osteoclastic
activities, but the latter is favored, leading to negative balance of
calcium and bone loss (17-20). Therefore, thyrotoxicosis is an
established cause of secondary osteoporosis, due to high bone
turnover, with accelerated bone loss (16, 21, 22).

Over the last two decades, data has uncovered the sympathetic
nervous system (SNS) as another potent regulator of bone
remodeling (23). Evidence shows that SNS activation increases
bone resorption and decreases bone formation leading to bone
loss (24, 25), in a process that involves P2 adrenoceptors
(B2-AR), expressed in osteoblasts (26, 27). However, studies
by our group showed that female mice with global double
inactivation of a2A and a2C adrenoceptors (a2A/C-AR™/~
mice) present a striking high bone mass (HBM) phenotype along
with improved resistance to fracture, increased bone formation
rate and decreased bone resorption, regardless of presenting
increased sympathetic outflow and, therefore, a chronic increase
in serum levels of catecholamines (28). The a2-adrenoceptor (a2-
AR) family comprises a2A-, a2B- and a2C-AR subtypes (29-31),
which are expressed in presynaptic membranes of adrenergic
neurons, where they act as autoreceptors (receptors stimulated
by the neurotransmitter released by the neuron where they
are located) inhibiting the release of catecholamines (32, 33),
especially norepinephrine (NE). Therefore, a2A/C-AR™/~ mice
represent a mouse model of chronic sympathetic hyperactivity
(34). Thus, the HBM phenotype in these animals revealed that
p2-AR is not the only adrenoceptor involved in the control of
bone turnover and raised the hypothesis that a2-AR subtypes also
mediate SNS signaling in the skeleton (28). Accordingly, we and
others found expression of a2A-, a2B- and a2C-AR in osteoblasts
(28, 35, 36), osteoclasts, osteocytes and chondrocytes (28). In
addition, in vitro findings reveal direct a2- AR signaling-mediated
actions of the SNS in the skeleton (28, 37).

An important characteristic of TH is its interaction with the
SNS to regulate several physiological processes (38). It is well
known that TH-SNS interactions are necessary for maximum
thermogenesis, lipolysis and lipogenesis (39). Interestingly,
several clinical manifestations of thyrotoxicosis are indicative
of increased adrenergic activity, such as tachycardia, increased
cardiac output, increased glycogen and lipid mobilization,
enhanced thermogenesis, tremor, hyperkinetic behavior, and
sweating (40). In contrast, responses to adrenergic stimulation
are low or blunted during hypothyroidism, leading, for
example, to cold intolerance and limited metabolic responses to
exercise (38, 41). Considering that both SNS hyperactivity and
thyrotoxicosis have osteopenic effects, we raised the hypothesis
that a TH-SNS interaction also occurs to regulate bone
remodeling. The fact that treatment of hyperthyroid patients
with propranolol, a B adrenoceptor antagonist, corrects the
thyrotoxicosis-induced hypercalcemia (42) and decreases the
urinary excretion of hydroxyproline, a biochemical marker of
bone resorption (43), support a possible TH-SNS interaction
to control bone remodeling, in addition to suggest that this
interaction depends on the B-AR signaling pathway.

Recent studies by our group further support the hypothesis
of a TH-SNS interaction to control bone remodeling, and reveals
that a2-AR signaling has an important role in this interaction (28,
37, 44). We found that young adult female a2A/2C-AR™/~ mice
are resistant to the deleterious effects of thyrotoxicosis on bone
mass, on cortical and trabecular bone microarchitecture, and on
bone resistance to fracture (37). In addition, in vitro studies bring
evidence that TH-SNS interactions are likely to occur locally
in the skeleton, via a2A-AR and/or a2C-AR signaling. Later,
with the aim of discriminating the roles of the different a2-
AR isoforms, we evaluated the bone phenotype of mice with
the single gene inactivation of a2C-AR subtype (a2C-AR™/7)
(44), which mRNA expression had been previously shown to
be downregulated by TH in the femur (37). While a2A/2C-
AR/~ mice present a generalized phenotype of HBM (28), we
found that a2C-AR™/~ animals present higher trabecular bone
mass in the vertebra and lower trabecular bone mass in the
femur (when compared with WT mice), which was accompanied
by decreased bone strength in the femur and tibia (44). This
heterogeneous bone phenotype of €2CAR™/~ mice reinforces the
hypothesis that the SNS regulates bone remodeling and structure,
via a2C-AR signaling, and suggests that this regulation is not the
same across the skeleton, but rather may vary depending on the
skeletal site. In spite of this heterogeneous bone phenotype, a2C-
AR™/~ mice present resistance to the thyrotoxicosis-induced
bone deterioration in both skeletal sites (femur and vertebra),
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likewise a2A/2C-AR™/~ mice (37, 44). These findings strongly
suggest that the mechanism of action of TH to promote bone
loss depends on a2C-AR subtype signaling. To confirm this
hypothesis, in the present study, we characterized the bone
phenotype of mice with global gene inactivation of only a2A-AR
subtype, and the skeletal responses of these single KO animals
(a2A-AR™/~ mice) to a 4- or 12-week-long-chronic condition of
thyrotoxicosis.

MATERIALS AND METHODS

Animals and Treatment

All the experimental procedures were carried out in accordance
with the ethical principles and guidelines for animal research set
by the Brazilian Society of Animal Experimentation, and were
approved by the Ethics Committee on Animal Use (ECAU) of
the Institute of Biomedical Sciences, University of Sio Paulo
(protocol number 35/page 85/book 02). A cohort of female
congenic C57BL/6] (B6) mice with gene inactivation of a2A-
adrenoceptors (a2A-AR~/7) (34) and their wild-type (WT)
controls (B6) were studied. All animals were 30 days old at
baseline. The animals were kept under light- and temperature-
controlled conditions (alternating cycles of light/dark for 12 h at
a temperature of approximately 25°C), with ad libitum access
to food and water. Thyrotoxicosis was induced by daily and
i.p. administration of T3 (Sigma, St Louis MO, USA), at a dose
of 7 ug T3/100gebody weight (BW)/day, which is equivalent
to 20 times the physiological dose of T3 per day. T3-untreated
(-) animals received daily i.p. injections of saline. Animals were
treated with T3 or saline for 4 or 12 weeks, at the same time
of the day each day. Animals were weighed once a week to
follow changes in BW over the experimental period, in order
to indirectly monitor a thyrotoxic state and with the purpose
of adjusting the amount of T3 to be administered, to maintain
the supraphysiological dose (20xT3), during the whole treatment
period. Female mice were grouped (7 animals per group) as
follows: WT and a2A-AR™/~ (T3-untreated animals, receiving
saline), WI+T3 and 02A-AR™/~ + T3. At the end of the
treatment period, animals were euthanized by exposure to CO2.

Serum T3 and T4 Assay

In order to confirm a thyrotoxic state, serum levels of T3 and
thyroxine (T4) were measured at the end of the experimental
period. Just after euthanasia, blood was collected by cardiac
puncture. Serum was isolated by centrifugation and serum levels
of total T4 and T3 were measured using radioimmunoassay
commercial kits (RIA-gnost T4 and RIA-gnost T3; CIS Bio
International, Gif-sur-Yvette, France). For the T4 and T3 assays,
standard curves were built in our laboratory with a pool of
charcoal-stripped mouse serum. Blood samples were always
collected 2 h after the last T3 administration.

Fat, Skeletal Muscles and Heart Mass

Considering the characteristic effects of thyrotoxicosis on fat
mass, skeletal muscle mass and heart mass (45, 46), we measured
these parameters at the end of the treatment period to also
confirm a thyrotoxic state. Immediately after euthanasia, the

axillar and retroperitoneal fat pads; the extensor digitorum
longus (EDL), gastrocnemius and rectus femoris muscles;
and the heart were dissected out and weighed for wet-mass
determination. The skeletal muscles and heart samples were
dehydrated at 60°C for 48h and weighed again for dry-
mass determination. Fat and heart masses were expressed in
milligrams per gram of BW, whereas muscle masses were
expressed inn milligrams per tibial or femoral length.

Micro-Computed (. CT) Analysis of the

Femur and L5

Bone structural parameters of the right femur and the fifth
lumbar vertebra (L5) were obtained using the pwCT unit Skyscan
1174 (Bruker MicroCT, Kontich, Belgium), and the CtAn
Software, version 1.5 (Bruker MicroCT). The X-ray settings
were standardized to 100 kV for the baseline specimens,
with an exposure time of 590 ms. A 0.05-mm-thick aluminum
filter and a beam-hardening algorithm were used to minimize
beam-hardening artifacts. The vertebral body of L5 and the
distal metaphysis of the femur were the selected regions
of interest (ROI). The trabecular bone parameters analyzed
are trabecular volume (BV/TV); trabecular number (Tb.N);
trabecular thickness (Tb.Th); trabecular separation (Tb.Sp);
structure model index (SMI), which indicates the prevalence
of rod-like (cylinder) and plate-like trabeculae (an ideal plate
and cylinder have SMI values of 0 and 3, respectively) (47);
trabecular pattern factor (Tb.Pf), a trabecular connectivity index
(lower indexes indicate better connectivity of the trabecular
structure) (48); trabecular porosity (Tb. Po); and trabecular bone
mineral density (BMD). The cortical bone parameters analyzed
are the total tissue area (T.Ar), which is the total area delimited
by the periosteum, including the medullary and cortical area;
cortical bone area (Ct.Ar); medullary area (Ma.Ar), cortical bone
thickness (Ct.Th); periosteal perimeter (Ps.Pm); endocortical
or endosteal perimeter (Ec.Pm); cortical porosity (Ct.Po), and
cortical BMD.

Three-Point Bending Test of the Femur

The right femurs were dissected and submitted to the three-
point bending test, using the Instron testing system Model 3344
(Instron Corporation, MA, USA). During the test, the anterior
cortex of the femur was placed in compression and the posterior
cortex in tension. The distal and proximal extremities of the
femur were supported on two anvils, spaced by a distance
that equals the half of the femoral length (femoral length/2).
A force was applied perpendicularly to the longitudinal axis
of the bone, at the midpoint between the two supports, in
the anteroposterior direction of the femur, by a crosshead, at
a constant velocity of 5 mm/min, until the bone completely
ruptured. To stabilize the specimen, a small preload (5% of
the average maximum load) was applied before real testing.
The applied force and the displacement of the crosshead
were monitored and registered, at a sampling rate of 80Hz,
by the Bluehill software (version 3, Instron Corporation).
The following biomechanical parameters were obtained and
evaluated: Maximum load (N), which corresponds to the highest
force applied during the test (maximum force at which the bone
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is able to withstand); tenacity (m]), which is the bone’s ability
to withstand a fracture; and stiffness (N/mm), a measure of the
rigidity of the bone tissue.

Real-Time PCR

Expression of a2A-AR, a2B-AR, a2C-AR, B1-AR, and f2-
AR were determined by real-time PCR in the whole femur.
The femurs were dissected and then crushed in a steel
mortar and pestle set (Fisher Scientific International, Inc.,
Hampton, NH) precooled in dry ice. The crushed bones
were transferred to microfuge tubes precooled in ice and
total RNA was extracted using Trizol (Invitrogen, Carlsbad,
CA), following the manufacturer’s instructions. Total RNA was
reverse transcribed using RevertAid-H-Minus M-MuLV Reverse
Transcriptase (Fermentas, Hanover, MD) to synthesize the first-
strand cDNA, which was used as a template. SYBR Green Super
Mix (Applied Biosystems, Warrington, UK) was used for the real-
time PCR using the ABI Prism 7500 sequence detector (Applied
Biosystems, Foster City, CA). All primers used in this study [a2A-
AR, forward (F): CGC AGG CCA TCG AGT ACA A and reverse
(R): GAT GAC CCA CAC GGT GAC AA (NM_007417.3); a2B-
AR, forward (F): TCC CTC TGG GAG GCA AGT G and reverse
(R): GGC CAG GAT TCC AGA CCA TT (NM_ 009633.3); a2C-
AR, F: CAT GGG CGT GTT CGT ACT GT and R: CAG GCC
TCA CGG CAG ATG (NM_007418.3); B1-AR, forward (F): TCG
TCC GTC GTC TCC TTC TAC and reverse (R): ACA CCC
GCA GGT ACA CGA A (NM_007419); p2-AR, forward (F):
GCC ACG ACA TCA CTC AGG AAC and reverse (R): CGA
TAA CCG CAC TGA GGA TGG (NM_007420); 18S, F: GTA
ACC CGT TGA ACC CCA TT and R: CCA TCC AAT CGG
TAG TAG CG (NM_11188)] were designed using the Primer
Express software (Applied Biosystems™) and were synthesized
(Integrated DNA Technologies, Coralville, IA) specifically for
real-time PCR. All CT values were normalized using 18S as the
internal control, which was validated for this study, showing
to be stable (its expression did not vary due to mice lineage
or T3 treatment). Relative gene expression quantification was
assessed by the CT method, as described previously by Livak and
Schmittgen (49). The final values for samples are reported as fold
induction relative to the expression of the control, with the mean
control value being arbitrarily set to 1.

Statistical Analysis

The statistical significance was determined by the Two-way
analysis of variance (ANOVA), followed by the Tukey’s test.
Results were expressed as mean =+ standard error of the mean
(SEM). For all tests, p < 0.05 was considered statistically
significant. For the statistical tests, we used the GraphPad Instat
Software (GraphPad Software, Inc., San Diego, CA, USA).

RESULTS

Effect of T3 Treatment on Serum Levels of
T3 and T4

Serum levels of T3 were significantly higher (7- to 11-fold)
in WT and oa2A-AR™/~ animals treated with T3 for 4 or
12 weeks, when compared with their respective saline-treated
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FIGURE 1 | Serum levels of T3 and T4 in app-AR~/~ and WT mice.
Animals were treated with a supraphysiological dose of T3 (7 ng/100g
BW/day) or saline (-) for 4 or 12 weeks, by daily i.p. injections. Values are
expressed as mean + SEM (n = 7 per group). *P < 0.05, **p < 0.01,

**p < 0.001, and ***p < 0.0001 vs. the respective saline-treated mice, by
Two-way ANOVA followed by Tukey’s test.

controls (Figure 1A). On the other hand, T4 concentrations
(Figure 1B) were significantly lower (44-64%) in WT and a2A-
AR/~ animals treated with T3 (vs. saline-treated animals),
which reflects the suppression of the hypothalamic-pituitary-
thyroid (HPT) axis promoted by T3 excess (50), and confirms a
thyrotoxic state in both WT and KO animals. Serum levels of T3
and T4 were not different between WT and «2A-AR ™/~ animals.

Effect of T3 Treatment on Body

Composition and Heart Mass

To indirectly confirm a thyrotoxic state, we evaluated the effect
of T3 treatment on body composition and heart mass. Figure 2A
shows that a2A-AR™/~ mice presented 8-13% lower BW than
WT mice from weeks 4 to 12 of this study, when animals were in
the age range of 58-114 days. T3 treatment lead to lower BW in
WT animals (Figure 2B), on weeks 5, 10, 11, and 12 of treatment
(7-8%). In a2A-AR~/~ animals (Figure 2C), BW decreased 11
and 9% after 1 and 2 weeks of T3 treatment, respectively; but
then tended to be higher in T3 treated KO animals as compared
with saline-treated KO mice. In fact, on week 11, BW was
9% higher in KO mice treated with T3. In WT animals, T3
treatment significantly decreased the axillar fat mass, after 12
weeks of treatment (33%); and the retroperitoneal fat mass,
after 4 and 12 weeks of treatment (66 and 62%, respectively),
which was not observed in KO animals (Figures 3A,B). The
retroperitoneal fat mass showed to be 42% lower in euthyroid
KO animals vs. euthyroid WT animals by the end of the 4th week
of this study, when animals were 58 days old (Figure 3B), but
later these differences were not present anymore. Four weeks of
treatment with T3 did not significantly affect the mass of EDL
and rectos femoris muscles both in WT and KO animals (not
shown), but significantly decreased by 19% the gastrocnemius
mass in both WT and KO animals, whereas 12 weeks of treatment
with T3 only decreased the gastrocnemius mass in WT animals
(19%), but not in KO animals (Figure 3C). Treatment with
the supraphysiological dose of T3 (20xT3) promoted cardiac
hypertrophy, evidenced by the increased dry mass of the heart
(between 17 and 27%), in both WT and KO animals after 4 and
12 weeks of treatment (Figure 3D).
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FIGURE 3 | Effect of thyrotoxicosis on fat mass, muscle mass and heart mass of agA—AR*/’ and WT mice. Animals were treated with a supraphysiological dose of
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***p < 0.001 vs. the respective saline-treated mice, by Two-way ANOVA followed by Tukey'’s test. P-values above the bars indicate differences between WT and KO
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mice.

Effect of T3 Treatment on Trabecular and

Cortical Bone of the Femur

The wCT analysis of the femur showed that trabecular and
cortical bone parameters were not different between WT and
02A-AR™/~ mice treated with saline (Figure4). As expected,
T3 treatment caused deleterious effects on both trabecular and
cortical compartments of the femur, but trabecular bone of
KO animals showed to be more sensitive to T3 effects than
that of WT animals (Figures 4A-H). The 4-week treatment
with T3 significantly decreased BV/TV (54%; Figure 4A), Tb.N
(55%; Figure 4B), and trabecular BMD (74%; Figure 4H); and
increased Tb.Sp (54%; Figure4D) only in KO, but not in
WT animals. The 12-week treatment with T3 significantly
decreased BV/TV (Figure4A) and Tb.N (Figure4B), and
increased Tb.Sp (Figure4D) and Tb.Po (4G) in both WT
and KO animals (78 and 72%, 76 and 73%, 55 and 59%,
and 8 and 6%, respectively). However, this longer treatment
increased SMI (27%; Figure 4E), which indicates an increase
in rod-like trabeculae (vs. plate-like trabeculae); enhanced
Tb.Pf (2.1-fold; Figure 4F), which indicates a lower trabecular
connectivity; and decreased trabecular BMD (74%; Figure 4H)
only in KO animals, and not in WT animals. Interestingly,
some cortical bone parameters of the femur were more affected
by thyrotoxicosis in WT animals, while others were more
affected by T3 in a2A-AR™/~ animals (Figures4I-Q). T3

treatment for 4 weeks practically had no effect on cortical
bone of both WT and KO animals, except for Ct.Po, which
was increased 2.5 times in WT mice, but not in KO animals.
The longer T3 treatment (12 weeks) decreased Tt.Ar (8%),
Ct.Ar (7%) and cortical BMD (10%) only in KO mice. On
the other hand, the 12-week T3-treatment decreased Ct.Th
(15%) and increased Ec.Pm (68%) and Ma.Ar (58%) only
in the femur of WT animals, which suggests that TH-
induced endocortical bone resorption depends on a2A-AR
signaling.

Effect of T3 Treatment on Trabecular and
Cortical Bone of the Vertebra (L5)

Trabecular and cortical bone parameters of the vertebral body of
L5 were not different between euthyroid WT and a2A-AR™/~
mice as well (Figure5), except for trabecular BMD that was
2.5-fold higher in KO mice on the fourth week of this study,
when animals were 58-day old, but this difference was no longer
observed by the end of the study, when animals were 114
days old (Figure 5H). Trabecular bone of L5 also showed to
be more sensitive to thyrotoxicosis in a2A-AR™/~ mice than
in WT animals, but this difference was only observed after the
shorter period of T3 treatment (4 weeks). T3 treatment for 4
weeks practically had no effect on the trabecular bone of L5
in WT mice, it only decreased Tb.Th (7%) in these animals
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FIGURE 4 | Effect of thyrotoxicosis on wCT parameters of trabecular and cortical bone of the femur in agA—AR*/* and WT mice. Animals were treated with a
supraphysiological dose of T3 (7 uwg/100 g body mass/day) or saline (-) for 4 or 12 weeks, by daily i.p. injections. Values are expressed as mean + SEM (n = 7 per
group). *P < 0.05, **p < 0.01, and ***p < 0.001 vs. the respective saline-treated mice, by Two-way ANOVA followed by Tukey’s test. BV/TV, trabecular bone volume;
Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; SMI, structure model index; Tb.Pf, trabecular pattern function; Tb.Po, trabecular
porosity; BMD, bone mineral density; Tt.Ar, total tissue area; Ct.Ar, cortical area; Ma.Ar, medullary area; Ct.Th, cortical thickness; Ps.Pm, periosteal perimeter; Ec.Pm,
endocortical perimeter; and Ct.Po, cortical porosity. (A=H) Trabecular bone microarchitecture. (I-P) Cortical bone microarchitecture. (Q) wCT images of the distal

methaphysis of the femur.
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(Figure 5C). In contrast, in a2A-AR™/~ mice, 4 weeks of T3
treatment decreased BV/TV (27%; Figure 5A) and Tb.N (22%;
Figure 5B), and increased Tb.Sp (13%; Figure 5D) and Tb.Po

(3%; Figure 5G). Twelve-weeks of T3 treatment was slightly
more detrimental to WT mice. T3 increased Tb.Sp and decreased
Tb.N and trabecular BMD in both WT and KO animals (13 and
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FIGURE 5 | Effect of thyrotoxicosis on nCT parameters of trabecular and cortical bone of the vertebral body of L5 in agA—AR’/ ~ and WT mice. Animals were treated
with a supraphysiological dose of T3 (7 .g/100 g body mass/day) or saline (-) for 4 or 12 weeks, by daily i.p. injections. Values are expressed as mean + SEM (n =7
per group). “P < 0.05, **p < 0.01, and ***p < 0.001 vs. the respective saline-treated mice, by Two-way ANOVA followed by Tukey’s test. BV/TV, trabecular bone
volume; Th.N, trabecular number; Th.Th, trabecular thickness; Tb.Sp, trabecular separation; SMI, structure model index; Th.Pf, trabecular pattern function; Tb.Po,
trabecular porosity; BMD, bone mineral density; Tt.Ar, total tissue area; Ct.Ar, cortical area; Ma.Ar, medullary area; Ct.Th, cortical thickness; Ps.Pm, periosteal
perimeter; Ec.Pm, endocortical perimeter; and Ct.Po, cortical porosity. (A=H) Trabecular bone microarchitecture. (I-P) Cortical bone microarchitecture.

17%, 33 and 23%, and 89 and 62%, respectively); but decreased
BV/TV (35%) and increased Tb.Po (3%) only in WT animals
(Figures 5A,G). In contrast to trabecular bone, cortical bone of
L5 showed to be more sensitive to thyrotoxicosis in WT than
in a2A-AR~/~ mice. T3 treatment decreased Tt.Ar (10% after
4 weeks), Ct.Ar (8% after 4 and 12 weeks), Ma.Ar (41 and 49%
after 4 and 12 weeks, respectively), Ps.Pm (6% after 12 weeks)
and Ec.Pm (45 and 43% after 4 and 12 weeks, respectively) only
in WT animals (Figures 5I-K,N, respectively), but not in KO
animals. BMD was decreased after 12 weeks of T3 treatment in
both WT and KO animals in about 12% (Figure 5P). These data
suggest that TH interacts with a2A-AR signaling to promote its
detrimental effects on cortical bone of the vertebra.

Effect of T3 Treatment on Biomechanical

Parameters of the Femur
Through the three-point bending test, we analyzed the effect of
thyrotoxicosis on the femoral resistance to fracture. According

to the WCT data, all the biomechanical parameters analyzed
were not different between WT and a2A-AR™/~ animals.
T3 treatment for 4 weeks had no effect on any parameter.
On the other hand, when T3 treatment was extended to 12
weeks, it promoted a significant decrease in maximum load
(17%) and tenacity (54%), only in WT animals and not in
a2A-AR™/~ animals (Figures 6A,B); but significantly decreased
stiffness (Figure 6C) in both WT and KO animals (24 and 21%,
respectively). These findings suggested that a2A-AR signaling
mediates the detrimental effects of TH on the femoral ability to
resist fracture.

Effect of T3 on mRNA Expression of «2 and

f Adrenoceptors

T3 treatment had no effect on the mRNA expression of a2A-
AR and a2B-AR (Figure 7A) in the whole femur of WT and/or
KO mice (Figures 7A,B). On the other hand, T3 significantly
decreased a2C-AR and p1-AR mRNA expression (44 and 50%,
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respectively) in the femur of WT mice, but not of a2A-
AR/~ mice (Figures 7C,D). On the other hand, $2-AR mRNA
expression (Figure 7E) was decreased by T3 treatment in both
WT and KO femurs (53 and 52%, respectively). Figure 7 also
shows that the femoral mRNA expression of a2B-AR, a2C-AR,
B1-AR and B2-AR is not different between WT and a2A-AR™/~
mice.

DISCUSSION

In the present study, we first characterized the skeletal phenotype
of mice with single-gene inactivation of a2A-AR (a2A-AR™/~
mice), in an attempt to dissect the specific roles of a2-AR
subtypes in bone physiology. Surprisingly, the wCT analysis of
the trabecular and cortical bone parameters of the femur and
vertebra (vertebral body of L5) showed no differences between
02A-AR™/~ mice and their WT controls in euthyroidism.
These observations contrast with mice with global double-gene
inactivation of 02A- and a2C-AR (02A/C-AR™/~ mice), which
exhibit a generalized HBM phenotype (28). These double KO
mice present increased trabecular and cortical bone in the femur
and vertebra, but mainly in the vertebra (vs. femur) and in
the trabecular bone (vs. cortical bone) (Table 1), which initially
suggested an osteopenic role of a2A- and/or a2C-AR signaling
in the bone tissue. Accordingly, histomorphometric analysis
showed that these animals present increased bone formation
and decreased bone resorption, with higher BMD mainly in
the vertebra (28). We later studied mice with global single-gene
KO of a2C-AR (¢2C-AR™/~ mice) (44). We found that a2C-
AR™/~ mice present a HBM phenotype in the vertebra, with
increased trabecular bone, but normal cortical bone (Table 1).
The collective analysis of the vertebral phenotype of a2A/C-
AR/~ mice (increased trabecular and cortical bone) and a2C-
AR/~ mice (increased trabecular bone) indicated that a2C-AR
signaling mediates osteopenic actions of the SNS on vertebral
trabecular bone and suggested a negative action of a2A-AR
signaling on vertebral cortical bone (28, 44). The present finding
that euthyroid 02A-AR™/~ mice present a normal skeletal
phenotype strengthens the role of a2C-AR signaling in mediating

detrimental actions of the SNS on trabecular bone of the vertebra;
on the other hand, it does not sustain, but does not exclude,
a detrimental action of a2A-AR signaling on vertebral cortical
bone.

In contrast to the HBM phenotype in the vertebra, a2C-
AR/~ mice showed a low bone mass (LBM) phenotype in the
femur, with lower trabecular bone and nearly normal cortical
bone (Table 1) (44). The lower trabecular content in the femur
of ®2C-AR™/~ mice raised two hypotheses: (i) a2C-AR signaling
has anabolic actions on trabecular bone of the femur; and/or
(ii) a2A-AR signaling has a predominant role in mediating
osteopenic actions of the SNS on trabecular bone of the femur.
Considering this latter hypothesis, one could expect increased
trabecular bone in the femur of a2A-AR™/~ mice. However, the
current study showed normal trabecular bone phenotype in the
femur of euthyroid a2A-AR™/~ mice, which does not sustain
a predominant catabolic role of a2A-AR signaling in euthyroid
conditions, but supports anabolic actions of a2C-AR signaling
on the trabecular compartment of the femur. On the other hand,
negative actions of a2A-AR signaling on femoral trabecular bone
cannot be excluded, as it will be discussed next.

It is important to consider that all these mouse models
present increased SNS outflow, since a2A-AR and a2C-AR
are autoreceptors that inhibit the secretion of catecholamines
(32, 33). The first one is the major presynaptic regulator of
sympathetic NE release (32, 33), whereas a2C-AR is the main
feedback receptor of adrenaline secretion from the chromaffin
cells in the adrenal medulla (51), in addition to contribute to
inhibition of NE release from sympathetic nerves (34). Therefore,
it is important to consider that other adrenoceptors may be
activated in these a2-AR KO mouse models. Evidence suggests
that B2-AR is the main adrenoceptor to directly mediated SNS
actions in the skeleton. Pharmacological blockade and activation
of B2-AR signaling, respectively, increases and decreases bone
mass (52-54), whereas global or osteoblast-specific genetic
ablation of f2-AR in mice results in a HBM phenotype by 6
months of age (27, 55). Activation of $2-AR signaling inhibits
osteoblast proliferation and activity and induces the expression
of RANKL (receptor activator of nuclear factor kappa-B ligand),
which binds to its receptor, RANK, in osteoclast precursor
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cells or in mature osteoclasts to activate osteoclastogenesis
and to increase osteoclastic activity, respectively (27). On the
other hand, B1-AR signaling seems to exert anabolic actions
in the skeleton and, therefore, opposite effects in relation
to B2-AR signaling. Nevertheless, euthyroid B1-AR™/~ mice
show decreased trabecular bone in the vertebra but normal
trabecular bone in the femur (56). There is also evidence
that ol adrenoceptors have a role in regulating osteoblast
function (57, 58). Recently, a1B-AR signaling was shown to be
required for bone formation and al1B-AR™/~ mice was shown
to display reduced trabecular bone in the femur (59). Thus,
the trabecular phenotypes in the femur of a2A/2C-AR™/~,
a2C-AR™/~, and a2A-AR™/~ mice are expected to rely on
a balance/unbalance among the actions of a2A-AR, a2C-AR
and the other adrenoceptors, which adds great complexity to
the actions of the SNS in the skeleton. Considering the well
characterized actions of $2-AR signaling in the bone tissue, the
increased trabecular bone in the femur of a2A/2C-AR™/~ mice
suggests that lack of a2A-AR results in anabolic effects that
could overcome the negative effects of B2-AR activation and
the lack of a2C-AR-mediated anabolic actions (Figure 8A). On
the other hand, in a2C-AR™/~ mice, the osteopenic actions of
a2A-AR and $2-AR and the lack of a2C-AR-mediated anabolism
result in lower trabecular bone content (Figure 8B). Finally,
in 02A-AR™/~ mice (Figure 8C), a balance between «a2C-
AR-mediated anabolism and f2-AR-mediated catabolism could
result in normal trabecular bone mass (as in WT controls). It is
noteworthy that in the present study, the mRNA expression of

a2B-, a2C-, B1 and B2-adrenoceptors was not different between
WT and KO animals, but, as discussed above, it is expected
that the activation of these receptors differs between WT and
KO mice. Further studies are necessary to investigate the actions
and interactions among all these adrenoceptors to control bone
remodeling.

Regarding the femoral cortical bone, 0a2A-AR™/~ mice
present no alterations; a2A/ 2C-AR™/~ mice present an increase
only in volumetric BMD (28), suggesting negative actions of
a2-AR signaling in this parameter; whereas a2C-AR™/~ mice
present an increase in Ma.AR (44), which is suggestive of
increased endosteal resorption. This finding suggests anabolic
actions of a2C-AR signaling also in the cortical bone of the
femur. Accordingly, ®2A-AR™/~ mice show normal (same as WT
mice) resistance to fracture whereas a2C-AR™/~ mice display
reduced resistance to fracture (Table 1), determined by the three-
point bending test (decreased maximum load and resilience). It
is noteworthy that this test measures mostly the resistance of
the femoral diaphysis to fracture, which is a skeletal site mainly
composed by cortical bone. These findings, therefore, support a
positive role of a2C-AR signaling in the cortical bone and in its
ability to resist fracture.

To add insights to our understanding about the interaction
of TH with the SNS to control bone physiology, and to clarify
the specific roles of a2-AR subtypes in this process, we evaluated
the bone responses of a2A-AR™/~ mice to 4 and 12 weeks of
daily treatment with 20xT3. This daily treatment increased serum
levels of T3 and decreased serum levels of T4 in both WT and
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TABLE 1 | Trabecular and cortical bone microarchitecture and femoral resistance
to fracture in a2-AR KO mouse models.

«2A/2C-AR~/~ (28) «2C-AR~/~ (44) «2A-AR~/~

VERTEBRA

Trabecular ~ 1tBV/TV, 1Th.N ABV/TV, 1Tb.N, 4Th.Th  n.d.
1Tb.Pfand {SMI 1Tb.Sp

Cortical 4Ct.Th,4BMD, 1Ct.BV  n.d. n.d.
IMa.Ar, |Ec.Pm

FEMUR

Trabecular  1tBV/TV IBV/TV, | Tb.N n.d.
I Th.Pfand | SMI 1Th.Sp

Cortical +BMD tMa.Ar n.d.

Fracture +Maximum load JMaximum load n.d.

resistance

Bone microarchitecture was determined by uCT analysis and bone resistance to fracture
by the three-point bending test. Arrows indicate if each parameter decreased (|) or
increased (1) in KO mice vs. WT mice. n.d. indicates no difference vs. WT. Animals
were 114 day-old when the tests were performed. uCT parameters: BV/TV, trabecular
bone volume; Tb.N; trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular
separation; Tb.Pf, trabecular pattern factor; SMI, structure model index; BMD, bone
mineral density; Ct.Th, cortical thickness; Ct.BV, cortical bone volume; Ma.Ar, medullary
area; Ec.Pm, endocortical perimeter. Biomechanical parameter: maximum load and
resilience.

KO mice, which reflects the suppression of the HPT axis by TH
excess (50), and confirms a thyrotoxic state in these animals.
To further confirm a thyrotoxic state, we investigated the effect
of T3 treatment on body composition. TH excess for 4 and 12
weeks promoted the characteristic effects of thyrotoxicosis in
WT mice, including some decrease in BW, fat mass (axillar and
retroperitoneal fat pads) and muscle mass (gastrocnemius mass).
Besides, this T3 treatment increased heart mass, which reflects
cardiac hypertrophy, a known consequence of toxic levels of
TH (60, 61). Responses of a2A-AR™/~ mice to thyrotoxicosis
were different from those of WT mice in several parameters,
including bone parameters, as it will be discussed below. KO
animals showed an 8-13% lower BW than WT mice from 58 days
of age until the end of the study (8 weeks later), which is probably
explained by increased lipolysis. There is evidence that a2-AR
signaling has antilipolytic actions (62, 63). Thus, the increased
NE release and the impaired a2-AR-dependent antilipolysis are
likely to facilitate the lipolytic action of p-AR (64). Accordingly,
a2A-AR™/~ animals presented lower retroperitoneal fat pad than
WT mice. Surprisingly, TH failed to promote reductions in the
retroperitoneal and axillar fat pads in KO animals, suggesting
a complex role of a2A-AR in lipolysis, which remains to be
investigated. Heart mass was increased in 58-day-old saline-
treated a2A-AR~/~ mice (vs. WT mice), which reflects cardiac
hypertrophy because of the enhanced sympathetic activity (34).
Nevertheless, TH promoted cardiac hypertrophy in a2A-AR™/~
mice as much as in WT mice, further confirming a thyrotoxic
state in both mouse lineages.

Regardless of the normal bone phenotype in euthyroid a2A-
AR/~ mice, in general, trabecular bone showed to be more
sensitive to thyrotoxicosis, whereas cortical bone showed to be
resistant to the osteopenic effects of thyrotoxicosis in these KO
animals, when compared with their WT controls. In order to gain

insights into the role of each a2-AR subtypes on the TH-SNS
interaction to control bone physiology, we compared these new
findings with the already published data of a2A/C-AR™/~ and
a2C-AR™/~ mice (28, 37, 44). The higher sensitivity of trabecular
bone to TH in a2A-AR ™/~ mice contrasts the lower sensitivity of
trabecular bone to TH in «2A/C-AR™/~ and a2C-AR™/~ mice
(37, 44), which suggests that a2C-AR signaling has a key role
in the mechanism by which TH excess promotes its detrimental
effects on trabecular bone. On the other hand, cortical bone
of all these KO models showed some degree of resistance to
thyrotoxicosis (37, 44), suggesting that a2A-AR and a2C-AR
signaling contributes to TH actions on cortical bone.

The current study showed that TH excess for 4 weeks
decreased BV/TV, Tb.N and increased Tb.Sp and Tb.Po only in
the vertebra of a2A-AR ™/~ mice, whereas WT mice showed only
a reduction in Tb.Th. However, after 12 weeks of TH treatment,
vertebral trabecular bone of WT mice showed to be slightly
more sensitive to the detrimental effects of thyrotoxicosis than
a2A-AR™/~ mice, since 20xT3 decreased BV/TV and increased
Tb.Po only in WT animals. Conciliating these new findings with
the observation that vertebral trabecular bone of a2C-AR™/~
mice shows resistance to thyrotoxicosis after 4 and 12 weeks of
T3 treatment (44), we could suppose that a2C-AR signaling is
the main a2-AR subtype to mediate TH actions on trabecular
bone of the vertebra until 4 weeks of thyrotoxicosis, but that, in
longer situations of thyrotoxicosis (12 weeks), a2A-AR signaling
could also contribute to the detrimental effects of TH excess.
Interestingly, cortical bone of the vertebra showed to be more
sensitive to thyrotoxicosis in WT than in a2A-AR™/~ mice.
Thyrotoxicosis negatively affected Ct.Ar, Ma.Ar, Ps.Pm, and
Ec.Pm in WT mice and not in a2A-AR™/~ mice. Similar effects
of toxic levels of T3 were also observed in a2A/2C-AR™/~ mice
(37), which were resistant to TH-induced decreases in Ct.Th,
T.Ar, Ct.Ar, Ct.BV, and Ma.Ar, and to TH-induced increases in
Ct.Po. and in «2C-AR~/~ mice (44), which were resistant to TH-
induced decreases in T.Ar and increases in Ec.Pm. Altogether,
these findings suggest that both a2A-AR and a2C-AR signaling
pathways mediate TH actions on the cortical compartment of the
vertebra.

The mechanisms by which TH interacts with the SNS
to control bone morphophysiology in the femur seems to
be different than that in the vertebra. As discussed before,
a2A/2C-AR™/~ mice present increased trabecular (mainly) and
cortical bone in the femur (37); @2C-AR~/~ mice present lower
trabecular bone and nearly normal femoral cortical bone (44);
whereas a2A-AR™/~ mice present normal trabecular and cortical
bone in the femur (Table 1). Considering these findings, anabolic
roles of a2C-AR signaling in the trabecular compartment of the
femur have emerged. The study of a2A/2C-AR™/~ and a2C-
AR~/ mice showed that trabecular and cortical compartments
of the femur are resistant to detrimental effects of thyrtotoxicosis
(37, 44). In contrast, the present study shows that thyrotoxicosis
was clearly more deleterious to the trabecular bone of the femur
in a2A-AR™/~ mice than in WT mice, whereas cortical bone
of the femur was less sensitive to thyrotoxicosis in «2A-AR™/~
mice. Altogether, these studies suggest that a2C-AR signaling,
but not a2A-AR, is necessary for TH to promote its detrimental
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effects in the trabecular bone of the femur, whereas both a2A-AR
and a2C-AR mediate TH effects in the femoral cortical bone.

The three-point bending test showed that thyrotoxicosis
decreased femoral resistance to fracture (lower maximum load
and tenacity) in WT mice, but not in «2A-AR™/~ animals.
This finding is consistent with the more deleterious effects of
thyrotoxicosis in the cortical bone of WT mice. Similar results
were observed in a2A/2C-AR™/~ and a2C-AR™/~, which also
showed resistance to the detrimental effects of TH on bone
ability to resist fracture. These findings, therefore, support a role
of both a2A-AR and a2C-AR signaling pathways in mediating
detrimental actions of TH on cortical bone of the femur.

The fact that a2C-AR signaling arises as having anabolic
actions on trabecular and cortical femoral bone while seems to be
necessary for TH to promote its deleterious effects in the femur is
intriguing. We, therefore, suggest that one mechanism by which
TH promote its deleterious effects in the femur is decreasing
a2C-AR signaling (Figures 8C,D), which would decrease bone
anabolism and favor catabolism. Accordingly, we found that T3
decreases a2C-AR mRNA expression in the femur of WT mice.
This effect, however, was not observed in a2A-AR™/~ mice. It
is important to consider that TH actions on the expression of
adrenoceptors are normally modest or nonexistent, and usually
cannot explain the T3-SNS interactions (38). Evidence shows
that TH usually modulates more distal cellular effectors in the
adrenoceptors signaling pathways (38). Further studies will be
necessary to confirm if T3 really suppresses a2C-AR signaling in
bone cells and in which level it occurs. We also found that T3 had
no effect on a2A- and a2B-AR mRNA expression. On the other
hand, T3 decreased femoral mRNA expression of B1-AR in WT
but not in 02A-AR™/~ mice, whereas decreased p2-AR mRNA
expression in both WT and a2A-AR™/~ mice. The relevance

of these modulations cannot be extrapolated at this moment,
but the effects of T3 on the expression of these adrenoceptors
suggest that the modulation of adrenoceptor signaling may be
a point of interaction between TH and the SNS to regulate
bone mass.

It is important to consider that besides their function as
autoreceptors, a2-AR subtypes are also expressed in non-
adrenergic neurons, where they can operate as heteroreceptors
to regulate the release of several neurotransmitters in the central
and peripheral nervous system, including serotonin, GABA and
dopamine, among other neurotransmitters (65). In addition to
neuronal locations, 02-AR subtypes are also present in several
non-neuronal cells/tissues (vascular vessels, pancreatic islets,
etc.), which actions have emerged as relevant to the body (65).
The widespread expression of a-AR subtypes in the central
and peripheral nervous system, and in non-neuronal cells adds
further complexity to the understanding of the roles of a2-
AR signaling in several physiological processes, including bone
metabolism. An important limitation of the present study is that
it is based on mouse models of global gene inactivation of a2-AR
subtypes. Thus, the interference of factors from the central and
peripheral nervous system, as well as interferences from systemic
and local factors may have occurred in the bone effects of TH
observed in the present study. In addition, these global mouse
models do not allow the discrimination of the contribution of
central and local TH-SNS interactions. Nevertheless, we have
previously shown that clonidine (CLO), an o2-AR agonist,
increases osteoclastogenesis, in vitro, in mouse marrow cells
derived from W' animals, but not from a2A/C-AR™/~ mice. In
contrast, phentolamine, a nonspecific a-AR antagonist, decreases
osteoclast formation in cultures of marrow cells derived from WT
but not in the same cells derived from a2A/C-AR™/~ animals
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(28). In addition, further in vitro studies showed that CLO or
T3 alone decreased proliferation of calvaria-derived osteoblasts
isolated from WT mice, which was further decreased when cells
were treated with CLO combined with T3 (CLO-+T3). These
effects, however, were completely blocked or reversed in «2A/2C-
AR/~ mice-derived cells (37). These in vitro studies and the
expression of all a2-AR isotypes in the main skeletal cells (28)
support direct actions of the SNS on the skeleton and show that
a TH-SNS interaction is likely to occur locally in the skeleton, via
a2A-AR and/or a2C-AR signaling. Thus, these studies suggest
that one mechanism by which TH regulates bone physiology
directly in the skeleton involves a local interaction with a2-AR
signaling.

In summary, euthyroid a2A-AR™/~ mice present normal
trabecular and cortical bone in the femur and vertebra, in
addition to present normal resistance to fracture. The combined
analysis of the bone phenotypes of a2A/C-AR™/~, aC-AR™/~,
and a2A-AR™/~ mice suggests that: (i) a2-AR signaling mediates
SNS-actions mainly in trabecular bone; (ii) ®2C-AR signaling
predominantly mediates osteopenic actions of the SNS on
trabecular bone of the vertebra; (iii) a2C-AR signaling has
anabolic actions mainly on trabecular bone but also on cortical
bone of the femur. Regardless of the normal bone phenotype in
euthryoidism, a2A-AR™/~ mice responds differently than WT
mice to thyrotoxicosis. The higher sensitivity of trabecular bone
to TH in a2A-AR™/~ mice and the lower sensitivity of trabecular
bone to TH in a2A/C-AR~/~ and a2C-AR~/~ mice (37, 44)
points out a2C-AR signaling as a key factor to mediate the
detrimental actions of TH on trabecular bone, particularly in the
femur. On the other hand, the lower sensitivity of cortical bone to
thyrotoxicosis in a2A/C-AR™/~, a2C-AR™/~, and 02A-AR™/~
mice (37, 44) suggests that both a2A-AR and a2C-AR signaling
pathways contribute to detrimental actions of TH on cortical

REFERENCES

1. Bassett JH, Williams GR. Role of thyroid hormones in skeletal
development and bone maintenance. Endocr Rev. (2016) 37:135-87.
doi: 10.1210/er.2015-1106
2. Lakatos P, Foldes ], Nagy Z, Takacs I, Speer G, Horvath C, et al. Serum
insulin-like growth factor-I, insulin-like growth factor binding proteins,
and bone mineral content in hyperthyroidism. Thyroid (2000) 10:417-23.
doi: 10.1089/thy.2000.10.417
3. Kindblom JM, Gothe S, Forrest D, Tornell J, Vennstrom B, Ohlsson C. GH
substitution reverses the growth phenotype but not the defective ossification
in thyroid hormone receptor alpha 1-/-beta-/- mice. ] Endocrinol. (2001)
171:15-22. doi: 10.1677/j0e.0.1710015

. Ernst M, Froesch ER. Triiodothyronine stimulates proliferation of
osteoblast-like cells in serum-free culture. FEBS Lett. (1987) 220:163-6.
doi: 10.1016/0014-5793(87)80896-7

5. Varga E Rumpler M, Luegmayr E, Fratzl-Zelman N, Glantschnig
H, Klaushofer K. Triiodothyronine, a regulator of osteoblastic
differentiation: depression of histone H4, attenuation of c-fos/c-jun,
and induction of osteocalcin expression. Calcif Tissue Int. (1997) 61:404-11.
doi: 10.1007/5002239900356

6. Beber EH, Capelo LP, Fonseca TL, Costa CC, Lotfi CF, Scanlan TS, et al.
The thyroid hormone receptor (TR) beta-selective agonist GC-1 inhibits
proliferation but induces differentiation and TR beta mRNA expression
in mouse and rat osteoblast-like cells. Calcif Tissue Int. (2009) 84:324-33.
doi: 10.1007/s00223-009-9230-1

bone of both femur and vertebra. Altogether, these novel findings
further sustain a TH-SNS interaction, involving a2-AR signaling,
to regulate bone remodeling, and, therefore, bone mass, bone
integrity and, ultimately, bone resistance to fracture.

AUTHOR CONTRIBUTIONS

GM: Conceived and performed experiments, carried out
data collection and analysis, and wrote the manuscript; MT:
performed experiments, carried out data collection and analysis,
and reviewed the manuscript; MS, BN-P, and MM-R: performed
experiments, carried out data collection, and reviewed the
manuscript; PB: Conceived the study and experiments, carried
out data analysis and reviewed the manuscript; CG: Conceived
the study and experiments, carried out data analysis and wrote
the manuscript.

FUNDING

Foundation for Research Support of the State of Sio Paulo
(FAPESP) provided financial support to this study: research grant
no. 2015/10671-5 and 2017/27023-1.

ACKNOWLEDGMENTS

We thank the Institute of Biomedical Sciences, University of
Sao Paulo, for providing technical support to this study, and
the Foundation for Research Support of the State of Sdo Paulo
(FAPESP), for providing financial support to this study: research
grant no. 2015/10671-5 and scholarships for GM (process no.
2010/04911-0), MT (process no. 2010/04911-0), MS (process no.
2012/11719-3), BN-P (process no. 2015/12554-6), and MM-R
(process no. 2014/19020-4).

7. Gouveia CHA, Miranda-Rodrigues M, Martins GM, Neofiti-Papi B. Thyroid
hormone and skeletal development. Vitam Horm. (2018) 106:383-472.
doi: 10.1016/bs.vh.2017.06.002

8. Rizzoli R, Poser J, Burgi U. Nuclear thyroid hormone receptors
in cultured bone cells. Metab Clin Exp. (1986) 35:71-4.
doi: 10.1016/0026-0495(86)90098-3

9. Abu EO, Bord S, Horner A, Chatterjee VK, Compston JE. The expression

of thyroid hormone receptors in human bone. Bone (1997) 21:137-42.
doi: 10.1016/S8756-3282(97)00097-5

. Milne M, Kang MI, Cardona G, Quail JM, Braverman LE,

Chin  WW, et al. Expression of multiple thyroid hormone
receptor isoforms in rat femoral and vertebral bone and in bone
marrow osteogenic cultures. ] Cell Biochem. (1999) 74:684-93.

doi: 10.1002/(SICI)1097-4644(19990915)74:4&lt;684:: AID-JCB17&gt;3.0.CO;2-Q

. Abu EO, Horner A, Teti A, Chatterjee VK, Compston JE. The localization of
thyroid hormone receptor mRNAs in human bone. Thyroid (2000) 10:287-93.
doi: 10.1089/thy.2000.10.287

. Allain TJ, Yen PM, Flanagan AM, McGregor AM. The isoform-specific
expression of the tri-iodothyronine receptor in osteoblasts and osteoclasts.
Eur ] Clin Invest. (1996) 26:418-25. doi: 10.1046/j.1365-2362.1996.
160289.x

. Stevens DA, Hasserjian RP, Robson H, Siebler T, Shalet SM, Williams
GR. Thyroid hormones regulate hypertrophic chondrocyte differentiation
and expression of parathyroid hormone-related peptide and its receptor
during endochondral bone formation. J Bone Miner Res. (2000) 15:2431-42.
doi: 10.1359/jbmr.2000.15.12.2431

Frontiers in Endocrinology | www.frontiersin.org

12

August 2018 | Volume 9 | Article 486


https://doi.org/10.1210/er.2015-1106
https://doi.org/10.1089/thy.2000.10.417
https://doi.org/10.1677/joe.0.1710015
https://doi.org/10.1016/0014-5793(87)80896-7
https://doi.org/10.1007/s002239900356
https://doi.org/10.1007/s00223-009-9230-1
https://doi.org/10.1016/bs.vh.2017.06.002
https://doi.org/10.1016/0026-0495(86)90098-3
https://doi.org/10.1016/S8756-3282(97)00097-5
https://doi.org/10.1002/(SICI)1097-4644(19990915)74:4&lt;684::AID-JCB17&gt;3.0.CO;2-Q
https://doi.org/10.1089/thy.2000.10.287
https://doi.org/10.1046/j.1365-2362.1996.160289.x
https://doi.org/10.1359/jbmr.2000.15.12.2431
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Martins et al.

Interaction of TH and a2-AR Signaling in Bone

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Mosekilde L, Melsen F. Morphometric and dynamic studies of bone
changes in hypothyroidism. Acta Pathol Microbiol Scand A (1978) 86:56-62.
doi: 10.1111/j.1699-0463.1978.tb02012.x

Eriksen EF, Mosekilde L, Melsen F. Kinetics of trabecular bone resorption and
formation in hypothyroidism: evidence for a positive balance per remodeling
cycle. Bone (1986) 7:101-8. doi: 10.1016/8756-3282(86)90681-2

Williams GR, Bassett JHD. Thyroid diseases and bone health. J Endocrinol
Invest. (2018) 41:99-109. doi: 10.1007/s40618-017-0753-4

Mosekilde L, Christensen MS, Lund B, Sorensen OH, Melsen F. The
interrelationships ~ between 25-hydroxycholecalciferol,
parathyroid hormone and bone changes in anticonvulsant osteomalacia.
Acta Endocrinol. (1977a) 84:559-65. doi: 10.1530/acta.0.0840559

Mosekilde L, Melsen F, Bagger JP, Myhre-Jensen O, Schwartz Sorensen
N. Bone changes in hyperthyroidism: interrelationships between bone
morphometry, thyroid function and calcium-phosphorus metabolism. Acta
Endocrinol. (1977b) 85:515-25. doi: 10.1530/acta.0.0850515

Allain TJ, Thomas MR, McGregor AM, Salisbury JR. A histomorphometric
study of bone changes in thyroid dysfunction in rats. Bone (1995) 16:505-9.
doi: 10.1016/8756-3282(95)00074-N

Nicholls JJ, Brassill MJ, Williams GR, Bassett JH. The skeletal consequences of
thyrotoxicosis. ] Endocrinol. (2012) 213:209-21. doi: 10.1530/JOE-12-0059
Ross DS. Hyperthyroidism, thyroid hormone therapy, and bone. Thyroid
(1994) 4:319-26. doi: 10.1089/thy.1994.4.319

Vestergaard P, Mosekilde L. Hyperthyroidism, bone
and fracture risk-a meta-analysis. Thyroid  (2003)
doi: 10.1089/105072503322238854

Elefteriou F, Campbell P, Ma Y. Control of bone remodeling by the
peripheral sympathetic nervous system. Calcif Tissue Int. (2014) 94:140-51.
doi: 10.1007/s00223-013-9752-4

Ducy P, Amling M, Takeda S, Priemel M, Schilling AF, Beil FT, et al.
Leptin inhibits bone formation through a hypothalamic relay: a central
control of bone mass. Cell (2000) 100:197-207. doi: 10.1016/S0092-8674(00)
81558-5

Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker KL, et al. Leptin
regulates bone formation via the sympathetic nervous system. Cell (2002)
111:305-17. doi: 10.1016/S0092-8674(02)01049-8

Togari A, Arai M, Mizutani S, Koshihara Y, Nagatsu T. Expression of
mRNAs for neuropeptide receptors and beta-adrenergic receptors in human
osteoblasts and human osteogenic sarcoma cells. Neurosci Lett. (1997)
233:125-8. doi: 10.1016/S0304-3940(97)00649-6

Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X, Liu X, et al. Leptin
regulation of bone resorption by the sympathetic nervous system and CART.
Nature (2005) 434:514-20. doi: 10.1038/nature03398

Fonseca TL, Jorgetti V, Costa CC, Capelo LP, Covarrubias AE, Moulatlet AC,
et al. Double disruption of alpha2A- and alpha2C-adrenoceptors results in
sympathetic hyperactivity and high-bone-mass phenotype. ] Bone Miner Res.
(2011) 26:591-603. doi: 10.1002/jbmr.243

Latifpour J, Jones SB, Bylund DB. Characterization of [3H]yohimbine binding
to putative alpha-2 adrenergic receptors in neonatal rat lung. ] Pharmacol Exp
Ther. (1982) 223:606-11.

Kobilka BK, Matsui H, Kobilka TS, Yang-Feng TL, Francke U, Caron
MG, et al. Cloning, sequencing, and expression of the gene coding for
the human platelet alpha 2-adrenergic receptor. Science (1987) 238:650-6.
doi: 10.1126/science.2823383

Knaus AE, Muthig V, Schickinger S, Moura E, Beetz N, Gilsbach R,
et al. Alpha2-adrenoceptor subtypes—unexpected functions for receptors and
ligands derived from gene-targeted mouse models. Neurochem Int. (2007)
51:277-81. doi: 10.1016/j.neuint.2007.06.036

Starke K. Presynaptic autoreceptors in the
on  alpha2-adrenoceptors. ]  Neurochem.
doi: 10.1046/j.1471-4159.2001.00484.x
Trendelenburg AU, Philipp M, Meyer A, Klebroff W, Hein L, Starke K. All
three alpha2-adrenoceptor types serve as autoreceptors in postganglionic
sympathetic neurons. Naunyn Schmiedebergs Arch Pharmacol. (2003)
368:504-12. doi: 10.1007/s00210-003-0829-x

Hein L, Altman JD, Kobilka BK. Two functionally distinct alpha2-adrenergic
receptors regulate sympathetic neurotransmission. Nature (1999) 402:181-4.
doi: 10.1038/46040

serum serum

mineral,
13:585-93.

third decade: focus
(2001) 78:685-93.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Trost Z, Trebse R, Prezelj ], Komadina R, Logar DB, Marc J. A microarray
based identification of osteoporosis-related genes in primary culture of human
osteoblasts. Bone (2010) 46:72-80. doi: 10.1016/j.bone.2009.09.015

Mlakar V, Jurkovic Mlakar S, Zupan J, Komadina R, Prezelj ], Marc J. ADRA2A
is involved in neuro-endocrine regulation of bone resorption. J Cell Mol Med.
(2015) 19:1520-9. doi: 10.1111/jcmm.12505

Fonseca TL, Teixeira MB, Miranda-Rodrigues M, Silva MV, Martins GM,
Costa CC, et al. Thyroid hormone interacts with the sympathetic nervous
system to modulate bone mass and structure in young adult mice. Am J Physiol
Endocrinol Metab. (2014) 307:E408-18. doi: 10.1152/ajpendo.00643.2013
Silva JE, Bianco SD. Thyroid-adrenergic interactions: physiological and
clinical implications. Thyroid (2008) 18:157-65. doi: 10.1089/thy.2007.0252
Oppenheimer JH, Schwartz HL, Lane JT, Thompson MP. Functional
relationship ~ of  thyroid hormone-induced lipogenesis, lipolysis,
and thermogenesis in the rat. J Clin Invest. (1991) 87:125-32.
doi: 10.1172/JCI114961

Bilezikian JP, Loeb JN. The influence of hyperthyroidism and hypothyroidism
on alpha- and beta-adrenergic receptor systems and adrenergic
responsiveness. Endocr Rev. (1983) 4:378-88. doi: 10.1210/edrv-4-4-378
Silva JE. Thyroid hormone control of thermogenesis and energy balance.
Thyroid (1995) 5:481-92. doi: 10.1089/thy.1995.5.481

Rude RK, Oldham SB, Singer FR, Nicoloff JT. Treatment of thyrotoxic
hypercalcemia with propranolol. N Engl ] Med. (1976) 294:431-3.
doi: 10.1056/NEJM197602192940807

Beylot M, Vincent M, Benzoni D, Bodson A, Riou JP, Mornex R. [Effects of
propranolol and indomethacin upon urinary hydroxyproline in hyperthyroid
patients (author’s transl)]. Nouv Presse Med. (1982) 11:989-91.

Cruz Grecco Teixeira MB, Martins GM, Miranda-Rodrigues M, De Araujo
IE Oliveira R, Brum PC, et al. Lack of alpha2C-adrenoceptor results
in contrasting phenotypes of long bones and vertebra and prevents
the thyrotoxicosis-induced osteopenia. PLoS ONE (2016) 11:e0146795.
doi: 10.1371/journal.pone.0146795

Franklyn JA, Boelaert K. Thyrotoxicosis. Lancet (2012) 379:1155-66.
doi: 10.1016/S0140-6736(11)60782-4

Devereaux D, Tewelde SZ. Hyperthyroidism and thyrotoxicosis. Emerg Med
Clin North Am. (2014) 32:277-92. doi: 10.1016/j.emc.2013.12.001

. Hildebrand T, Ruegsegger P. Quantification of bone microarchitecture with

the structure model index. Comput Methods Biomech Biomed Eng. (1997)
1:15-23. doi: 10.1080/01495739708936692

Hahn M, Vogel M, Pompesius-Kempa M, Delling G. Trabecular bone pattern
factor-a new parameter for simple quantification of bone microarchitecture.
Bone (1992) 13:327-30. doi: 10.1016/8756-3282(92)90078-B

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods (2001)
25:402-8. doi: 10.1006/meth.2001.1262

Costa-e-Sousa RH, and Hollenberg AN. Minireview: the neural regulation of
the hypothalamic-pituitary-thyroid axis. Endocrinology (2012) 153:4128-35.
doi: 10.1210/en.2012-1467

Brede M, Nagy G, Philipp M, Sorensen JB, Lohse M], Hein L.
Differential control of adrenal and sympathetic catecholamine release
by alpha 2-adrenoceptor subtypes. Mol Endocrinol. (2003) 17:1640-6.
doi: 10.1210/me.2003-0035

Bonnet N, Benhamou CL, Brunet-Imbault B, Arlettaz A, Horcajada MN,
Richard O, et al. Severe bone alterations under beta2 agonist treatments: bone
mass, microarchitecture and strength analyses in female rats. Bone (2005)
37:622-33. doi: 10.1016/j.bone.2005.07.012

Bonnet N, Benhamou CL, Beaupied H, Laroche N, Vico L, Dolleans
E, et al. Doping dose of salbutamol and exercise: deleterious effect on
cancellous and cortical bones in adult rats. ] Appl Physiol. (2007) 102:1502-9.
doi: 10.1152/japplphysiol.00815.2006

Kondo H, Togari A. Continuous treatment with a low-dose beta-agonist
reduces bone mass by increasing bone resorption without suppressing bone
formation. Calcif Tissue Int. (2011) 88:23-32. doi: 10.1007/s00223-010-9421-9
Kajimura D, Hinoi E, Ferron M, Kode A, Riley KJ, Zhou B, et al. Genetic
determination of the cellular basis of the sympathetic regulation of bone mass
accrual. ] Exp Med. (2011) 208:841-51. doi: 10.1084/jem.20102608

Pierroz DD, Bonnet N, Bianchi EN, Bouxsein ML, Baldock PA, Rizzoli R,
et al. Deletion of beta-adrenergic receptor 1, 2, or both leads to different bone

Frontiers in Endocrinology | www.frontiersin.org

August 2018 | Volume 9 | Article 486


https://doi.org/10.1111/j.1699-0463.1978.tb02012.x
https://doi.org/10.1016/8756-3282(86)90681-2
https://doi.org/10.1007/s40618-017-0753-4
https://doi.org/10.1530/acta.0.0840559
https://doi.org/10.1530/acta.0.0850515
https://doi.org/10.1016/8756-3282(95)00074-N
https://doi.org/10.1530/JOE-12-0059
https://doi.org/10.1089/thy.1994.4.319
https://doi.org/10.1089/105072503322238854
https://doi.org/10.1007/s00223-013-9752-4
https://doi.org/10.1016/S0092-8674(00)81558-5
https://doi.org/10.1016/S0092-8674(02)01049-8
https://doi.org/10.1016/S0304-3940(97)00649-6
https://doi.org/10.1038/nature03398
https://doi.org/10.1002/jbmr.243
https://doi.org/10.1126/science.2823383
https://doi.org/10.1016/j.neuint.2007.06.036
https://doi.org/10.1046/j.1471-4159.2001.00484.x
https://doi.org/10.1007/s00210-003-0829-x
https://doi.org/10.1038/46040
https://doi.org/10.1016/j.bone.2009.09.015
https://doi.org/10.1111/jcmm.12505
https://doi.org/10.1152/ajpendo.00643.2013
https://doi.org/10.1089/thy.2007.0252
https://doi.org/10.1172/JCI114961
https://doi.org/10.1210/edrv-4-4-378
https://doi.org/10.1089/thy.1995.5.481
https://doi.org/10.1056/NEJM197602192940807
https://doi.org/10.1371/journal.pone.0146795
https://doi.org/10.1016/S0140-6736(11)60782-4
https://doi.org/10.1016/j.emc.2013.12.001
https://doi.org/10.1080/01495739708936692
https://doi.org/10.1016/8756-3282(92)90078-B
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1210/en.2012-1467
https://doi.org/10.1210/me.2003-0035
https://doi.org/10.1016/j.bone.2005.07.012
https://doi.org/10.1152/japplphysiol.00815.2006
https://doi.org/10.1007/s00223-010-9421-9
https://doi.org/10.1084/jem.20102608
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Martins et al.

Interaction of TH and a2-AR Signaling in Bone

57.

58.

59.

60.

61.

62.

phenotypes and response to mechanical stimulation. ] Bone Miner Res. (2012)
27:1252-62. doi: 10.1002/jbmr.1594

Huang HH, Brennan TC, Muir MM, Mason RS. Functional alphal- and beta2-
adrenergic receptors in human osteoblasts. J Cell Physiol. (2009) 220:267-75.
doi: 10.1002/jcp.21761

Hirai T, Tanaka K, Togari A. alphal-adrenergic receptor signaling in
osteoblasts regulates clock genes and bone morphogenetic protein 4
expression through up-regulation of the transcriptional factor nuclear factor
IL-3 (Nfil3)/E4 promoter-binding protein 4 (E4BP4). ] Biol Chem. (2014)
289:17174-83. doi: 10.1074/jbc.M113.546135

Tanaka K, Hirai T, Kodama D, Kondo H, Hamamura K, Togari A. alphalB
-Adrenoceptor signalling regulates bone formation through the up-regulation
of CCAAT/enhancer-binding protein delta expression in osteoblasts. Br J
Pharmacol. (2016) 173:1058-69. doi: 10.1111/bph.13418

Sanford CF, Griffin EE, Wildenthal K. Synthesis and degradation of
myocardial protein during the development and regression of thyroxine-
induced cardiac hypertrophy in rats. Circ Res. (1978) 43:688-94.
doi: 10.1161/01.RES.43.5.688

Hu LW, Liberti EA, Barreto-Chaves ML. Myocardial ultrastructure in cardiac
hypertrophy induced by thyroid hormone-an acute study in rats. Virchows
Arch. (2005) 446:265-9. doi: 10.1007/500428-004-1175-1

Lafontan M, Berlan M. Fat cell alpha 2-adrenoceptors: the regulation of fat cell
function and lipolysis. Endocr Rev. (1995) 16:716-38. doi: 10.1210/er.16.6.716

63.

64.

65.

Gesta S, Hejnova J, Berlan M, Daviaud D, Crampes F, Stich V, et al. In vitro
and in vivo impairment of alpha2-adrenergic receptor-dependent antilipolysis
by fatty acids in human adipose tissue. Horm Metab Res. (2001) 33:701-7.
doi: 10.1055/s-2001-19140

Bartness TJ, Liu Y, Shrestha YB, Ryu V. Neural innervation of white adipose
tissue and the control of lipolysis. Front Neuroendocrinol. (2014) 35:473-93.
doi: 10.1016/j.yfrne.2014.04.001

Gilsbach R, Hein L. Are the pharmacology and physiology of
alpha(2)  adrenoceptors  determined by  alpha(2)-heteroreceptors
and autoreceptors respectively? Br ] Pharmacol. (2012) 165:90-102.
doi: 10.1111/.1476-5381.2011.01533.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Martins, Teixeira, Silva, Neofiti-Papi, Miranda-Rodrigues, Brum
and Gouveia. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

14

August 2018 | Volume 9 | Article 486


https://doi.org/10.1002/jbmr.1594
https://doi.org/10.1002/jcp.21761
https://doi.org/10.1074/jbc.M113.546135
https://doi.org/10.1111/bph.13418
https://doi.org/10.1161/01.RES.43.5.688
https://doi.org/10.1007/s00428-004-1175-1
https://doi.org/10.1210/er.16.6.716
https://doi.org/10.1055/s-2001-19140
https://doi.org/10.1016/j.yfrne.2014.04.001
https://doi.org/10.1111/j.1476-5381.2011.01533.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Global Disruption of α2A Adrenoceptor Barely Affects Bone Tissue but Minimizes the Detrimental Effects of Thyrotoxicosis on Cortical Bone
	Introduction
	Materials and Methods
	Animals and Treatment
	Serum T3 and T4 Assay
	Fat, Skeletal Muscles and Heart Mass
	Micro-Computed (μCT) Analysis of the Femur and L5
	Three-Point Bending Test of the Femur
	Real-Time PCR
	Statistical Analysis

	Results
	Effect of T3 Treatment on Serum Levels of T3 and T4
	Effect of T3 Treatment on Body Composition and Heart Mass
	Effect of T3 Treatment on Trabecular and Cortical Bone of the Femur
	Effect of T3 Treatment on Trabecular and Cortical Bone of the Vertebra (L5)
	Effect of T3 Treatment on Biomechanical Parameters of the Femur
	Effect of T3 on mRNA Expression of α2 and β Adrenoceptors

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


