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weight-bearing and non-weight-bearing bones
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Abstract

Thyroid hormone, nerve growth factor (NGF) and norepinephrine (NE) and weight-bearing affect bone metabolism, yet
interactions between these factors and osseous tissue have not been investigated. Therefore, the aims of the study were to
measure NGF and NE concentrations in weight-bearing and non-weight-bearing bones from euthyroid (control) and
hyperthyroid (HT) rats. Hyperthyroidism was induced by oral intake of triiodothyronine (90 mg/kg/day) for 21 days.
Histomorphometry on distal femurs verified significant trabecular bone loss in HT rats compared to euthyroid animals. NGF
concentrations were assayed via ELISA, whilst NE concentrations were measured via HPLC and ECD. In euthyroid rats: (i)
the concentration of NGF in ribs (914 ng/g) was almost 3-fold greater than in femurs (326 ng/g wet weight of tissue) (ii) the
concentrations of NE in ribs (74.7 ng/g) and calvaria (87.4 ng/g) were 2.5-3.5-fold greater than either femurs (24.0 ng/g) or
tibiae (30.5 ng/g) and (iii) NE concentrations were comparable between ribs (74.7 ng/g) and calvaria (87.4 ng/g) and similar
between tibiae (30.5 ng/g) and femurs (24.0 ng/g). In HT rats: (i) the concentration of NGF in ribs (1802 ng/g) was 4-fold
greater than in femurs (402 ng/g) (ii) NE concentrations in ribs (23.3 ng/g) and calvaria (13.6 ng/g) were 4.5-fold and 2.6-fold
greater respectively than in tibiae (5.2 ng/g), while ribs had almost a 2-fold higher concentration of NE than calvaria. In HT
rats compared to euthyroid animals: (i) NGF concentrations almost doubled in ribs but there was little change in the NGF
concentration in femurs (ii) there was a reduction in NE concentrations in calvaria by 84%, in ribs by 69% in tibiae by 83%
and 55% in femur (NS). Conclusions: (i) Non-weight-bearing is associated with higher concentrations of NGF and NE than
weight-bearing in bones in euthyroid and HT rats; (ii) Hyperthyroidism exerts opposite effects on NGF and NE in bone and
(iii) Hyperthyroidism interacts with weight-bearing to determine NGF and NE concentrations in bone. Therefore, the
influence of thyroid hormone on NGF and NE in bone may need to be taken into account when considering the action of
thyroid hormone on bone in either euthyroid or hyperthyroid states.
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Introduction

Normal thyroid hormone plasma concentrations are
essential for typical bone remodeling. Hyperthyroidism
stimulates both bone formation and bone resorption,
however there is a net loss of cortical and trabecular bone
due to a higher activity of osteoclasts compared to that of
osteoblasts'. These skeletal effects are primarily attributable
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to the direct stimulation of thyroid hormone receptors in
osteoblasts’.

There is also the possibility that thyroid hormone may
affect bone indirectly through an effect on peripheral nerves.
Peripheral sensory and sympathetic nerves that supply bone
influence skeletal remodeling®. Thyroid hormone has a critical
role in the maintenance and regeneration of these nerves
partly through its regulation of nerve growth factor (NGF)
synthesis in non-neuronal tissues’. NGF is implicated in bone
metabolism as it has been identified along with receptors in
various cells of unfractured and fractured bone®'? as well as in
osteoblastic cell lines'!. The trophic action of NGF on bone is
indicated by the improved rate of both repair and
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biomechanical strength of calluses in fractured rat ribs when
NGF was applied topically’>. NGF also stimulated the
formation of osteoid tissue around nerves during sensory
nerve regeneration in mandibles of rabbits". A relationship
between hyperthyroidism and NGF in bone has not been
previously investigated, but may be anticipated, as high
thyroid hormone plasma levels affect the concentration of
NGF or NGF gene expression in non-osseous tissues of
experimental animals'".

Thyroid hormone also modulates norepinephrine (NE)
concentrations in various tissues. NE affects bone
remodeling and its major source in osseous tissue comes
from adrenergic nerves that supply osseous blood vessels
and regions of high osteogenic activity such as the
periosteum'®, Actions of NE on bone are not completely
understood, however one of its main effects is to increase
osteoclastic bone resorption, possibly acting indirectly by
stimulating beta-2-adrenergic receptors in osteoblasts'”.

Hyperthyroidism reduces NE concentrations in both
human plasma'® and rat brain' but increases NE
concentrations in rat cardiac muscle”. Therefore, the action
of thyroid hormone in modulating NE tissue concentrations
appears to be organ specific. It is not known how
hyperthyroidism influences NE concentrations in bone.

Given that thyroid hormone influences both NGF and NE
concentrations in various tissues and that these neural factors
are implicated in bone metabolism, the aim of this study was
to investigate whether thyroid status alters the concentrations
of NGF and NE bones. We predict that concentrations of
NGF and NE in bones of rats are likely to be different
between euthyroid and hyperthyroid (HT) states.

It is well established that the load placed on bone
influences its remodeling®. Non-weight-bearing bones (eg.
calvaria, mandible) have higher concentrations of IGF-II
and TGF-p than weight-bearing bones (eg. vertebra, iliac
crest) and these growth factors may protect non-weight-
bearing bones from bone loss?. It is not known whether
NGF and NE concentrations are different between these
two types of bone. Furthermore, if there is a difference in the
levels of these neural substances between weight-bearing
and non-weight-bearing bones, does hyperthyroidism affect
their concentrations?

Therefore, it is of interest to investigate whether osseous
NE and NGF concentrations differ between non-weight-
bearing and weight-bearing bones of euthyroid and HT
animals.

Materials and methods
Animals

Ethics approval for this experiment was granted by the La
Trobe University Animal Ethics Committee. Sixteen male
Sprague Dawley rats aged 12 to 13 weeks (300 to 400 g) were
used and randomly allocated to either euthyroid (control;
n = 8) or HT groups (n = 8) and were held at 21°C under
controlled 12 h light-dark cycles. Daily weight and water
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consumption was recorded in order to estimate the daily
drug intake by each animal and to observe the effects on
weight gain. Animals were allowed unlimited access to food
and drinking water.

Treatment

Hyperthyroidism was induced by oral administration of
triiodo-L-thyronine (T3) in drinking water. T3 (20 mg) was
dissolved in 400 wl of 4 M NH,OH in methanol and added to
100 ml of water containing 1% bovine serum albumin.
Aliquots of this solution were added to drinking water on
alternate days, such that a final T3 concentration was 1
ug/ml*. The intended dosage of T3 administered to each rat
was 90-100 ug/kg of body weight/day®. Euthyroid animals
received a vehicle solution (above mixture minus the added
T3). Three HT rats died during the experimental period; one
at 16 days and two at 17 days into the experiment. It is
envisaged that thyrotoxicosis contributed to their deaths.

After 21 days of treatment the animals were killed via an
overdose of carbon dioxide. At autopsy blood samples were
collected and bone samples were excised, cleaned, weighed
wet and recorded.

Bone samples

The left femur was bisected cross-sectionally through the
mid-shaft using bone cutters and the distal end processed for
histology. The proximal part of this femur and the left sixth
rib from each rat were analysed for NGF concentrations
using an ELISA. The calvarium, the right sixth rib, the right
proximal femur and the tibia from each rat were analysed for
NE concentrations using HPLC and ECD.

Measurement of T3 and thyroxine (T4) concentrations

Concentrations of free T3 (FT3) and free T4 (FT4) from
both euthyroid and HT groups were measured in blood
plasma samples obtained after 21 days of treatment using a
Microparticle Enzyme Immunoassay (MEIA; Abbott Axsym
System Kit, Abbott Laboratories, Abbott Park, II, USA).

Histological and histomorphometric analyses

To verify bone loss associated with hyperthyroidism, distal
femoral samples were immersion fixed for two days at 4°C in
paraformaldehyde-glutaraldehyde (4% paraformaldehyde;
0.25% glutaraldehyde; 7% sucrose in 0.1 M cacodylate
buffer; pH 7.4) immediately after excision. Bones were
subsequently processed to LR Gold resin (London Resin
Company, England)*. Upon resin polymerization, samples
were sectioned (4 um) mid-line longitudinally using a Leica
RM 2155 microtome (Leica Instruments, Nussloch,
Germany) with a tungsten-carbide knife. Sections were
stained with Goldner trichrome® for histomorphometric
analysis.



Sections were viewed using a Leica DMRBE microscope
(Leica Mikroskopie und Systemie GmbH, Wetzlar,
Germany) with an associated Sony PowerHAD 3CCD color
video camera (Sony Corporation, Tokyo, Japan). Images
were downloaded onto a desktop computer and qualitatively
assessed. Histomorphometric measurements of distal
femoral metaphyseal trabecular bone were made from
downloaded images using Leica Qwin® software (Leica
Imaging Systems Ltd., Cambridge, England) at 25 times
magnification. Trabecular bone area measurements were
obtained from a 4 mm? field, positioned 1 mm anterior and
distal to the lowest point of the epiphyseal growth plate in
the metaphysis. Captured images were blindly measured and
assessed before comparisons were made between euthyroid
and HT groups.

Nerve growth factor analysis
NGF Extraction

Femurs and ribs were crushed with a mortar and pestle.
One ml cold extraction buffer (20 mM Tris-HCI buffer; pH 8;
137 mM NaCl; 1% NP40 detergent; 10% glycerol; 1 mM
phenylmethylsulfonyl fluoride; 10 pg/ml aprotinin; 1 mg/ml
leupeptin; 0.5 mM sodium vanadate) was added to all samples
before homogenization (30 s) and sonication (30 s). The
homogenates were centrifuged for 30 min (6000 rpm at 4°C),
after which the supernatant was removed and stored at —-80°C.

Enzyme linked immunosorbent assay (ELISA)

The NGF ELISA was performed according to the ELISA
kit manufacturer’s protocol (Promega Corporation,
Madison, WI, USA), with modifications as described by
Bennett and co-workers™.

Five 96-well ELISA plates were coated with anti-NGF
polyclonal antibody, allowed to incubate (16 h at 4°C) and
washed with Tris buffered saline containing Tween 20
(TBST). Block and Sample Buffer (BSB) was added to wells
and incubated (1 h) at room temperature, followed by
washing with TBST. Known concentrations of NGF
(standards) was added to each 96-well plate (7.8 — 500 pg/ml)
in conjunction with unknown concentrations of extracted
NGF from tissue samples. The extracted NGF samples were
diluted with cold extraction buffer (1:5; 1:25) and added
sequentially to assigned wells. All plates were sealed and
incubated with shaking (6 h) at room temperature. Plates
were washed five times with TBST prior to incubation with
anti-NGF monoclonal antibody at 4°C overnight. On the
following day, plates were washed five times with TBST prior
to a shaking incubation (2.5 h at room temperature) with
anti-rat IgG horseradish peroxidase conjugate solution, after
which the plates were washed another five times with TBST.
Color development was achieved during a shaking
incubation (7 min) with TMB solution containing peroxidase
substrate and halted immediately with 1 M phosphoric acid.
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Absorbance was read with a Labsystems Multiskan MS
spectrophotometer (Labsystems Multiskan MS, Finland) at
wavelength of 450 nm. A standard curve was constructed for
each plate using GraphPad Prism™ software (GraphPad
Software, Inc., San Diego, CA, USA).

NE analysis

The procedures used in the analysis of NE concentrations in
bone were adapted from Schuijers and co-workers” as follows:

NE extraction

Bone samples were stored in 1 ml solution of 0.1 M
perchloric acid (PA) containing 0.1 mM sodium
metabisulfide (Na,S,0;) and 20 ng 3,4-dihydroxybenzylamine
(DHBA) (Sigma-Aldrich, Pty Ltd, NSW, Australia) as an
internal standard. All samples were kept on ice with minimal
light exposure throughout the extraction procedure. Samples
were homogenized (3 min), transferred into 13 x 100 mm
culture tubes and centrifuged for 20 min (3600 rpm at 4°C).
The supernatant was transferred into small test tubes
containing 25 mg acid-washed alumina and 30 ul of 10 mM
Na,S,0;, with a subsequent addition of 1 ml of 1 M Trizma
Base containing 2% EDTA. The samples were vortexed and
centrifuged and the supernatant was discarded. The alumina
was washed three times with deionized, distilled water
before the NE was desorbed from the alumina with the
addition of 100 ml of 0.1 M PA containing 0.1 mM Na,S,0;.
Samples were stored at —80°C until analysis.

High performance liquid chromatography (HPLC) with
electrochemical detection (ECD)

The ECD mobile phase contained 0.07 M di-sodium
hydrogen orthophosphate, 0.2 mM EDTA, 3 mM
heptanosulphonate in 940 ml degassed, deionized, and
distilled water (pH 4.8), with the addition of 60 ml of filtered
methanol (0.4 um FH type Millipore organic filter). A 15 cm
ion exchange column (NovaPak C18; Waters Corporation,
Milford, MA, USA) with an in-line pressure filter was used.
The HPLC-ECD flow rate was 0.7 ml/min, with the
electrochemical detector sensitivity at 20 nA and an applied
potential between 0.65 V - 0.72 V. Fifty ul of either standard
or sample were injected using an automatic injector (WISP;
Waters Corporation, Milford, MA, USA), at a filter mode of
5 s/reduction potential.

Statistical analysis

The results obtained from the measurement of FT3 and
FT4, NE and NGF were analysed using a two-tailed t-test.
Bone histomorphometric measurements were analysed via a
one-tailed t-test. Differences between euthyroid and HT
groups were accepted when p < 0.05. Results are presented
as mean = SEM.
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Results

Thyroid hormone concentrations in plasma

The mean daily T3 intake by HT animals was
approximately 100 pg/day/kg body weight. After 21 days, the
mean concentration of FT3 (Table 1) was 46.7 = 3.2 pmol/l
in these animals, which was approximately 10-fold higher
than in euthyroid animals (4.3 = 0.4 pmol/l; p < 0.001). The
concentration of FT4 fell to 8.1 * 1.2 pmol/l which was
approximately 2-fold smaller than euthyroid animals (20.2 *
0.8 pmol/l; p < 0.001). Plasma concentrations of both FT3
and FT4 in euthyroid animals were similar to other reported
values®™.

Changes in body weight associated with altered thyroid status

Euthyroid rats gained weight over the 21 day period, such
that at Day 21 the mean body weight (466 *= 8 g) was
approximately 15% greater than that at Day 1 (406 = 8 g).
HT rats exhibited a significant reduction in body weight
compared to euthyroid controls (p < 0.001). During the first
8 days of treatment, body weight was relatively constant at
372 £ 9 g. Thereafter, body weight decreased, such that at
Day 21, HT animals had lost approximately 10% of their
original weight (336 = 14 g). This weight loss was similar to
that reported in other HT rat models over similar
experimental periods®~.

Effect of hyperthyroidism on distal femoral metaphyseal
trabecular bone volume

Histomorphometric measurements showed there was
approximately 36% less trabecular bone volume in femurs of
HT animals (19.7 = 1.7%) compared to that in euthyroid
animals (30.7 = 1.2%; p < 0.001). These data are similar to
previous reports in HT rats®*.

NGF concentrations in femurs and ribs

In both euthyroid and HT groups, mean NGF concentrations

were greater in ribs than in femurs (Figure 1). In euthyroid
rats, NGF concentrations were almost 3-fold greater in ribs
than in femurs (914 + 128 ng/g and 326 = 63 ng/g respectively;
p<0.01). While in HT rats, NGF concen-trations were over 4-
fold greater in ribs than in femurs (1802 * 371 ng/g and 402 =
55 ng/g respectively; p < 0.01; Figure 1).

Hyperthyroidism had different effects in ribs and femurs.
The concentrations of NGF in ribs of HT animals were
almost twice that of ribs from the euthyroid group (p <
0.05). However, hyperthyroidism failed to increase femoral
NGF concentrations (Figure 1).

NE concentrations in femurs, tibiae, ribs and calvaria

In the euthyroid group of rats, the NE concentrations
were similar in ribs (74.7 + 14.4 ng/g) and calvaria (87.4 =
15.8 ng/g; Figure 2). Further, the concentrations of NE were
similar to tibiae (30.5 * 4.8 ng/g) and femur (24.0 = 4.7 ng/g;
Figure 2). However, the NE concentrations were 3- to 4-fold
greater in calvaria and rib compared to femurs (p < 0.01)
and tibiae (p < 0.05).

In HT rats, NE concentrations in calvaria, ribs and tibiae were
smaller than in the euthyroid rats (Figure 2), but the decrease
was not significant in the femur. As for the euthyroid rats, non-
weight-bearing bones had higher concentrations of NE than
weight-bearing bones. Thus, calvaria (13.6 = 1.4 ng/g) and ribs
(23.3 = 2.7 ng/g) had significantly higher concentrations of NE
than tibiae (5.2 = 2.2 ng/g; p<0.05), but NE concentrations
in femurs (13.0 = 6.6 ng/g) were not significantly different
from the values from other bones.

Discussion

Three significant findings from the present study on
euthyroid rats were that: (i) ribs contained greater amounts
of NGF than femurs, (ii) ribs and calvaria each had higher
concentrations of NE than either femurs or tibiae and (iii)
NE concentrations were the same in ribs and calvaria and
the same in tibiae and femurs.

There are at least two possible explanations for these
results. Firstly, calvaria and ribs may be more neurotrophic

HT rats Euthyroid rats
n=>5 n=3y
[FT3] (pmol/l) 46.7 £ 3. 2%%* 43+04
[FT4] (pmol/l) 8.1 & 1.2%** 20.2+0.8

Table 1. Plasma concentrations of triiodothyronine (T3) and thyroxine (T4) in HT and euthyroid animals.
Data presented as mean + SEM; ***p < 0.001.
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Figure 1. Nerve growth factor (NGF) concentrations in femurs and ribs of HT (n = 5) and euthyroid (n = 8) groups.

Data presented as mean + SEM.
*p < 0.05 (HT ribs vs. euthyroid ribs), ## p < 0.01 (HT ribs vs. HT femurs) and p < 0.01 (euthyroid ribs vs. euthyroid femurs).
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Figure 2. Norepinephrine (NE) concentrations in femurs, tibiae, ribs and calvaria of HT (n = 5) and euthyroid (n = 8) groups.
Data presented as mean + SEM.
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p < 0.01 (euthyroid tibiae vs. euthyroid calvaria),
p < 0.01 (HT calvaria vs. euthyroid calvaria),

p< 0.05 (HT tibiae vs. HT calvaria),

p < 0.01 (euthyroid calvaria vs. euthyroid femurs).
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and more widely innervated by adrenergic nerves than
femurs and tibiae. There are no published reports that
indicate that non-weight-bearing bones are possibly more
neurotrophic and adrenergically innervated than weight-
bearing bones. Adrenergic nerves, however, extensively
innervate newborn rat calvarial bone, with the majority of
fibres being in close relationship to or within developing
bone®. This nerve supply to rat calvaria, however, is
evidently different to that of the adrenergic innervation of
adult rat long bone, where nerve fibres are almost exclusively
found close to or within blood vessel walls rather than
juxtaposing bone cells or matrix™. Secondly, weight-bearing
on bones could reduce the osseous formation of either NGF
or NE. There have been a number of reports showing that
weight-bearing bones and non-weight-bearing bones are
physiologically different in relation to the way they react to
load. Bone ash was reduced in weight-bearing vertebrae
(LS) but not in non-weight-bearing calvaria or mandibles of
rats subjected to microgravity for 12 days”. In astronauts
(n=2), the bone mineral density (BMD) of non-weight-
bearing skulls increased, whilst the BMD decreased in their
weight-bearing vertebrae after space flight*. Furthermore,
calvarial bone appears to be resistant to osteoporosis
compared to other bones. Whether increased NE
concentrations reduce bone loss in skulls in situations such
as weightlessness or osteoporotic conditions is presently
unknown. However, increased concentrations of IGF-II and
TGF-f in human calvaria compared to iliac crest or vertebral
bodies have been suggested to contribute to the osteoporotic
resistance of the skull”’. Further work will be needed to
identify the roles of endogenous NGF and NE in these
separate bone types.

Significant findings from the present study on HT rats
were that concentrations of NGF increased in ribs but not in
femurs. These observations give rise to the possibility that
bone type (possibly weight-bearing or non-weight-bearing)
influences the response of osseous NGF levels to hyper-
thyroidism. High plasma thyroid hormone concentrations
increase NGF concentrations in submaxillary gland, liver'
and hippocampus® of rats but not cardiac muscle and
kidney', which suggests the effect of thyroid hormone on
NGF synthesis, may be tissue dependent. The present results
indicate that the effect of thyroid hormone on osseous NGF
synthesis may also be bone-type dependent. This finding is
consistent with the observations that in femurs of thyrotoxic
rats, bone densities were decreased and osteoblastic and
osteoclastic gene expression markers were raised, whilst
vertebral bone density was unchanged™®.

Presently, the role of NGF in bone metabolism remains
obscure. It is well known that NGF is important for the
appropriate development and maintenance of both
peripheral sensory and post-ganglionic sympathetic nerves®
and such nerves are known to influence bone remodeling®.
Therefore, NGF may have an indirect influence on bone
remodeling through its action on peripheral nerves. Recent
studies, however, have located NGF receptors and the
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expression of NGF mRNA in various osteoblastic cell
lines*"!, implicating a direct effect of NGF on bone. NGF
appears to elicit trophic actions on bone, as this growth
factor improved the rate of repair and the biomechanical
strength of calluses in fractured rat ribs'> and stimulated the
formation of osteoid tissue around nerves during sensory
nerve regeneration in mandibles of rabbits’?. These
observations suggest that NGF promotes bone formation.
Both bone formation and bone resorption increase in the
HT state, however, resorption is greater than formation and
this results in a net bone loss'™. Therefore, it is possible
that the raised osseous NGF concentrations reported in
the current experiment could be one of the contributing
factors to an increased bone formation which occurs in
hyperthyroidism.

The final significant finding from the present study was
that hyperthyroidism depressed NE levels in calvaria, ribs and tibiae
(but not femurs, where the decrease was not significant). Previous
studies have shown that hyperthyroidism reduces plasma NE
concentrations in both humans* and animals® and this
reduction is possibly due to an increase in the activity of the
enzyme, monoamine oxidase, which degrades NE in various
tissues***. The reduction of osseous NE concentrations in
bones of HT animals in the current study indicates that
thyroid hormone may modulate the adrenergic influence on
bone. Adrenergic nerves are present in regions of high
osteogenic activity'®. Beta-2-adrenergic receptors have been
identified in human'™*® and rat'’ osteoblast-like cells and it is
proposed that NE acts through osteoblasts via these
receptors to stimulate bone resorption. The role of NE in
stimulating bone resorption was suggested by the increased
bone resorption that was observed in mouse calvaria in
vitro'” and in humans with phaeochromocytoma®’. It is
probable that the high plasma thyroid hormone
concentration is the main contributor to the increased bone
resorption seen in HT rats. It has been shown that there is an
upregulation of beta-2-adrenergic receptors in subcutaneous
adipocytes from patients with hyperthyroidism*. If a similar
upregulation of beta-2-adrenergic receptors occurs in
osteoblasts of HT animals then low osseous NE
concentrations may contribute to the increased bone
resorption in HT animals.

In conclusion, previous research predicts that thyroid
hormone directly stimulates receptors on osteoblasts to
increase both osteoblastic bone formation and osteoclastic
bone resorption™*!. Osseous nerves, however, also affect
bone remodeling and thyroid hormone is an integral factor
in the maintenance of such nerves. The results presented in
the current experiments show that thyroid hormone status
modulates levels of two neural-associated substances, NGF
and NE, within most bones studied. The possibility therefore
arises that the influence of thyroid hormone on the nerves
that supply bone could be another physiologic or
pathophysiologic pathway for the action of thyroid hormone
on bone in either euthyroid or hyperthyroid states.
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