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Abstract

Objectives Alveolar bone structures are mostly investigated in
small animal models. The majority of these studies examined
local influences on the alveolar bone, but only a few examined
systemic influencing factors. The hypothalamic-pituitary axis
is known to be essential for a vital bone balance. The aim of
this study was to analyse the effects that selective hormone
treatments have on alveolar bone structure and quality in a
sheep model for alveolar bone loss, induced by
hypothalamic-pituitary disconnection (HPD).

Methods Thirty sheep were randomly selected into six groups
of five each: control (C), ovariectomy—OVX (O), O + HPD
(OH), OH with oestrogen treatment (OHE), OH with thyroxine
(T4) treatment (OHT), and OH with a combined treatment of
oestrogen and thyroxine (OHTE). After OVX and HPD proce-
dures and an additional 9-month observation/treatment period,
structural bone analyses of the mandible were performed by
contact radiography, micro-CT, and static histomorphometry.
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Results The HPD procedure caused structural alveolar bone
parameters to decrease significantly compared to controls (C).
Treatment with oestrogen (OHE) was protective and bone
structure was maintained at baseline levels. Thyroxine treat-
ment (OHT) promoted significant bone loss, but the combined
treatment (OHTE) improved bone structure and volume pa-
rameters even above baseline levels.

Conclusions Alveolar bone homeostasis significantly under-
lies systemic regulatory systems. Centrally induced (HPD)
bone loss can be prevented by combined peripheral treatment
with oestrogen and thyroxine.

Clinical relevance These results demonstrate the significance
of a balanced hormonal regulatory system for steady bone
remodelling and maintenance of healthy alveolar bone.
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Introduction

Oral health depends on a good dental status (no decay or tooth
erosions), the periodontium and healthy alveolar bone. Local
processes like inflammatory reactions in the periodontium can
cause significant alveolar bone loss, which can lead to tooth
loss contributing to decreased dental health status [1-3].
Systemic diseases like osteoporosis cause a significant disrup-
tion in the entire skeletal system, with decreased bone quality.
This systemic disease not only leads to typical osteoporotic
fractures in long and vertebral bones but also causes reduced
alveolar bone quality and hence promotes tooth loss [4—6].
Some animal models exist regarding alveolar bone loss
with local processes like periodontal disease [7], but only a
few have been described for alveolar bone loss caused by a
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systemic disorder. One type of model described alveolar bone
loss in ovariectomised rats mimicking postmenopausal bone
loss [8—11], while another model was in sheep with steroid-
induced bone loss [12, 13]. Our group recently published a
study of surgical hypothalamic-pituitary disconnection (HPD)
in a sheep model inducing a low-bone-turnover situation with
depressed bone formation and resorption leading to cortical
and trabecular bone loss in vertebral and non-vertebral bones
[14]. Further analyses demonstrated the systemic influence
caused by the HPD and ovariectomy (OVX) procedures,
which also affects alveolar bone metabolism, consequently
leading to significant alveolar bone loss [15]. Therefore, the
effects of OVX and HPD procedures, particularly the latter
one, cause a subsequent change in hormone levels. This again
leads to a major polysystemic effect on the entire bone metab-
olism and skeletal system leading to reduced bone quality and
biomechanical alterations [16, 17].

The aim of the current study was to analyse whether a
surgically induced systemic bone disorder (HPD) can be par-
tially reduced or prevented by hormone treatment (oestrogen,
thyroxine, and combined treatments) and hence help with the
maintenance of proper alveolar bone structures.

Materials and methods

Animals, biochemical analyses, hypothalamo-pituitary
disconnection, and treatment regimens

Thirty adult female Corriedale ewes of normal body weight
(58.2 £ 6.2 kg) aged 4-5 years were obtained from a laboratory
flock. The sheep were housed together in a paddock and
familiarised with the experimental facilities. Five sheep were
randomly selected for each of the six groups: no intervention -
control entire—C, ovariectomy (OVX)—O, OVX and HPD—
OH, OVX + HPD with oestrogen treatment—OHE, OVX +
HPD with thyroxine (T4) treatment—OHT, and OVX + HPD
with a combined treatment of oestrogen and thyroxine—OHTE.

Under general anaesthesia, bilateral ovariectomy was per-
formed via a paramedian laparotomy in 25 animals (O, OH,
OHE, OHT, and OHTE). The HPD animals (n = 20) were all
ovariectomised at least 1 week before HPD surgery.

A total of 20 ewes were operated upon with a standardised
hypothalamic-pituitary disconnection (HPD), as previously
published [18]. In short, the operation used a paramedian,
transnasal, and transphenoidal approach to expose the pituitary
gland, median eminence, and optic chiasm. The median emi-
nence was entered above the hypophysial portal circulation,
then the neural tissue of the tuber cinereum was cleared, leav-
ing the pituitary gland disconnected from the hypothalamus.

An aluminium foil barrier was placed after the entire re-
moval of the local neural tissue between the hypothalamus
and the pituitary gland to prevent regenerative tissue growth.
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This process led to atrophy of the pars nervosa and to hyper-
trophy of the pars intermedia of the pituitary gland, without
causing infarction of the pars distalis, which is essential for the
survival of the ewes [18].

Afterwards, one HPD group (OH) did not receive any fur-
ther treatment. The remaining three groups (OHE, OHT, and
OHTE) received hormone replacement therapy (oestrogen,
thyroxine, or both) starting 2 weeks after HPD procedure.
Oestrogen treatment was administered by silicone implants,
30 x 5 mm each, containing 43.9 mg oestradiol (Compudose
400, Elanco Animal Health, Auckland, New Zealand). The
implants were placed subcutaneously in the inguinal region
of the abdomen, as previously described [19].

The two groups on thyroxine treatment (OHT and OHTE)
received thyroxine (Sigma-Aldrich Chemie, Steinheim,
Germany) three times per week in the form of subcutaneous
injections of crystalline ; - T4 (5 ng/kg), which was dissolved in
0.3 N sodium hydroxide and 50% ethanol before use, and later
diluted in a sodium bicarbonate-buffered saline solution for
injection as described previously [20]. The group on both treat-
ment regimens (OHTE) received the oestrogen-containing im-
plants and the thrice-weekly thyroxine injections accordingly.

Blood samples were drawn during the experimental period
in order to check the thyroxine levels. Thyroxine was checked
every other day after injection. As oestrogen substitution via
silicone implants is already established [19], measuring of the
oestrogen profile was not part of the study. There was no
special diet nor were any other treatments given. There were
no silages and also no specific soja-free diet fed. All sheep
were kept on pasture. Water was given ad libitum.

After 9-months of treatment, the animals were sacrificed by
an intravenous overdose injection of sodium pentobarbital
(Lethabarb; May and Baker Pty. Ltd., Melbourne, Australia).
The entire mandibles were dissected out at death, fixed in
3.7% PBS-buffered formaldehyde for 3 days at 4 °C and sub-
sequently transferred into 70% ethanol for further
histomorphometric analyses.

Blood samples (8 ml) were taken from the jugular vein im-
mediately after sacrifice and collected in heparinised tubes. These
were centrifuged at 4 °C to obtain plasma, which was stored at
—80 °C until it was assayed. Urine samples for the determination
of urinary deoxypyridinoline (DPD) cross-lap excretion as a
measure of bone resorption were also kept at —80 °C until they
were assayed. All serum (sodium, potassium, chloride, calcium,
phosphate, alkaline phosphatase (AP), bone alkaline phosphatase
(bAP), osteocalcin, and thyroxine) and urine (DPD) parameters
were measured with the use of commercial kits.

All procedures and tissue collections were in accordance
with the guidelines for the Care and Maintenance of
Experimental Animals and with the prior approval of the
Monash Medical Centre Animal Ethics Committee and the
Animal Experimentation Ethics Committee of Victorian
Institute of Animal Science, Victoria, Australia.
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Contact radiography and micro-computer tomography

Mandible samples of two regions of interest (ROI)—diastema
(ROI 1) and mandibular angle (ROI 2) (Fig. 1)—were
analysed by using contact radiography with a Faxitron X-ray
cabinet (Faxitron X-ray Corp., Wheeling, IL, USA).

Diastema (ROI 1) and mandibular angle (ROI 2) sections
of all mandibles were scanned (55 kV/145 pA) in a micro-
computer tomography (LCT) 40 (Scanco Medical AG,
Bruettisellen, Switzerland) for evaluation and 3D visualisation
of cortical thickness (Ct.Th) and porosity, as previously de-
scribed [14, 16]. In addition, ramus sections (ROI 2) were
scanned as described above for evaluation and 3D visualisa-
tion of bone volume per tissue volume (BV/TV), trabecular
thickness (Tb.Th), trabecular number (Tb.N), and trabecular
spacing (Tb.Sp).

The generated raw data were manually segmented and
assessed using the uCT Evaluation Program V6.0 (Scanco
Medical, Bruettisellen, Switzerland). For visualisation, the
segmented data were imported and displayed in pCT Ray
V3.8 (Scanco Medical, Bruettisellen, Switzerland).

Static histomorphometry

The methods were performed as previously described [16].
After fixation of the bones and transfer into 70% ethanol, they
were dehydrated in ascending alcohol concentrations and em-
bedded in methyl methacrylate. The regions of interest (ROIs)
were cut into sections of 5 pm in the frontal plane for the
diastema and ramus (Fig. 1) with a Microtec rotation micro-
tome (Techno-Med, Munich, Germany). Hereafter, the sec-
tions were stained by van Gieson/von Kossa procedure [21].
Static histomorphometry parameters were quantified on
three different undecalcified von Kossa-stained sections of
5 wm thickness from the ROI 2, as seen in previous descrip-
tions [22, 23]. Evaluation was carried out according to
ASBMR standards [24, 25] of bone volume (BV/TV), trabec-
ular number (Tb.N), trabecular separation (Tb.Sp), trabecular
thickness (Tb.Th) by the use of OsteoMeasure
histomorphometry system (Osteometrics, Atlanta, GA,
USA) and Bioquant (Bioquant Image Analysis, Inc.,

Fig. 1 Regions of interest (ROI)
are marked by a red line. ROI 1 is
the diastema and ROI 2 is the
angle of the mandible.

Section samples were cut out and
were accordingly demonstrated
by contact radiography

Nashville, TN, USA) connected to a Zeiss microscope (Carl
Zeiss, Jena, Germany).

Statistical analyses

Statistical analysis was conducted using IBM® SPSS®
Statistics 14. Analyses’ results are shown as mean + standard
deviation (SD). Assessment for statistical differences between
groups was done by one-way ANOVA. The Tukey post hoc
honestly significant difference test was used to adjust for mul-
tiple comparisons. All statistical tests were two-sided and con-
ducted in an explorative manner at a 5% significance level. The
significance levels are marked by * or—p < 0.05 and ** or—
p<0.0l.

Results

Animals, ovariectomy, hypothalamo-pituitary
disconnection, and treatments

The study setup was initiated by operative procedures and
continued with treatment for 9 months. Surgical procedures
(OVX and HPD) were successful in all sheep. Treatment im-
plants and injections for the three treatment groups were well
tolerated by the animals. None of the animals, including treat-
ment groups, showed signs of infections nor was any hair loss
or conspicuous behaviour noted. All ewes grazed on pasture
with no further treatments or other special needs. As success-
ful clinical signs of the hypothalamo-pituitary disconnection,
polydipsia and polyurea resulting in diabetes insipidus were
observed and a moderate gain of body weight of 5.8 + 0.8 kg
overall without significant differences between the groups was
noted after 9 months of treatment/observation.

Biochemical profiles

Serum electrolyte levels (sodium, potassium, chloride, calci-
um, and phosphate) and bone-turnover parameters did not
show any significant differences between the six groups at
the time of sacrifice. Measurement of serum thyroxine levels
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throughout the 9-month treatment period demonstrated con-
tinuously significant lower levels in the OH and OHE groups
than in both control groups (C and O), validating successful
HPD surgery. Substitution of thyroxine in the two treatment
groups (OHT—9.30 + 2.46 pmol/l; OHTE—
9.69 + 1.41 pmol/l) was likewise effective since their overall
measured thyroxine levels were comparable to levels of con-
trol animals (C—8.52 £ 1.59 pmol/l; 0—8.28 £ 0.94 pmol/l).
Significantly lower values of thyroxine were measured for
untreated controls (OH 5.65 + 1.48 pmol/l; OHE
5.56 £ 0.75 pmol/l) [26]. Oestrogen silicone implants were
well tolerated by the animals throughout the entire experi-
ment. The release profile of oestrogen silicone implants is well
established and provides oestrogen levels in physiological
range for the two substitution groups (OHE and OHTE) [19,
27].

Analysis of cortical and trabecular bone at the diastema
and mandibular angle

ROI 1 at the diastema was used for analyses of the cortical
bone (Fig. 2). Control (C) and OVX (O) groups showed
steady levels for the cortical thickness, 2.45 + 0.21 and
2.32+0.15 mm, respectively. There was a significant decrease
in cortical thickness in the OH (1.98 + 0.20 mm**) and the
group treated with thyroxine (OHT) (1.89 £ 0.11 mm**) in
comparison to control entire (C). Treatment with oestrogen
(OHE) or the combination of oestrogen and thyroxine
(OHTE) helped to keep cortical thickness at the baseline levels
or even increase it, 2.45 £ 0.17 and 2.59 £+ 0.21 mm, respec-
tively. Cortical porosity was measured for the control group

(C)at0.79 £ 0.31% and for OVX group (O) at 1.01 = 0.29%.
It decreased by 12.66% within the oestrogen group (OHE) and
by 31.65% within the group of combined oestrogen and thy-
roxine treatment (OHTE) compared to control entire (C).
However, the increase in cortical porosity was more signifi-
cant, which more than doubled compared to control entire (C),
for OH (1.60 £ 0.52%%**) and OHT (1.65 £ 0.75%**).

The mandibular angle (ROI 2) was thoroughly analysed on
trabecular and cortical structure levels (Fig. 3). Scans of the
HPD (OH) (Fig. 3¢) and thyroxine treatment group (OHT)
(Fig. 3¢) showed a decreased trabecular network when com-
pared with the control (Fig. 3a). Bone volume per tissue vol-
ume (BV/TV) was 20.2 +2.5% in the control group (C). There
was a significant reduction in bone volume noted for the HPD
group (OH) by 32.17%* and by 25.59%%* for the ewes receiv-
ing thyroxine treatment (OHT) compared to control entire (C).
On the other hand, the ewes on combined treatment (OHTE)
had a significant increase of 21.89 and 39.37% in BV/TV
(24.6 = 8.9%*) compared to control entire (C) and OVX
(O), respectively. No significant changes to the control ewes
(C) were registered for the OVX (O) or for the sheep treated
with oestrogen only (OHE). Trabecular thickness was strongly
increased by 13.05% in the oestrogen group (OHE) and by
22.02% in the combination treatment group (OHTE) com-
pared to the thyroxine group (OHT) (Fig. 3g). Significance
levels for trabecular thickness were missed due to inter-
individual differences. However, changes in trabecular thick-
ness were found to have influenced bone volume, most likely
stronger than changes in trabecular numbers and separation.

Cortical thickness in the mandibular angle (ROI 2) was
analogous to the analyses from the diastema (ROI 1). The
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Fig.2 pCT scans of diastema (ROI 1) from control entire (=C) (a), O (b),
OH (c), OHE (d), OHT (e), and OHTE (f). An increase in porosity is
demonstrated in scans ¢ and e in comparison to control entire (a). After
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one-way ANOVA for cortical thickness (Ct.Th), porosity (%) and bone
mineral density (BMD) significances are visualised in part g with bar
graphs (— significance when p < 0.05 or — when p < 0.01 level)
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Fig. 3 uCT scans of the mandibular angle (ROI 2) for all six groups:
control entire (=C) (a), O (b), OH (c), OHE (d), OHT (e), and OHTE (f).
Bar graphs in part g show the mean + standard deviation (SD) for bone
volume per tissue volume (BV/TV), trabecular thickness (Tb.Th),
trabecular number (Tb.N), trabecular spacing (Tb.Sp). The images of

lowest levels were documented at 0.78 mm?* for the thyroxine
group (OHT) and the highest at 1.14 mm for the combination
group (OHTE) (23.87% less and 9.70% more compared to
control entire (C), respectively).

Static histomorphometry

Kossa-stained histologies from ROI 2 were analysed for all six
groups (Fig. 4). Bone volume per tissue volume was the
highest in control entire (C) (18.62 £ 3.38%) and OVX sam-
ples (O) (19.92 £ 0.27%). A significant decrease in BV/TV of
29.92%* and 29.18%* was observed in HPD sheep (OH) and
the thyroxine group (OHT) when compared to control entire

OHE OHT OHTE
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\\
\\ 1.2
N\ 1.0 i ’I‘
N o
c o

1.8

OH OHE OHT

OHTE

the mandibular angles are at about a 1.2 magnification. A significant
decrease in BV/TV for OH and OHT compared to control entire is
demonstrated in scans (parts ¢ and e, respectively). Highest BV/TV
values are registered for OHTE (part f). One-way ANOVA shows
significances (— significance when p < 0.05 or — when p < 0.01 level)

(C), respectively. Trabecular thickness increased with
oestrogen treatment (OHE) by 6.20% and with the combined
thyroxine and oestrogen treatment (OHTE) by 26.81% com-
pared to control ewes (C) (Tb.Th 136.20 + 10.61 mm). In
contrast, trabecular thickness decreased by 13.15% in the
HPD group (OH) and by 18.20% in the thyroxine-treated
sheep (OHT).

Discussion

The present study confirmed the profound negative effect of
HPD procedure on alveolar bone mass and structure. The
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Fig. 4 Histological von Kossa-stained sections of the mandibular angle
(ROI 2) from control entire—C (a), O (b), OH (¢), OHE (d), OHT (e),
and OHTE (f). Part g shows bar graphs with the mean + standard deviation
(SD) for bone volume per tissue volume (BV/TV), trabecular thickness

three treatment arms presented interesting results, with
oestrogen appearing to be bone protective by maintaining
bone volume levels similar to control levels, and thyroxine
causing a reduction of bone volume. Combined treatment with
oestrogen and thyroxine demonstrated a prevention of bone
loss with a tendency towards an increase in bone structure
parameters compared to untreated control ewes.

In this current study, we specifically focused on two re-
gions of the mandible (diastema and angle of the mandible)
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(Tb.Th), trabecular number (Tb.N), trabecular spacing (Tb.Sp). BV/TV is
significantly decreased in OH when compared with control entire (C) and
OVX sheep (O). Tb.Th is significantly increased in OHTE sheep in com-
parison to OH and OHT groups (— significance when p < 0.05 level)

since other studies have placed their focus on these regions
when analysing the osseous integration of dental implants [28,
29] and because our previous study analysed these two areas
[15].

Alveolar bone is generally influenced by local and system-
ic factors. Systemic influence of the hypothalamus-pituitary
axis on the (alveolar) bone is a complex mechanism regulating
bone metabolism, specifically the activity of osteoblasts and
osteoclasts for bone turnover [30]. Local parameters can be
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the mechanical load or inflammatory processes (e.g. periodon-
tal disease). Mechanical loading is an important factor in
maintaining good alveolar bone structure. However, here,
the local factors were overruled by the HPD procedure leading
to a significant decrease in alveolar bone quality in untreated
HPD sheep. Furthermore, a systemic therapy was able to pro-
tect alveolar bone structure deterioration. Thus, according to
our results, systemic influence has a significant effect on al-
veolar bone metabolism.

The HPD procedure induces a systemic hormonal imbal-
ance, which has been shown to lead to bone loss in the main
skeleton as well as in the alveolar bone, most likely due to a
low-bone-turnover situation [14—16]. The paramount add-on
in this current study on alveolar bone was made up off differ-
ent treatment arms, particularly with oestrogen (OHE) or the
combination of oestrogen and thyroxine (OHTE), showing
astonishing results in protecting bone structure. This newly
added hormonal replacement therapy showed that the surgi-
cally HPD-induced hormonal imbalance can be reversed by
peripheral drug supplementation.

Oestrogen has been long known to have a stronger impact
on inhibiting bone resorption than accelerating bone forma-
tion, thus leading to a steady or slightly increased bone min-
eral density [31, 32]. This positive effect of oestrogen works
on a cellular level via the inhibition of osteoclast numbers and
function with increased osteoblast recruitment and function
[33]. This effect was confirmed by the present results for ewes
treated with oestrogen demonstrating similar values for BV/
TV and cortical thickness to untreated control ewes. On the
contrast, thyroxine supplementation or hyperthyroidism in-
duces a high-bone-turnover situation with increased bone re-
sorption and formation [34, 35]. This supports the current
results on why the surgically induced systemic hormonal im-
balance in ewes and subsequent thyroxine supplementation do
not prevent bone mass loss but rather lead to pronounced bone
loss. However, the exact mechanism for thyroid hormones and
bone metabolism is not yet fully understood [36]. Recently, an
increase in bone turnover was demonstrated to be mediated by
thyroxine-specific receptors on osteoclasts [37], whereas
others identified TSH receptors on osteoblasts and osteoclasts
influencing bone metabolism [35]. However, here, the regula-
tory system of TSH and thyroid hormones with its feedback
mechanism has been disconnected due to the HPD procedure.
Therefore, the thyroxine-induced bone loss is most likely ex-
plained by a peripheral thyroxine effect leading to a high-
bone-turnover situation with the direct stimulation of osteo-
clast activity, respectively an increase in osteoclastic bone
resorption [37].

Interestingly, the treatment arm with the combination of the
two hormones (OHTE) showed synergistic effects, as
reflected in improved bone structure parameters compared to
untreated control ewes. The synergistic effect may be due to
oestrogen inhibiting the bone resorptive effect of thyroxine

and simultaneously the accelerated thyroxine induction of
bone formation leading to a net bone gain [38]. However, this
demonstrates the paramount importance of intercellular com-
munication between osteoblasts and osteoclasts—so-called
crosstalk—for balanced bone metabolism and consequently
bone mass and structure.

The study has some limitations. First, the number of ani-
mals is limited. However, this large animal model with initial
surgical interventions (OVX and HPD), long-term observa-
tion, and treatment demonstrates significant results regarding
its impact on bone structure and quality. Second, this follow-
up study focuses on mandibular bone only, whereas the sys-
temic impact of the hormonal changes caused by the HPD
procedure might be interesting to study also at other anatomic
sites, such as the alveolar process of the maxilla. And lastly,
the HPD sheep is doubtless a complex model causing system-
ic changes of different organ systems beyond mimicking low-
turnover osteoporosis. In summary, further studies are needed
in order to enhance the knowledge of the hormonal regulation
of bone metabolism and structure to elucidate these complex
interactions also on a cellular base.

Therefore, we can conclude that (i) alveolar bone signifi-
cantly underlies the systemic regulatory system of the hypo-
thalamus and pituitary in addition to local factors; (ii) the HPD
procedure leads to a significant bone loss of the alveolar bone
in sheep; (iii) peripheral hormone substitution overrules cen-
trally induced bone loss; (iv) thyroxine alone has a negative
effect on bone metabolism, most likely due to a direct activa-
tion of osteoclastic bone resorption; and (v) hormonal regula-
tion of bone metabolism in general and the intercellular com-
munication of osteoblasts and osteoclasts in particular is es-
sential for a balanced bone turnover, respectively bone mass
and structure.
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