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ABSTRACT

Hyperthyroidism causes secondary osteoporosis through favoring bone resorption over bone formation, leading to bone loss with
elevated bone fragility. Osteocytes that reside within lacunae inside the mineralized bone matrix orchestrate the process of bone
remodeling and can themselves actively resorb bone upon certain stimuli. Nevertheless, the interaction between thyroid hormones
and osteocytes and the impact of hyperthyroidism on osteocyte cell function are still unknown. In a preliminary study, we analyzed
bones from male C57BL/6 mice with drug-induced hyperthyroidism, which led to mild osteocytic osteolysis with 1.14-fold larger oste-
ocyte lacunae and by 108.33% higher tartrate-resistant acid phosphatase (TRAP) activity in osteocytes of hyperthyroid mice com-
pared to euthyroid mice. To test whether hyperthyroidism-induced bone changes are reversible, we rendered male mice
hyperthyroid by adding levothyroxine into their drinking water for 4 weeks, followed by a weaning period of 4 weeks with access
to normal drinking water. Hyperthyroid mice displayed cortical and trabecular bone loss due to high bone turnover, which recovered
with weaning. Although canalicular number and osteocyte lacunar area were similar in euthyroid, hyperthyroid and weaned mice,
the number of terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL)-positive oste-
ocytes was 100% lower in the weaning group compared to euthyroid mice and the osteocytic TRAP activity was eightfold higher in
hyperthyroid animals. The latter, along with a 3.75% lower average mineralization around the osteocyte lacunae in trabecular bone,
suggests osteocytic osteolysis activity that, however, did not result in significantly enlarged osteocyte lacunae. In conclusion, we
show a recovery of bone microarchitecture and turnover after reversal of hyperthyroidism to a euthyroid state. In contrast, osteocytic
osteolysis was initiated in hyperthyroidism, but its effects were not reversed after 4 weeks of weaning. Due to the vast number of
osteocytes in bone, we speculate that even minor individual cell functions might contribute to altered bone quality and mineral
homeostasis in the setting of hyperthyroidism-induced bone disease. © 2022 The Authors. Journal of Bone and Mineral Research pub-
lished by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

econdary osteoporosis is defined as bone loss due to an under-

lying disease or medication. Among osteoporotic patients, up to
30% of postmenopausal women, >50% of premenopausal women,
and between 50% and 80% of men suffer from secondary osteopo-
rosis.” The causes are multifactorial and can include different pathol-
ogies such as endocrinological, gastroenterological, rheumatological,
and hematological diseases." One of the endocrinological diseases
causing secondary osteoporosis is hyperthyroidism. Hyperthyroidism
directly interferes with the bone remodeling cycle by enhancing
osteoblast and osteoclast functions leading to a high bone turnover
state.”) Through favoring osteoclast-mediated bone resorption, a net
bone loss is induced that contributes to elevated bone fragility.”’

Two distinct hormones are secreted by the thyroid gland:
L-thyroxine (T,) and 3,5,3'-triiodo-L-thyronine (Ts), with T, levels
being three to four times higher than T5. The actions of the
thyroid hormones are mediated by three functional thyroid hor-
mone receptors, namely, TRa1, TR 1, and TRB2, which are encoded
by the THRA and THRB genes with TRa1 being predominantly
expressed in the skeleton.® In the adult skeleton, thyroid hormones
stimulate osteoblast differentiation and synthesis of the bone
matrix.”® In addition, osteoclastogenesis is influenced indirectly
through, eg, increased expression of receptor activator of nuclear
factor kB-ligand (RANKL) by thyroid hormone-stimulated cells
of the osteoblast lineage.'” Putative direct effects of thyroid
hormones on osteoclastogenesis are the subject of ongoing
research.® The actions of thyroid hormones on osteocytes remain
largely unknown, although the thyroid hormone transporter Mct8
has recently been shown to be expressed in the osteocyte-like cell
line MLO-Y4."" Distinct mouse models have been established to
study the effects of thyroid hormones on bone, revealing massive
trabecular bone loss and impaired bone strength due to acceler-
ated bone turnover with drug-induced hyperthyroidism."%'

Bone remodeling is controlled by osteocytes; terminally differen-
tiated osteoblasts that residue within the mineralized bone matrix.
They are interconnected via canaliculi and this lacunocanalicular
network spans an area of 215 m? in the human skeleton.™ When
osteocytes undergo apoptosis with microcracks interrupting their
network, empty osteocyte lacunae remain, and neighboring osteo-
cytes increase RANKL secretion and by this activate osteoclasts to
counteract the accumulation of damaged bone™ Imbalances
and changes within these processes may lead to changes in bone
remodeling and reduced bone quality contributing to the higher
fracture susceptibility as seen in the aging skeleton.® In addition,
osteocytes contribute to bone remodeling via the process of osteo-
cytic osteolysis, whereby osteocytes remove nanometers of perila-
cunar and pericanalicular matrix within their lacunocanalicular
network."” Especially under high bone turnover conditions, such
as lactation and hyperparathyroidism, osteocytic osteolysis directly
contributes to bone loss.('®'

In this study, we used an established mouse model of exoge-
nously induced hyperthyroidism to evaluate whether osteocytic
osteolysis also occurs during the high bone turnover state in
hyperthyroidism and whether this effect is reversible through
the resolution of hyperthyroidism.

Materials and Methods

Mouse model of exogenous hyperthyroidism

Animal procedures were approved by the Institutional Animal
Care Committee of the Technische Universitdt Dresden and

Landesdirektion Sachsen (TVV 2015/03). Male C57BL/6JR]j mice,
12 weeks of age, were purchased from Janvier Labs (Saint
Berthevin, France) and housed under institutional guidelines.
Mice were fed with a standard diet, held in groups of four with
12-hour light und 12-hour dark cycles, with a cardboard house
for cage enrichment purposes. Animals were controlled daily.
Mice were randomized into three groups with six mice per group
(control, hyperthyroidism, hyperthyroidism + weaning). Group
size was determined based on previous experiments of pharma-
cologically induced hyperthyroidism. Hyperthyroidism was
induced by adding levothyroxine (T4 Sigma-Aldrich, Munich,
Germany) to the drinking water (1.2 pg/mL) for 4 weeks as
described.'%'329 Therefore, 6 mg/mL T, were dissolved in water
through the addition of NaOH. The final concentration of NaOH
in the drinking water was 6 x 10”7 N without changing the pH
of the water. Finally, 40 pL stock solution were diluted into
200 mL of tap water. The T,-drinking water was prepared freshly
twice per week and protected from light. Following 4 weeks of
T4-drinking water, the weaning group received tap water for
4 weeks. Euthyroid mice served as control and received normal
tap water. All mice had ad libitum access to their diet and respec-
tive drinking water. After 4 weeks T, treatment (hyperthyroidism
group), 8 weeks of receiving tap water (control group) and
8 weeks of receiving 4 weeks T, and 4 weeks tap water (hyper-
thyroidism + weaning groups), respectively, mice were eutha-
nized using a ketamine (100 mg/kg body weight)/xylazine
solution (10 mg/kg body weight). Blood of anesthetized mice
was collected by heart puncture and serum was obtained by cen-
trifugation. Bones were collected after cervical dislocation, fixed
in 4% PBS-buffered paraformaldehyde for 48 hours and stored in
50% ethanol. All subsequent analysis were performed in a
blinded manner. For our preliminary analysis focusing on osteo-
cyte changes, tibias from euthyroid and hyperthyroid mice were
used from a previous study following the same treatment
regimen.(m

Three-dimensional micro-computed tomography

The distal femur and femoral midshaft were analyzed using a
vivaCT 40 (Scanco Medical, Briittisellen, Switzerland) with an X-
ray energy of 70 kVp (114 mA, 200 msec integration time) and
an isotropic voxel size of 10.5 pm The cortical tissue mineral den-
sity (TMD, mg HA/cm?) and cortical thickness (Ct.Th, pm) were
calculated from 100 slices at the femoral midshaft using the cor-
tical bone evaluation program from Scanco. The trabecular tissue
mineral density (TMD), the bone volume/total volume (BV/TV, %),
trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp,
mm), and the trabecular number (Tbh.N, 1/mm) were calculated
from 100 slices starting 250 pm below and extending away from
the growth plate using the Scanco bone evaluation software
resulting in a volume of interest height of 1050 pm.

Serum analyses and bone turnover parameters

Serum concentrations of the bone formation marker N-terminal
propeptide of type | procollagen (P1NP) and the bone resorption
marker type | collagen cross-linked C-telopeptide (CTX, Ratlaps)
were measured using ELISAs from DS, Frankfurt/Main,
Germany, according to the manufacturer’s protocol. To assure
successful experimental induction of hyperthyroidism and the
resolution of the hyperthyroidism, total T, and total T3 serum
concentrations were measured at the end of the study using
radioimmunoassays (RIA-4524 and RIA-4525 respectively; DRG
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Instruments, Marburg, Germany). The bound radiolabeled tracer
was counted in a gamma counter (1277 Gammamaster; LKB Wal-
lac, Turku, Finland). The limit of quantification was 10nM and
0.22nM for T4 and Ts, respectively. Intraassay coefficients of var-
iations were below 7.5%.

Osteocyte viability

Femoral bone samples were fixed in 4% paraformaldehyde,
dehydrated in an increasing ethanol series, and embedded in
methylmethacrylate (MMA). Following embedding, the bone
samples were cut into 4-pm-thick sections using a microtome
(Leica Biosystems, Wetzlar, Germany) and stained with toluidine
blue to assess osteocyte viability. Therefore, osteocytes with cell
nuclei were counted in the mid-cortical bone region (at least
100 osteocytes/sample) and in the trabecular bone 1T mm below
the growth plate (at least 50 osteocytes/sample) to obtain the
number of viable osteocytes over the analyzed bone area (N.
Ot/B.Ar, 1/mm?) and the number of osteocyte lacunae without
cell nuclei over analyzed bone area (N.eLc/B.Ar, 1/mm?). Finally,
the percentage of nuclei-empty osteocyte lacunae were calcu-
lated by dividing the number of empty lacunae by the total num-
ber of osteocyte lacunae (N.eLc/Ttlc, %). Analysis was
performed using the Osteomeasure software (OsteoMetrics,
Decatur, GA, USA).

By performing a terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end labeling (TUNEL)
assay, osteocyte viability was assessed on the bone sections
using an In Situ CellDeathDetection Kit (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s instruc-
tions. The percentage of TUNEL-positive osteocytes over total
osteocyte number (TUNEL+ Ot, %) was determined in the mid-
cortical bone region and in the trabecular bone 1 mm below
the growth plate.

Osteocyte canaliculi evaluation

For osteocyte canaliculi evaluation, 4-um sections of femoral
bone embedded in MMA were stained using Ploton’s silver
nitrate precipitation®” with a thionine counter staining.?? By
this, the osteocyte canaliculi become visible and allow to assess
two-dimensional (2D) canalicular number (Ot.Ca/Lc). Further-
more, the osteocyte lacunar area was assessed to normalize the
canaliculi per osteocyte lacunar area (Ot.Ca/LC.Ar, 1/um?).
Compartment-specific analyses were performed in the mid-
cortical bone region for cortical analysis and in the trabecular
compartment 1 mm below the growth plate. Per sample and
region 15 osteocyte lacunae were evaluated.

Quantitative backscattered electron imaging

To assess the mineralization degree and for analyses of the 2D
osteocyte lacunar area, quantitative backscattered electron
imaging (qBEl) was performed. The MMA-embedded femoral
bone samples were grinded to a co-planar state and polished
on the bone surface using 1200 silicon/carbide paper. The
samples were sputtered with carbon and mounted into a
vacuum chamber of a scanning electron microscope
system (LEO 435 VP; LEO Electron Microscopy Ltd., Cambridge,
England). Using a backscattered electron detector (Type 202;
K.EE. Developments Ltd., Cambridge, England) with constant
working distance of 20 mm, constant voltage of 20 kV, and con-
stant beam current of 680 pA, images were taken at magnifica-
tion x150 resulting in 0.74 pm resolution. Using a calibration

standard with aluminum and carbon, grayscale images were
obtained, which are used to determine the mineralization
degree based on calcium weight percentage.®®

2D osteocyte lacuna evaluation

To analyze osteocyte lacunar area, gBElI images were taken in a
standardized manner from the longitudinal mid-section bone
surface. For tibial specimens: (i) cortical bone was captured at
1 mm length at midshaft on both cortices resulting in 100-150
lacunae per specimen, and (ii) trabecular bone was captured in
an image area of 0.25 mm? starting 1 mm below the proximal
growth plate resulting in 50-75 lacunae per specimen. For fem-
oral specimens: (i) cortical bone was captured at 0.75 mm length
at midshaft on both cortices resulting in 100-200 lacunae per
specimen, and (ii) trabecular bone was captured in an image area
of 0.7 mm? starting 1 mm below the distal growth plate resulting
in 50-100 lacunae per specimen. Quantitation to assess osteo-
cyte lacunar area (Lc.Ar, pm?) was done using ImageJ Software
(NIH, Bethesda, MD, USA; https://imagej.nih.gov/ij/) with a lower
size limit of 10 pym? and an upper size limit of 250 pm?. A
gray-level threshold was determined and set to 90, reflecting
the mineralized bone matrix over nonmineralized regions within
representative specimens from all groups. Additionally, 2D oste-
ocyte lacunae section analyses were extended to frontal sections
of three lumbar vertebra and corresponding one transversal
section of midshaft femur in six controls and seven T,-treated
animals (Fig. S1). For this time a scanning electron microscope
with a field emission cathode (SUPRA 40; Carl Zeiss AG, Oberko-
chen, Germany) working at 20 kV energy, 10 mm working dis-
tance and 280-320-pA probe current was used. Images were
taken with 0.88 um spatial resolution. The osteocytes lacunae
areas were discriminated from mineralized bone matrix using a
gray-level threshold of 55 corresponding to 5.2% wt Ca and a size
range 3-80 um?. For vertebral and femoral cross-sectional analy-
sis of osteocyte area, the entire frontal vertebral cut and the
entire femoral cross section were imaged resulting in, respec-
tively, (i) 999 £+ 476 and (ii) 715 &+ 68 lacunae analyzed per
specimen.

Three-dimensional osteocyte lacuna evaluation

Femoral samples embedded in MMA were scanned using a high-
resolution desktop micro-computed tomography (uCT) (Skyscan
1272; Bruker, Kontich, Belgium) at a voxel size of 0.7 pm, 40 kV
acceleration voltage, 230 pA tube current, 5185 ms exposure
time, and 0.2-degree rotation step to access three-dimensional
(3D) osteocyte lacunar morphology. A length of 1.4 mm of the
distal metaphysis starting 1 mm above the growth plate was
scanned. Postprocessing was performed using our reported
technique.®? Briefly, after applying Otsu thresholding, the oste-
ocyte lacunar network was segmented using the 3D despeckle
filter in CTANn (Bruker, Kontich, Belgium). Objects with volumes
between 100 and 1500 pm?> were assumed to be osteocyte lacu-
nae. Following segmentation, the volume of each individual
osteocyte lacuna was determined.

Mineralization degree evaluation

Postprocessing to determine the bone mineral density distribu-
tion was done using a customized Matlab script (MATLAB
R2014a; MathWorks, Natick, MA, USA). By this, the following
parameters were assessed: (i) the average calcium weight per-
centage presented as calcium mean (CaMean, wt%), (ii) the peak
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position in the histogram, the most frequently measured calcium
weight percentage (CaPeak, wt%), (iii) the heterogeneity of the
mineralization expressed as the standard deviation of the cal-
cium distribution curve (CaWidth, wt%), (iv) the percentage bone
area which is lower than the 5th percentile value of the reference
histogram (CaLow,% bone area), and (v) the percentage bone
area which is higher mineralized than the 95th percentile value
of the reference histogram (CaHigh, % bone area). Images were
obtained for both regions, the trabecular region 1 mm below
the growth plate and the mid-cortical region of the longitudinal
sectioned femoral areas.

To determine the mineralization degree around the osteocyte
lacunae in the trabecular region, a 2500-um? quadrant around
each lacuna was selected and evaluated to determine the above-
mentioned parameters directly around the osteocyte lacuna and
to assess potential demineralization of the matrix surrounding
the osteocyte lacunae as sign of osteocytic osteolysis. If more
than one osteocyte lacuna was within the selected quadrant,
the second osteocyte lacuna was not measured again to avoid
measuring the same region twice.

Tartrate-resistant acid phosphatase staining

For the tartrate-resistant acid phosphatase (TRAP) staining, par-
affin sections from tibiae and femurs were dewaxed, rehydrated,
and stained for TRAP activity as described."® Histomorphometry
was performed to determine osteoclast (N.Oc/B.Pm, 1/mm: Oc.S/
BS, %) and osteoblast (N.Ob/B.Pm, 1/mm; Ob.S/BS, %) indices. To
evaluate the amount of TRAP+ osteocytes, one to 200 osteocytes
were analyzed, and TRAP-positive osteocytes were determined
both in trabecular and cortical bone in a blinded fashion."”
TRAP-positive osteocytes were normalized to total number of
osteocytes (TRAP+ Ot, %).

Statistical analysis

For a priori sample size calculation, GPower 3.1 was used. Data
were tested for normality using Kolmogorov-Smirnov test. In
our preliminary analysis, we compared two groups using Stu-
dent’s t test. The three groups, euthyroid, hyperthyroid, and
weaning, were compared using one-way ANOVA for normally
distributed data with Tukey’s multiple comparisons test and
Kruskal-Wallis test for non-normally distributed data. Outliers
were identified using Grubbs’ test implemented in the statistics
software. An a-level of 0.05 was defined as statistically signifi-
cant. Statistical analysis was performed using GraphPad Prism
9.1.2 (GraphPad Software, Inc., La Jolla, CA, USA). All data are pre-
sented as median + interquartile range in the figures and as
mean + standard deviation (SD) within the text.

Results

Mild enlargement of osteocyte lacunae detected in a
mouse model of exogenous hyperthyroidism

We have previously reported on the low bone mass phenotype,
along with prominent osteoclast activity in a validated male
C57BL/6 mouse model of T,-induced hyperthyroidism."'? When
examining the histological sections, also a higher TRAP-positivity
of osteocytes became apparent (Fig. 1A). Addition of T, to the
drinking water led to a significantly higher number of TRAP-
positive osteocytes within both bone compartments compared
to euthyroid mice (Fig. 1B). In the cortical bone compartment,
the results did not change when one detected outlier in T, group

was removed (adjusted p-value < 0.0001). The gBEl-based 2D
quantification in cortical and trabecular bone compartments
determined a mildly but significantly enlarged osteocyte lacunar
area in tibial bone of hyperthyroid mice compared to euthyroid
mice (Fig. 1C,D) shown by a 10.99% and 13.76% larger osteocyte
lacunar area, respectively.

Reversible T4-induced cortical and trabecular bone loss

One major characteristic of lactation-induced osteocytic osteoly-
sis is its reversibility with weaning."” In accordance, we set out
to investigate whether T4-induced osteocytic osteolysis is revers-
ible and therefore established a T,-weaning model. uCT analysis
revealed trabecular and cortical bone loss with hyperthyroidism
which recovered in the weaning group (Fig. 2A). Cortical thick-
ness and tissue mineral density were recovered with weaning
from T4, whereas cortical thickness was 7.85% lower in hyperthy-
roid femurs compared to euthyroid (Fig. 2B). Differences in TMD
remained after removal of one outlier in the weaning group
(We group) (adjusted p-value = 0.0098). Similar effects were also
seen in the trabecular bone volume fraction with decreased Tb.
BV/TV in the T, group compared to the euthyroid and weaning
group (Fig. 2C). Further, we determined a reduced trabecular
thickness in T,-treated mice as compared to weaned, but not
euthyroid animals (Fig. 2D). Trabecular number was 23.67%
lower with T, and remained 17.06% lower post-T, exposure, both
compared to euthyroid (Fig. 2D). Together this resulted in an
increased trabecular separation in hyperthyroid mice compared
to weaned (Fig. 2D) and euthyroid animals.

T4-induced elevated bone remodeling is normalized with
weaning

With regard to bone resorption, CTX concentrations were
increased in hyperthyroid animals compared to their euthyroid
counterparts, which was normalized to the euthyroid level upon
weaning (Fig. 3A). Differences remained after removal of one
outlier in the T, group (adjusted p-values < 0.0001 for both com-
parisons). We confirmed that bone resorption recovered during
weaning as osteoclast parameters, ie, number of osteoclasts
and osteoclast surface were reduced in the weaning group as
compared to T,-treated mice (Fig. 3B,C). Enhanced bone forma-
tion with T, was shown by an elevated serum level of PINP as
compared to euthyroid mice (Fig. 3C) that normalized upon
weaning to the euthyroid level (Fig. 3D). In accordance, number
of osteoblasts and osteoblast surface were highest in the T,
group compared to euthyroid and weaned mice (Fig. 3C,E).

The osteocyte network is unaffected by T, and weaning

When osteocytes undergo cell death, eg, via apoptosis, an empty
lacuna may be left behind within the bone matrix. In cortical
bone, the number of osteocyte lacunae as well as the percentage
of empty lacunae over total lacunar number were unaffected
and no differences were seen between the three groups
(Fig. 4A). However, the percentage of apoptotic osteocytes in
the cortex was lowest with weaning compared to euthyroid mice
(Fig. 4B). In the trabecular compartment, osteocyte viability was
similar between all three groups and no significant changes were
induced by neither T, nor weaning (Fig. 4C,D). Based on Ploton
silver precipitation, canaliculi were evaluated as part of the oste-
ocyte lacunocanalicular network contributing to network con-
nectivity. Canaliculi per lacuna were determined in 2D in
cortical and trabecular bone (Fig. 4E,F). In both compartments,
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Fig. 1. Mild osteocytic osteolysis is induced by levothyroxine (T,) treatment. Twelve-week-old male mice were rendered hyperthyroid by adding T, to the
drinking water over 4 weeks or received tap water as control. (A). TRAP activity staining was performed on histological sections from tibial midshafts of Eu
and T4 mice (Eu n = 5, T4 n = 4). The white arrow indicates an example of a TRAP-negative osteocyte while the black arrow points at a TRAP-positive
osteocyte. (B) Quantification of TRAP-positive osteocytes in femoral cortical (Ct. TRAP+ Ot) and vertebral trabecular bone (Tb.TRAP-+ Ot). (C) Using gBEI,
the 2D osteocyte lacunar area was evaluated in cortical bone (Ct.Lc.Ar) and trabecular bone (Tb.Lc.Ar) (n = 9 for both groups). (D) Representative qBEI
images of osteocyte lacunae in cortical and trabecular bone of Eu and T4 mice. Box plots show median line and the 25th and 75th percentile, the error
bars represent the minimum (Oth percentile) and the maximum (100th percentile). Individual data points are shown as dots. Statistical analysis was per-
formed using an unpaired Student'’s t test and p < 0.05 was considered significant. Eu = euthyroid control group; T4 = hyperthyroid group.

the number of canaliculi per lacuna was similar between all three
groups and thus, not affected by neither T, nor weaning (Fig. 4G).
Additionally, we did not detect any significant changes in the
percentage of apoptotic osteocytes (Fig. 4H), which remained
after removal of one outlier in Eu and T, groups.

Early state of T4-induced mild osteocytic osteolysis
recovered with weaning

Although we previously detected a mild but significant effect on
lacunar area both in cortical and trabecular bone as shown in

Fig. 1, this experimental setup did not reveal a difference in lacu-
nar area (Fig. 5A). Although one outlier in the T, group was
detected, removal of this outlier did not change the results. How-
ever, we reproduced the finding of 8.2-fold higher TRAP activity
with T, compared to euthyroid that was fully reversed to the
euthyroid level with weaning (Fig. 5B), which was unchanged
upon removal of one outlier in Eu and T, group (adjusted p-
value = 0.0011 for Eu versus T4 and adjusted p-value = 0.0113
for T, versus We). The additional measurement in femoral trans-
versal and vertebral frontal sections did also not detect any dif-
ferences between Eu and T, mice. However, the lacunar areas
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Fig. 2. Reversible T;-induced cortical and trabecular bone loss. Twelve-week-old male mice were rendered hyperthyroid by adding T, to the drinking
water over 4 weeks or received tap water as control. Following 4 weeks of T4-drinking water, the weaning group received tap water for 4 weeks. High-
resolution uCT was performed on femurs from Eu, T4, and We mice (n = 6 per group). (A) Representative images of 3D reconstructions. (B) Cortical thick-
ness (Ct.Th) and tissue mineral density (TMD) of the cortex. (C) Trabecular bone volume fraction (Tb.BV/TV). (D) Trabecular thickness (Tb.Th), number of
trabeculae (Tb.N) and trabecular separation (Tbh.Sp). Box plots show median line and the 25th and 75th percentile, the error bars represent the minimum
(0th percentile) and the maximum (100th percentile). Individual data points are shown as dots. Statistical analysis was performed using one-way ANOVA
with Tukey post hoc test and p < 0.05 was considered significant. Eu = euthyroid control group; T4 = hyperthyroid group; We = weaning group.

in trabecular bone were larger than in cortical bone of Eu mice
(Fig. S1). This difference is preserved with T, treatment (Fig. S1).
Variations in the threshold for osteocyte lacunar section (OLS)
size and gray levels for discrimination between mineralized
matrix and lacunae influenced the absolute OLS parameter
values but did not affect our conclusions (Fig. S2).

In the trabecular bone compartment larger lacunae with
>250 pm> were more prominent in the hyperthyroid compared
to the euthyroid group. However, this was also the case in the
weaning group (Fig. 5C,D).

Lower local trabecular calcium content suggests early
signs of osteocytic osteolysis in hyperthyroidism

Based on calcium weight percentages, the mineral density distri-
bution was determined using gBEI (Fig. 6A). In the trabecular
region, we found a clear shift of the bone mineral density distri-
bution curves toward lower calcium weight percentages in the
T4 and the weaning group (Fig. 6B), reproducing our previous
findings in hyperthyroid mice."® This is also shown by a ten-
dency toward a lower calcium mean in the hyperthyroid group
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Fig. 3. T4-induced high bone turnover is normalized after weaning. (A) Bone resorption marker C-terminal telopeptide of type | collagen (CTX) was mea-
sured in serum of Eu, T4, and We mice. Based on TRAP staining, (B) trabecular bone resorption in femurs was determined via number of osteoclasts per
bone perimeter (N.Oc/B.Pm) and osteoclast surface per bone surface (0c.5/BS). (C) the bone formation serum marker N-terminal propeptide of type | col-
lagen (PTNP) was measured in serum samples using an ELISA. (D) Number of osteoblasts per bone perimeter (N.Ob/B.Pm) and osteoblast surface per bone
surface (Ob.S/BS) were assessed in histological sections. (E) Representative images of TRAP stained trabecular bone in Eu, T4, and We groups. White arrow
indicating an osteoclast and black arrow pointing at osteoblasts. n = 6 per group. Box plots show median line and the 25th and 75th percentile, the error
bars represent the minimum (Oth percentile) and the maximum (100th percentile). Individual data points are shown as dots. Statistical analysis was per-
formed using one-way ANOVA with Tukey post hoc test and p < 0.05 was considered significant. Eu = euthyroid control group; T4 = hyperthyroid group;

We = weaning group.

compared to the euthyroid group, which did not reach a signifi-
cant difference (Fig. 6C). However, upon removal of one detected
outlier in the Eu group, the T, and We group presented with sig-
nificantly lower CaMean values compared to the Eu group
(adjusted p-value = 0.0034 and adjusted p-value = 0.0055,
respectively). The peak position of Ca wt% (CaPeak) was 2.55%
lower in hyperthyroid compared to the euthyroid group, with a
similar trend in the weaning group compared to the euthyroid
group. The heterogeneity (CaWidth) along with the percentage

of bone area with low (CaLow) or high (CaHigh) mineralized
bone packets was similar between all three groups. In the cortical
midshaft region, the above specified mineralization parameters
were not significantly different between the groups (Fig. S3).
Osteocytic osteolysis includes acidic removal of mineral from
the perilacunar matrix of osteocytes.?® Here, we observed a
2.74% lower average calcium wt% directly around the lacuna in
T, compared to euthyroid mice (Fig. 6D), which did not recover
in the weaning group as shown by a significantly lower value
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(Figure legend continues on next page.)
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compared to euthyroid. Results remained after removal of one
outlier in the Eu group (adjusted p-value = 0.005 Eu versus T4
and adjusted p-value = 0.004 Eu versus We). In contrast, calcium
peak and calcium width were similar between the three groups
(Fig. 6E), which did not change after removal of one outlier in
the Eu group for calcium peak.

Discussion

In this study, we analyzed bones from euthyroid mice, hyperthy-
roid mice, and mice treated with T, followed by a weaning
period of 4 weeks that allowed for monitoring transient changes
in osteocyte physiology and bone quality during hyperthyroid-
ism and its recovery to a euthyroid state. Here, we found evi-
dence for osteolytic activity of osteocytes after 4 weeks of T,
administration in mice, which was still present 4 weeks post T,
administration in terms of remaining lower perilacunar mineral-
ization. Although cortical and trabecular bone mass recovered
with weaning due to a normalization in bone remodeling activi-
ties by osteoclasts and osteoblasts, the persistently decreased
local bone mineralization around osteocyte lacunae indicates
altered local bone quality.

In our previous study, we initially investigated bone of euthy-
roid versus hyperthyroid-rendered mice.'? We determined a
robust activity of TRAP, not solely in osteoclasts, but also in tra-
becular and cortical osteocytes upon T, administration in the
load-bearing tibia. TRAP is considered a classical bone turnover
marker and in patient sera reflects the number of active osteo-
clasts.?® As a metalloenzyme, TRAP may catalyze the hydrolysis
of phosphate esters and anhydrides under acidic conditions. As
for osteocytes, TRAP activity has been described in the past,®”
but has more recently been attributed to the process of osteocy-
tic osteolysis.®”

Following these results, we posed the question of whether
osteocytic bone resorption in hyperthyroidism would be revers-
ible upon return to the euthyroid state. Therefore, we undertook
an additional set of experiments, including a 4-week weaning
group. Here we saw a complete normalization of cortical thick-
ness and a higher tissue mineral density as compared to the
hyperthyroid group, suggesting that both cortical bone mass
and hydroxyapatite content were restored within 4 weeks of
weaning. Interestingly, in the trabecular compartment, the effect
on trabecular thickness and overall bone volume fraction sug-
gested a positive balance of bone remodeling favoring bone for-
mation during weaning. However, trabecular number was not
yet restored within 4 weeks post T,-exposure, suggesting a dif-
ferential effect of bone turnover activities in the individual bone
compartments. In hyperthyroid patients, a reversibility of bone

mineral density loss was reported after 1 year radioiodine ther-
apy.?® Additionally, bone loss induced by thyroid hormone
excess was shown to be reversible with thyreostatic therapy.®
Although some authors detected normalized bone mineral den-
sity values after 3-6 years of treatment,®® others determined an
incomplete reversibility at earlier time points."

Both serological and histological osteoblast and osteoclast
parameters revealed a complete reversal of the high bone turn-
over state due to hyperthyroidism in trabecular bone after wean-
ing. Data from hyperthyroid patients show similarly elevated
levels of bone turnover makers that return to normal levels upon
resolution of hyperthyroidism.®? Despite that we could not
determine a significant effect on 2D or 3D lacunar size, results
of cellular activity and local bone mineralization analyses
because contributors to bone quality showed signs of osteocytic
osteolysis. Interestingly, we observed a complete recovery of the
number of TRAP-positive osteocytes upon weaning from hyper-
thyroidism. Mineralization analysis showed a significantly lower
calcium content with hyperthyroidism around the osteocyte
lacunae including the perilacunar matrix, which did not return
to euthyroid levels after weaning. The most pronounced effects
on lacunar enlargement were previously shown within the lacta-
tion model of CD1 mice, but also in C57BL/6 mice that were
either selected for sufficient litter size or fed with a low calcium
diet to increase the need for calcium release through osteoly-
sis.?> However, others have not determined effects on lacunar
size,®® or required the addition of a potent external stimuli such
as lactation.®” In comparison to a 12-day-lactation 7-day-
weaning regime including a complete recovery of the TRAP-
positive osteocytes within larger osteocyte lacunae,*® the
mouse model of hyperthyroidism utilizes the established
4-week T4-administration and a 4-week weaning period. Thus,
differences between the two models could be due to the fact
that the time point for detection of osteocytic osteolysis was
potentially not optimal in the model of hyperthyroidism and a
shorter T, exposure should be considered.

The potential controversy of osteocytic osteolysis has been
based on focusing solely on lacunar enlargement,®® which
neglects the number of osteocytes and their active surface vol-
ume. However, additional parameters involving lacunar acid-
ification and proteolytic degradation are considered to
additionally describe osteocytic osteolysis."’?> Perilacunar
remodeling has been previously presented in the absence of
changes in osteocyte lacunar size, based on markers such as
Cathepsin K or TRAP in osteocytes.®*** Although we could only
find a small but significant effect on lacunar size comparing
hyperthyroid with euthyroid mice with a larger n-number of ani-
mals, this effect diminished when adding an additional group
(Weaning) and decreasing animal number. However, we could

(Figure legend continued from previous page.)

Fig. 4. The osteocyte network is unaffected by hyperthyroidism and weaning. Osteocyte viability in Eu, T4, and We mice was investigated on femoral
bone sections (n = 6 per group). Toluidine blue histology was performed to quantify osteocyte-inhabited lacunae versus empty osteocyte lacunae. TUNEL
assay determined the percentage of currently apoptotic cells in the consecutive sections. Representative images are shown for each staining. In A, cortical
bone was quantified regarding osteocyte lacunar number per bone area (N.Ot/B.Ar), and percentage of empty lacunae over total number of lacunae (N.
eLc./Tt.Lc) in B. In trabecular bone in C, the same indices were assessed in D. In both bone compartments, cortical bone in E and trabecular bone in F, can-
alicular numbers (Ca/Lc) were determined in Ploton silver precipitated sections in G. (H) The percentage of apoptotic osteocytes (TUNEL+ Ot) were quan-
tified in cortical bone (Ct.) and trabecular bone (Tb.). Box plots show median line and the 25th and 75th percentile, the error bars represent the minimum
(0th percentile) and the maximum (100th percentile). Individual data points are shown as dots. Statistical analysis was performed using one-way ANOVA
with Tukey post hoc test and p < .05 was considered significant. Eu = euthyroid control group; T4 = hyperthyroid group; We = weaning group.
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Fig. 5. No recovery from thyroid hormone-induced mild osteocytic osteolysis with weaning. (A) Lacunar area (Ic.Ar) in femurs of Eu, T4, and We animals
was determined on backscattered electron microscopy images in cortical (Ct.) and trabecular (Th.) bone (n = 6 per group). (B) TRAP-positive osteocytes
were counted in the femoral trabecular bone compartment (Tb.TRAP+ Ot). (C) High-resolution pCT analysis-based quantification of lacunar volume over
lacuna number (n = 3 per group). (D) Representative pCT images of the osteocyte lacunae in the trabecular bone compartment. Box plots show median
line and the 25th and 75th percentile, the error bars represent the minimum (Oth percentile) and the maximum (100th percentile). Individual data points
are shown as dots. Statistical analysis was performed using one-way ANOVA with Tukey post hoc test and p < 0.05 was considered significant. Eu = euthy-

roid control group; T4 = hyperthyroid group; We = weaning group.

find indications of osteocytic osteolysis based on higher
TRAP activity in osteocytes and lower mineralization around
osteocyte lacunae. Due to the large network that osteocytes
span, resulting in an impressive active surface volume, even
small changes in osteocyte lacunar activity may impair bone
quality. Although an earlier time point for analysis of

osteocytic osteolysis (eg, 14 days of T, treatment followed
by 7 days of recovery) might allow for detection of larger dif-
ferences regarding osteocyte properties, shorter time points
might weaken the bone phenotype of the established hyper-
thyroid mouse model used, which is dependent on
treatment time.
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Because osteocyte properties and mineralization degree both
contribute to bone quality, we further analyzed the global tra-
becular calcium content, which was presented with a

significantly lower calcium peak in T, compared to euthyroid
mice. The weaning group did not show any statistical differences
but showed similar mean values to the T, group indicating an
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(Figure legend continues on next page.)
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altered global bone mineral density distribution in trabecular
bone in response to hyperthyroidism. Additionally, local bone
mineral content seems to be controlled by osteocytes, which
has been supported by us and others using high-resolution syn-
chrotron determining differential mineralization around the
osteocyte lacunae.®®*” The lower global mineralization degree
in combination with the observed osteocyte activity-induced
changes may potentially contribute to increased bone fragility
in hyperthyroid patients.

Despite its strengths, our study has potential limitations. The
mild type of osteocytic osteolysis detected was not reflected by
the osteocyte lacunar area but rather shown by other parameters
such as higher TRAP activity in osteocytes and a lower mineraliza-
tion degree around the osteocyte lacunae. A smaller group size as
compared to our preliminary analysis (six versus nine mice per
group) and the chosen duration for T, administration and recov-
ery might explain absence of lacunar area changes. Also, we
focused on male mice to reduce the effect of sex-related changes
on bone tissue. Parts of our analyses are based on histology, which
might result in processing artifacts such as apparent empty lacu-
nae due in 4-um thin sections. Equal processing of all samples fol-
lowing well established protocols ensures that such influences
can be neglected. Additionally, we combined histological analysis
with a TUNEL assay to further determine cell death.

In conclusion, our study showed a high bone turnover state in
hyperthyroid mice accompanied by a higher TRAP activity in
osteocytes. Although the low bone mass recovered in both bone
compartments during the weaning period, the initiated osteocy-
tic osteolysis indicated by higher TRAP activity was not reversed
as shown by a persistently low mineralization degree around the
osteocyte lacunae in the weaning group. Future preclinical stud-
ies should address whether osteocytic osteolysis might be more
pronounced at different time points during T, treatment. Contri-
bution of osteocytes to hyperthyroidism related bone loss are
understudied and detailed insights on how thyroid hormones
affect the osteocyte network could improve the bone health of
hyperthyroid patients with osteoporosis by focusing on osteo-
cytes as therapeutic targets.
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(Figure legend continued from previous page.)

Fig. 6. Lower global and local trabecular calcium content in T,-treated mice. (A) Representative backscattered electron images show the local distribution
of the mineral content in gray scale in the trabecular bone compartment of femurs of all three groups. (B) Histograms of calcium weight percentage (wt %)
over frequency % of bone area. (C) Mean calcium wt % (CaMean), peak position of calcium wt % (CaPeak) and the standard deviation of the histogram
curve (CaWidth) as a measurement for mineralization heterogeneity were assessed in trabecular bone (Tb.) of femurs. (D) The local mineral content around
osteocyte lacunae was determined in trabecular bone and (E) the lacunar (Lc.) CaMean, CaPeak, and CaWidth were determined. n = 6 each per group. Box
plots show median line and the 25th and 75th percentile, the error bars represent the minimum (0th percentile) and the maximum (100th percentile).
Individual data points are shown as dots. Statistical analysis was performed using one-way ANOVA with Tukey post hoc test and p < 0.05 was considered
significant. Eu = euthyroid control group; T4 = hyperthyroid group; We = weaning group.
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Data Availability

All data needed to evaluate the conclusion in the paper are pre-
sented in the paper. The datasets generated during and/or ana-
lyzed during the current study are not publicly available but are
available from the corresponding author upon reasonable request.
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