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Aims

The physiological function of sclerostin remains unknown. Sclerostin is synthesized by
osteocytes and operates by inhibiting the Wnt/B-catenin pathway. Similarly, it is well
established that low levels of sclerostin lead to enhanced bone formation and reduced
calciuria, and that high levels of sclerostin are associated with osteoporosis.

Methods

The impact of high levels of recombinant sclerostin on bone and mineral metabolism
parameters was analyzed in this study. In male healthy rats, the effects of three elevated
doses of sclerostin over a 14-day period were studied, involving bone histomorphometry,
micro-CT (uCT), immunohistochemistry, and analysis of mineral metabolism parameters.

Results

Although there was increased bone formation, high doses of sclerostin led to a higher
reduction in trabecular bone volume due to a significant increase in bone resorption
through the direct activation of osteoclastogenesis. In vitro, sclerostin promoted the
differentiation of bone marrow stem cells into osteoclasts. Bone resorption, as measured by
tartrate-resistant acid phosphatase (TRAP) activity, was excessive in trabecular, cortical, and
subchondral bone. Similarly, high doses of sclerostin increased the number of hypertrophic
chondrocytes, consequently expanding the growth plate area. At the cortical level, positive
TRAP staining could be observed, suggestive of osteocytic osteolysis and trabecularization
of cortical bone. The increased bone resorption resulted in a substantial rise in the urinary
excretion of phosphorus and calcium, accompanied by elevated levels of FGF23 and a
significant decrease in parathyroid hormone (PTH).

Conclusion

These findings suggest that elevated levels of sclerostin promote bone resorption through
the activation of osteoclasts and the generation of osteocytic osteolysis, resulting in
increased calciuria, phosphaturia, and changes in mineral metabolism.
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Article focus

* The impact of reduced or absent sclerostin levels on
increased cortical bone and decreased calciuria has been
well documented. However, the effects of elevated
sclerostin levels on bone changes and mineral metabolism
remain underexplored.

e Further investigation into the impact of high sclerostin
levels on bone and mineral metabolism is essential to
better understand the skeletal changes that occur in
conditions characterized by elevated sclerostin, such as
chronic kidney disease.

Key messages

* High doses of sclerostin increase bone resorption, alter
osseous microarchitecture, and promote osteoclastogene-
sis.

¢ Sclerostin also induces trabecularization of cortical bone,
triggering the development of osteocytic osteolysis.

* Elevated sclerostin induces changes in urinary calcium and
phosphorus, as well as in the circulating levels of parathy-
roid hormone (PTH) and FGF23, thus revealing a new key
element in mineral homeostasis.

Strengths and limitations

e Our work involves the use of an in vivo experimental model
that resembles the effect of a chronic and continuous
administration of sclerostin. The findings that are shown in
the article are novel and interesting, showing that high
sclerostin markedly alters bone structure. All together,
these results suggest that the elevated concentrations of
sclerostin that are normally found in chronic kidney disease
patients might contribute to renal osteodistrophy.

* This work only involved the use of male rats. Therefore, sex-
related differential effects of sclerostin cannot be ruled out.

Introduction

Sclerostin, a protein encoded by the SOST gene, is pivotal in
bone metabolism. Predominantly synthesized by osteocytes,
it serves as a key negative regulator of bone formation by
binding to transmembrane proteins LRP5/6, facilitating the
degradation of B-catenin." The understanding of the func-
tions of sclerostin is still limited. Research utilizing SOST-KO
mice has revealed an aberrant activation of Wnt/B-cate-
nin signalling, leading to heightened bone formation and
increased cortical bone density.

However, in the clinical scenario, it is more common to
find elevated rather than low sclerostin levels, as in chronic
kidney disease (CKD) patients.”” In fact, in advanced stages
of CKD, a relationship between high sclerostin levels and
cardiovascular mortality has been reported.” The reasons for
an increase of sclerostin levels in CKD patients are not clear.

It is known that bone sclerostin expression is reduced
in response to parathyroid hormone (PTH) in vitro and in
vivo.” Along the same line, other studies have proposed that
the decrease in PTH levels is associated with an increase
in sclerostin.’ Furthermore, in peritoneal dialysis patients, it
has been suggested that the PTH/sclerostin ratio may serve
as a more reliable marker of low bone turnover than PTH
levels alone;” thus, sclerostin plays an important role in the
regulation of mineral metabolism. However, presently, it is not
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clear how sclerostin interacts with other elements of mineral
metabolism.

There is not much information about the consequen-
ces of high or physiological levels of sclerostin on bone,
and how it affects other parameters of mineral metabolism.
The present study aimed to shed light on the physiological
impact of sclerostin on trabecular, cortical, and subchondral
bone. To accomplish this goal, we used an experimental rat
model involving the continuous infusion of high levels of
recombinant sclerostin. Additionally, the relationship between
sclerostin levels and other parameters of mineral metabolism
was explored in this setting.

Methods

Animals

Healthy male Wistar rats (Charles River Laboratories, USA),
aged nine to ten weeks and weighing 250 to 300 g, were
individually housed using a 12-hour/12-hour light/dark cycle.
Animals were given ad libitum access to a standard diet
(Altromin, Germany). Ethical approval was obtained from the
Ethics Committee for Animal Research of the University of
Cordoba and Junta de Andalucia. Animals received humane
care in compliance with the Principles of Laboratory Animal
Care from the National Society for Medical Research.® An
ARRIVE checklist is included in the Supplementary Material to
show that the ARRIVE guidelines were adhered to in this study.

A total of 20 rats were randomly allocated into four
experimental groups receiving either vehicle or 750, 1,500, or
3,000 pg/ml of recombinant sclerostin per day. Initially, five
animals were planned for each group. During the experiment,
some animals were excluded due to technical issues related to
pump implantation. As a result, the final number of animals
per group was as follows: vehicle (n = 4), SOST 750 pg/ml (n
= 4), SOST 1,500 pg/ml (n = 4), and SOST 3,000 pg/ml (n = 6).
These numbers were sufficient to detect statistically signifi-
cant differences among the groups. No inclusion criteria were
adopted during the experiment; animals in which implanta-
tion errors due to human handling were identified were
excluded from the final analyses, and there were no other
exclusion criteria. In this sense, we retrieved the first round of
animals corresponding to each group (one per group) due to
human failure to implant the correct Alzet pump model. For
this reason, these animals were discarded from the experi-
ment. Finally, two rats in the group with the highest dose of
sclerostin (3,000 pg/ml) were added.

Alzet pumps (model 2002; ALZET, USA) were filled in
aseptic conditions with recombinant rat sclerostin (Cusabio,
USA) diluted in 10 mM Tris-HCl pH 8.0 buffer, providing
constant sclerostin infusion for 14 days. Considering a blood
volume of 60 ml/kg and aiming to achieve plasma concen-
trations of sclerostin at 750, 1,500, and 3,000 pg/ml, daily
infusions of 12 ul were administered at concentrations of
1.075 ng/ml, 2.15 ng/ml, and 4.3 ng/ml, respectively. Pumps
were implanted subcutaneously between the shoulders.
Mineralization was evaluated through double labelling by
subcutaneous calcein (Sigma-Aldrich, USA) administration
(25 mg/kg) to the rats, two and nine days before kill. Rats were
housed in metabolic cages to collect 24-hour urine samples
before kill on day 14 of the experiment. Potential confound-
ers such as the order of treatments and measurements, or
animal/cage location were not controlled. The first author
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of the study (MERO) was aware of the group allocation at
different stages of the experiment and during the subsequent
data analysis. Euthanasia was performed by aortic puncture
and exsanguination under general anaesthesia with sevoflur-
ane. Blood samples were collected in heparinized syringes
from the abdominal aorta. Afterwards, plasma was separated
by centrifugation and stored at -80°C until use. The organs of
interest were collected for subsequent processing.

Bone histomorphometry

At euthanization, right femora were dissected and placed
in 70% ethanol. The femora were dehydrated in alcohol,
treated with xylene, and embedded in 75% methyl meth-
acrylate, 25% dibutyl phthalate, and 2.5% w/v benzoyl
peroxide. Histomorphometric parameters were evaluated in
undecalcified 5 mm sections of the distal bone stained with
modified Masson-Goldner trichrome technique. Briefly, slices
were fixed with 50% ethanol with pressure, rehydrated and
stained with haematoxylin-ferric chloride 1:1, then cleared
with 1% hydrogen chloride (HCl) and turned blue with
lithium carbonate (LiCO3). After being rinsed with water, slices
were stained with Goldner’s trichrome dye for 20 minutes
and then rinsed with 1% acetic acid. Subsequently, samples
were stained with safranin for five minutes, dehydrated with
ethanol, and mounted. Green-stained areas were considered
mineralized bone and red-stained areas measuring at least
1.5 mm were identified as osteoid.

Bone histomorphometry parameters were assessed in
cancellous bone within the secondary spongiosa (at a distance
of 0.25 mm from the endocortical bone and the growth plate)
under 200x magnification, using OsteoMeasure software
(OsteoMetrics, USA), and derived indices were determined
by standard calculations.” Bone dynamic parameters were
calculated by the measurement of the single and double
fluorescent calcein labelling lines in undecalcified 10 mm serial
sections.

Micro-CT analyses

For micro-CT (uCT) analysis, rat femora were scanned using a
Bruker 1176 microCT device (50 kV, 500 pA) (Bruker, USA) with
a 1,000 x 668 matrix, 35 mm field of view, 0.5 mm alu-
minium filter, and 0.5° rotation angle. Images were recon-
structed using NRecon (Micro Photonics, USA) to correct
beam-hardening and ring artifacts. Trabecular and cortical
bones were segmented and analyzed separately: trabecular
bone analyses were performed at a 5 mm distance from the
distal femur with a length of 2.5 mm, while cortical analy-
sis included slices spanning 1.5 mm at the mid-diaphysis.
Using Bruker CTANn software (Bruker), trabecular parameters
(bone volume fraction (BV/TV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), number of trabeculae (Th.N)),
and cortical parameters (bone area, thickness, bone mineral
density (BMD)) were quantified. 3D Slicer software (version
5.2.1) was used for 3D visualization, and to provide representa-
tive images across experimental groups.'®

Immunohistochemistry

Left femora were fixed in 4% formalin and embedded in
paraffin after decalcification with ethylenediaminetetraace-
tic acid (EDTA) 10% pH 7.4 for 28 days and 4°C. Next, 4
mm sections were deparaffinized in xylene and rehydrated
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in ethanol. Immunostaining was performed by using the
ImmPRESS HPR Universal and Polymer kit (Vector Laborato-
ries, USA). Sections were incubated overnight at 4°C with a
mouse anti-B-catenin antibody (1:50 dilution; BD Bioscences,
USA). Sections were counterstained with haematoxylin for
30 seconds (PanReac AppliChem; ITW Reagents, Germany)
and dehydrated. Staining with only polymer without primary
antibody was used as a negative control to avoid unspecific
signals.

TRAP staining

Tartrate-resistant acid phosphatase (TRAP) staining was
performed after bone decalcification with 10% EDTA for
28 days. The bones were later dehydrated and embedded in
paraffin. TRAP staining was evaluated separately in trabecular,
cortical, and subchondral bone.

Briefly, slices were incubated in basic solution
containing sodium acetate anhydrous, L-(+)-tartaric acid,
glacial acetic acid, and distilled water for 30 minutes and
37°C to reduce noise. Later, Naphthol AS-BI substrate solution
was included, and the slices were incubated for 30 addi-
tional minutes. The following step was to mix sodium nitrate
solution and pararosaniline dye for 30 seconds and to add
basic solution, and it was incubated for seven minutes and
washed with distilled water. Finally, bone slices were stained
with Carazzi's haematoxylin for one minute and washed again
with water, then mounting medium was added. Pink areas
with cells containing two or more nuclei were considered as
osteoclastic cells. Images were obtained with a Leica DM 2000
and a Camera Leica MC190 HD (Leica, UK).

Osteoclast differentiation from rat bone marrow stem cells
Six male Wistar rats, each weighing approximately 250 g,
were anaesthetized with sevoflurane and euthanized by
aortic puncture. Femora and tibiae were collected, and bone
marrow was perfused as follows: bones were dissected at
the epiphyses and subsequently perfused with a modification-
minimal essential medium (aMEM; Sigma-Aldrich) containing
15% fetal bovine serum (FBS; Lonza, USA), 1% ultra-glutamine
(Lonza), 100 U/ml penicillin, and 100 pg/ml streptomycin.
A single-cell suspension was obtained by filtration through
a 70 pum cell strainer (BD Biosciences). The cells were then
centrifuged and suspended in ammonium-chloride-potassium
(ACK) lysing buffer. Cells were subsequently centrifuged and
cultured in a-MEM supplemented with 10% FBS and 10 ng/ml
rat recombinant M-CSF (PeproTech; Thermo Fisher Scientific,
USA), and maintained at 37°C with 5% CO, and saturated
humidity. After 24 hours, non-adherent cells were collected
and cultured in six-well plates with a-MEM supplemented with
10% FBS and 30 ng/ml rat recombinant M-CSF and incubated
in the same conditions. After three days, adherent cells were
carefully harvested using a scraper, counted in a Neubauer
chamber, and then cultured in 24-well plates with a-MEM
containing 10% FBS, 30 ng/ml rat recombinant M-CSF, and
100 ng/ml rat recombinant receptor activator of NF-«xB ligand
(RANKL). At this point, either 1 ng/ml of sclerostin or vehicle
was added. The culture medium was replaced every two days,
and after five days the cells were processed to quantify the
expression of cathepsin K (CTSK) messenger RNA (mRNA) and
subjected to TRAP staining, both of which are commonly used
as markers for osteoclast markers.
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Identification of TRAP-positive cells

TRAP staining was carried out using a commercially available
Leukocyte Acid Phosphatase (TRAP) Kit from Sigma-Aldrich,
following the manufacturer’s instructions. In brief, cells were
fixed with a citrate-paraformaldehyde-acetone solution for
30 seconds at room temperature, washed three times with
deionized distilled water (ddH20) pre-warmed to 37°C, and
then incubated in a TRAP-staining solution (comprising 0.25 M
acetate, 0.7 mg/ml diazotized Fast Garnet GBC, 1.25 mg/ml
Naphtol AS-Bl phosphate, and 0.67 M tartrate) at 37°C for
one hour. Subsequently, the cells were washed twice with
ddH>0, counterstained with haematoxylin for two minutes,
rinsed with tap water, and air-dried. Microphotographs were
taken using a Leica DM2000 LED microscope (Leica).

RNA isolation and RT-PCR

Total RNA was extracted with 1 ml of TRI reagent
(Sigma-Aldrich) following a modification of the Chomczyn-
ski and Sacchi protocol,'" and quantified by spectropho-
tometry (ND-1000; NanoDrop Technologies, USA). Isolated
RNA samples were treated with DNase amplification grade
(Sigma-Aldrich), following manufacturer instructions. Real-
time PCR was assayed with 50 ng of treated RNA using
SensiFAST SYBR No-ROX One-Step Kit (Bioline, UK) in a
final volume of 20 ul following manufacturer instructions.
Primers from cathepsin K and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (purchased from Eurofins Genomics,
Germany) used for real-time reverse transcription polymer-
ase chain reaction (RT-PCR) were the following: cathepsin K
(forward 5 TCTCTGTACCCTCTG-CACTTAG3'; reverse 5'ATTGAC
TCTGAAGACGCTTACC3') and GAPDH (forward 5’AGGGCTGCC
TTCTCTTGTGAC3'; reverse 5TGGGTAGAATCA-TACTGGAACATG
TAG3’). PCR amplification was performed using LightCycler
480 (Roche Molecular Biochemicals, USA). The expression of
cathepsin K was normalized according to that of GAPDH. The
formula 24T was used to show the relative expression of
cathepsin K as fold change.

Serum and urine biochemistries

Serum and urine total calcium, phosphorus, and creatinine
were determined by spectrophotometry (BioSystems, Spain).
Enzyme-linked immunosorbent assay (ELISA) kits were used
for the measurement of intact FGF23 (KAINOS Laboratories,
Japan), c-terminal FGF23 (QuidelOrtho, USA), and intact PTH
(QuidelOrtho). In urine, the C-telopeptides of cross-links of
type | collagen (CTx) levels were determined using CrossLaps
ELISA (IDS, USA).

Statistical analysis

Values are expressed as means and SDs. The differences
between means for either two different groups, or more than
two different groups, were assessed by independent-samples
t-test or two-way analysis of variance (ANOVA), respectively, or
the corresponding non-parametric test. ANOVA was followed
by post hoc Fisher’s least significant difference post hoc test.
A linear regression or curve fitting test was used to assess the
correlation between two variables. A p-value lower than 0.05
was considered statistically significant.
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Results

The administration of sclerostin during a 14-day period
increased B-catenin degradation in bone cells

The effect of sclerostin on B-catenin degradation in bone cells
was evaluated after the continuous subcutaneous infusion
of either vehicle (Veh) or sclerostin to rats at doses of 750,
1,500, and 3,000 pg/ml. The data obtained are shown in
Supplementary Figures a, ba, and bb. The immunohistochem-
istry shows that the administration of sclerostin induced
a substantial decrease in B-catenin content in bone cells,
particularly in hypertrophic and calcified chondrocytes, as well
as in osteoblasts in the trabecular bone.

Changes in rat trabecular and cortical bone after 14 days
administration of sclerostin

uCT analysis, shown in Figure Ta, clearly demonstrates a
substantial loss of bone density following the administration
of any of the doses of sclerostin. Figures 1b to Te show
the changes in TRAP activity in the different experimental
groups. In the trabecular bone, it was evident that, compared
with the vehicle group, high concentrations of sclerostin
led to a substantial increase in the number of osteoclasts,
which resulted in a higher resorptive activity in the trabecu-
lar bone. Supplementary Figure bc shows the quantification
of the number of TRAP-positive cells in the trabecular bone.
Significant increases in TRAP activity were observed following
the administration of sclerostin.

Representative microphotographs of trabecular bone
stained with Goldner’s trichrome are shown in Supplemen-
tary Figure c. Bone histomorphometric analyses performed
in femora showed that the administration of any of the
high doses of sclerostin resulted in a significant reduction
in bone volume (Figure 2a), accompanied by a substantial
increase in bone turnover. Osteoid volume was increased
along with a rise in the osteoblast surface (Figures 2b to 2d). In
addition, it is important to note that parameters associated
with bone resorption, including eroded surface, osteoclast
surface, and number of osteoclasts (Figures 2e to 2h) also
exhibited significant increases after continuous sclerostin
administration. This elevated resorptive activity resulted in a
reduction in bone volume. This increased resorptive activity
induced by sclerostin had a marked impact on bone trabec-
ular microstructure. In these rats, there was a greater separa-
tion between trabeculae, which were also thinner (Figures 2i
to 2k), although the number of trabeculae did not change
significantly.

Changes in the cortical bone after administration of
recombinant sclerostin for 14 days in rats

To assess the sclerostin-induced changes at cortical level, we
performed studies using puCT. In Figure 3a, cross-sectional
slices of cortical femora from each group (vehicle, 750 pg/ml,
1,500 pg/ml, and 3,000 pg/ml) illustrate a reduction in the
mineralized area and thinner cortical bone. These changes
were quantified by measuring cortical volume (Figure 3b),
cortical area (Figure 3c), and cortical porosity (Figure 3d). Both
cortical volume and area exhibited significant decreases after
the administration of the different doses of sclerostin. The
difference in the cortical area was only statistically significant
with the dose of 1,500 pg/ml (p = 0.034 vs Veh group, one-way
ANOVA).
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Vehicle

SOST 750 pg/ml

SOST 1500 pg/ml SOST 3000 pg/ml

Fig. 1

High levels of sclerostin promote bone trabecular resorption. a) Micro-CT (uCT) analysis revealed a significant reduction in trabecular bone volume.
Images generated using 3D Slicer software illustrated a decrease in trabecular bone volume in all rats receiving sclerostin. Representative images
obtained from 3D Slicer software are provided for each experimental group. b) Tartrate-resistant acid phosphatase (TRAP) staining was performed
to evaluate trabecular bone resorption. In comparison with the b) vehicle group, the number of osteoclasts in trabecular bone, identified by their
red staining (red arrows) and the presence of two or more nuclei, showed a significant increase after the administration of recombinant sclerostin at
doses of ¢) 750, d) 1,500, and e) 3,000 pg/ml (n = 5 animals per group). Figure 200x magnification. Scale bar: 100 pm.

The impact of recombinant sclerostin on cortical bone
was further investigated using Goldner’s trichrome stain-
ing (Figures 3d to 3g) and TRAP staining (Figures 4a to
4d). Compared with the vehicle group, the administration
of sclerostin increased cortical porosity and fibrosis while
decreasing mineralization. This bone histomorphometry study
suggests a trabecularization of cortical bone (Figures 3d to
3g) similar to what is observed with ageing.'”? TRAP stain-
ing (Figures 4a to 4d) revealed the presence of positive
TRAP activity in some osteocytes and around the periosteum,
which suggests osteocytic osteolysis. Supplementary Figure
bd shows the quantification of the number of TRAP-positive
cells in the cortical bone. A significant increase in TRAP activity
(p < 0.050 vs vehicle group, one-way ANOVA) was observed in
all animals treated with recombinant sclerostin.

High levels of recombinant sclerostin promote
osteoclastogenesis of rat bone marrow mononuclear cells

To provide a clearer understanding of the effect of sclero-
stin on osteoclasts, additional experiments were conducted
in osteoclasts differentiated from rat bone marrow mononu-
clear cells, both in the presence and absence of recombi-
nant sclerostin (1 ng/ml). The progressive changes observed
from undifferentiated cells to differentiated osteoclasts are
illustrated in Figures 4e to 4h. In these differentiated cells,
there was an increase in TRAP staining (Figures 4e to 4g) and
higher mRNA cathepsin K expression (Figure 4h). Remarkably,
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during the differentiation process, the addition of sclerostin
led to a significant increase in cathepsin K expression along
with the formation of very large osteoclasts with more intense
TRAP staining.

Changes in growth plate induced by sclerostin

Recombinant sclerostin administration had additional effects
on bone structure, particularly within the growth plate. As
depicted in Figures 5a to 5d, the growth plate in sclerostin-
treated animals exhibited increased width and contained a
greater number of proliferative and hypertrophic chondro-
cytes.

Histomorphometric analyses revealed a notable
increase in the cell count within the growth plate follow-
ing sclerostin administration (Figure 5e). Furthermore, these
chondrocytes exhibited a significant increase in size, as
indicated in Figure 5f. This combined effect of enhanced
chondrocyte size and number contributed to a substantial
expansion of the total growth plate area, as shown in Figure
5¢.

Intriguingly, TRAP staining yielded positive results in
osteoclast precursors located within adjacent sinusoids in the
calcification areas of the metaphysis (Figures 5h to 5k). Again,
there were no significant differences between the doses of
sclerostin. Supplementary Figure be shows the number of
TRAP-positive cells in the subchondral bone. A significant
increase in TRAP activity was observed in animals treated with
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Effects of recombinant sclerostin infusion in bone histomorphometric parameters of trabecular bone. The administration of different doses of
recombinant sclerostin induced a reduction in a) bone volume fraction (BV/TV), and an increase of bone turnover measured by b) an augment
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vehicle (Veh) group after sclerostin infusion. Finally, the highest doses of sclerostin (1,500 and 3,000 pg/ml) increased k) trabecular separation (Tb.Sp),
while the i) number of trabeculae (Tb.N) was not modified following sclerostin infusion. n = 4 for Veh, SOST 750, and SOST 1,500 pg/ml groups, and n
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Sclerostin infusion yields more porosity and trabecularization of cortical bone. a) Images generated using 3D Slicer software illustrated a decrease
in the cortical volume with all doses of sclerostin. Representative images are provided for each experimental group. b) Compared with the vehicle
group, the cortical volume was significantly reduced with any dose of sclerostin. c) However, the cortical area had a clear tendency to decrease,
although only the dose of 1,500 pg/ml of sclerostin showed statistically significant changes. d) to g) Representative images of cortical trabecular
status by Goldner’s trichrome staining in d) the vehicle group, e) 750 pg/ml, f) 1,500 pg/ml, and g) 3,000 pg/ml of sclerostin are shown (n = 4 for
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0.01 versus vehicle group (two-way analysis of variance with Fisher’s least significant difference post hoc test).
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Fig. 4

The impact of high sclerostin levels on the activation of cortical bone resorption promoting osteoclastogenesis. Compared with a) the vehicle (Veh)
group, the number of osteoclasts in cortical bone and periosteum, identified by their red staining (red arrows) and by containing two or more
nuclei, were significantly increased in rats receiving sclerostin at doses of b) 750, c) 1,500, or d) 3,000 pg/ml (n = 4 for Veh, SOST 750, and SOST
1,500 pg/ml groups, and n = 6 for SOST 3,000 pg/ml). Figure 200x magnification. Scale bar: 100 um. The administration of sclerostin promoted
osteoclastogenesis of rat bone marrow stem cells. Tartrate-resistant acid phosphatase (TRAP) staining was performed in e) undifferentiated (Undif.)
cells (UQ), f) osteoblasts differentiated from bone marrow stem cells (OC), and g) differentiated osteoclasts treated with sclerostin at a dose of 1 ng/ml
(OC + SOST). h) The messenger RNA (mRNA) expression of cathepsin K increased after osteoclast differentiation, and the addition of 1 ng/ml of
sclerostin during osteoclast differentiation resulted in a marked increase in the expression of cathepsin K mRNA (°p < 0.05 vs undifferentiated cells
(control, independent-samples t-test); ® p < 0.05 vs OC).
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Fig.5

The infusion of sclerostin promoted an excessive proliferation of chondrocytes in the growth plate and resorption of subchondral bone.
Representative images of the growth plate of samples stained with Goldner’s trichrome technique are shown: a) vehicle group, b) 750 pg/ml, c)
1,500 pg/ml, and d) 3,000 pg/ml of sclerostin (n = 5 animals per group). Figure 10x magnification. Scale bar: 100 um. e) The number of chondrocytes
and f) the growth plate area were increased with all doses of recombinant sclerostin. g) The nucleus/area ratio of the chondrocytes was significantly
decreased, suggesting the presence of hypertrophic chondrocytes that became larger after sclerostin administration. The number of chondrocytes,
growth plate area, and nucleus-to-area ratio were quantified by counting cells in three different fields of the bone per rat. Tartrate-resistant acid
phosphatase (TRAP) staining was performed to evaluate the resorptive activity in the subchondral bone. Compared with h) the vehicle group, the
number of osteoclasts in the subchondral bone, identified by their red staining (red arrows) and the presence of two or more nuclei, was significantly
increased following the administration of recombinant sclerostin at doses of i) 750, j) 1,500, and k) 3,000 pg/ml (n = 5 animals per group). Figure 200x

magnification. Scale bar: 100 pm.
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any of the doses of sclerostin assayed, as well as statistical
differences between the different concentrations of sclerostin
administered.

Sclerostin administration did not affect bone mineralization
Bone mineralization was quantified by measuring the intensity
of green fluorescence from calcein staining. While there
was a trend toward reduced mineralization, the difference
between the vehicle group and sclerostin-treated animals was
not statistically significant. Supplementary Figure d presents
a representative image from each experimental group and
cortical mineralization quantification. Additionally, double
calcein-labelled bands were observed in the cortical bone,
suggesting a potential process of cortical bone trabeculariza-
tion.

High levels of sclerostin produced changes in mineral
metabolism parameters

Rats receiving the infusion of sclerostin had a significant
increase in the urinary excretion of calcium, phosphate,
and the concentration of CTx (Table ). These findings may
reflect the high bone turnover with increased bone resorp-
tion and the subsequent bone loss induced by sclerostin
infusion. Serum levels of calcium and phosphate were similar
in the controls and the rats receiving sclerostin. Table | also
shows that in the rats receiving sclerostin, the plasma levels
of intact-FGF23 were increased and the PTH was reduced
compared with the vehicle group. The increase in intact FGF23
levels may promote the urinary excretion of phosphate to
compensate for the excessive efflux of phosphate from the
bone to the extracellular space, thus preventing an elevation
of serum phosphate. Notably, there was a significant decrease
in intact PTH levels in rats receiving sclerostin, which suggests
an inhibition of the PTH secretion by the excess of calcium
released from bone.

Discussion

The results of the present study show that the administration
of high concentrations of recombinant sclerostin produced
significant changes in bone structure. The trabecular bone
showed a substantial increase in bone turnover, with high
bone resorption and a marked bone loss. Cortical bone
was reduced, along with a TRAP-positive staining in some
osteocytes and periosteum. In addition, a higher number of
positive TRAP cells was observed around the subchondral
bone of sclerostin-treated groups. It was also interesting to
observe that the administration of sclerostin notably increased
the number of chondrocytes and the total area of the growth
plate. These bone changes were accompanied by significant
alterations in parameters of mineral metabolism, including
excessive urine excretion of calcium and phosphorus and
elevated levels of both intact and c-terminal FGF23, with a
significant reduction in the concentration of plasma PTH. In
vitro, sclerostin increased osteoclastogenesis of bone marrow
stem cells, determined by a high expression of cathepsin K and
elevated TRAP staining.

Research involving low or null levels of sclerostin,
as well as patients with van Buchem disease, exhibit signifi-
cant increases in the growth of cortical bone together with
reductions in calciuria. By contrast, studies examining the
effects of high levels of sclerostin are scarce. Kogawa et al"
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conducted in vitro experiments that revealed the induc-
tion of osteoclastic characteristics and increased expression
of carbonic anhydrase 2, TRAP, and cathepsin K, as well
as a decrease in intracellular pH in cultured osteocytes
upon exposure to recombinant sclerostin. Moreover, in SOST
transgenic mice, a significant increase in the mean area of
osteocyte lacunae within the cortical bone, compared to their
wild-type littermates, was observed. The impact of elevated
sclerostin on calcium release was also assessed ex vivo by
Kogawa et al,'* using bovine trabecular bone cores subjected
to dynamic loading. Sclerostin treatment induced a marked
increase in the ionized calcium concentration in the perfusate
and the release of beta-CTx, a marker of bone resorption,
concomitant with an increased average size of osteocyte
lacunae. These results strongly suggest the existence of
osteocytic osteolysis, providing a possible explanation for
the elevated calciuria observed in our animal model. The
findings by both works from Kogawa et al"*'* align with our
findings, given that positive TRAP staining was detected in
some osteocytes within the cortical bone. Furthermore, the
trabecularization of cortical bone with the loss of trabecular
bone could also explain the excessive release of phosphate
and, particularly, calcium. We do not know whether the effect
of sclerostin on osteoclasts, as demonstrated in this study, also
occurs in other pathologies. It is well established that factors
such as inflammation,'”'® arthroplasties,'”” and periprosthetic
joint infections'® can markedly alter bone resorption. Whether
changes in sclerostin levels occur during these processes, or
if sclerostin directly regulates the expression of genes related
to osteoporosis, as shown in a recent study,” remains to be
investigated.

Interestingly, another study by Zhang et al*® using the
¢C31 integrase demonstrated that SOST overexpression for six
weeks significantly reduced trabecular volume in the tibiae of
mice, while it had no significant effect on cortical volume. This
reduction in bone volume was also observed in our experi-
mental model of recombinant sclerostin infusion. The lack of
changes of cortical bone observed by Zhang et al*® could be
attributed to differences in the bone type (tibiae vs femora),
species (mice vs rats), and plasma sclerostin levels, which were
lower than in our own study. Winkler et al*' used transgenic
mice expressing human SOST and observed a notable loss of
trabecular bone in the lumbar vertebrae with a disorganized
bone architecture, thinner cortices, and presence of chondro-
dysplasia. However, this study did not include information on
the cortical areas from long bones or the effects on calciuria
and mineral metabolism-related parameters.

As mentioned, we observed a marked effect of
sclerostin on the osteocytes of the femoral cortical bone. This
was evidenced by positive TRAP staining and a marked loss
of mineralization in the cortical bone, which was replaced by
fibrous tissue. A similar effect was detected by Kogawa et
al' in bovine trabecular bone cores devoid of bone marrow,
which were subjected to daily dynamic loading with and
without exposure to sclerostin. In these bovine trabecular
bone samples, positive TRAP staining was observed along with
an increase in ionized calcium and concentration of telopepti-
des in the perfusate, accompanied by an increased mean size
of osteocyte lacunae, all indicative of osteocytic osteolysis.

It has been documented that serum sclerostin levels
increase with ageing,”** and in pathologies such as CKD,*
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Parameters of mineral metabolism determined in plasma and urine in the experimental groups. All data are shown as mean (SD).

Parameter Vehicle SOST
750 pg/ml 1,500 pg/ml 3,000 pg/ml

Urine Ca/Cr, mg/mg 0.04 (0.02) 0.10(0.02)t 0.36 (0.24)1 0.20 (0.06)§
Urine P/Cr, mg/mg 2.58(0.33) 3.51(0.32)% 5.99 (2.70)t 3.84(0.64)
Urine CTx, ng/ml 99 (32.9) 178 (49.1)* 419 (219.3)* 173 (55.6)*
Plasma Ca, mg/dl 8.60 (1.35) 8.51(1.78) 9.22(1.46) 8.22(1.11)
Plasma P, mg/dI 5.45 (1.04) 5.45(1.59) 5.43 (1.55) 5.69 (0.54)
Plasma Cr, mg/dl 0.68 (0.15) 0.64 (0.08) 0.74(0.12) 0.58 (0.16)
iFGF23, pg/ml 281 (94) 455 (42) 405 (159)* 436 (146)1
cFGF23, pg/ml 293 (129) 427 (165)* 498 (278)* 523 (286)*
PTH, pg/ml 155 (68) 97 (41)* 101 (35)% 95 (32)*

All p-values were calculated with independent-samples t-test.
*p < 0.05 vs control.

tp < 0.01 vs control.

$p < 0.001 vs control.

§p < 0.0001 vs control.

Ca, calcium; cFGF23, c-terminal FGF23; Cr, creatinine; CTx, C-terminal telopeptide of type | collagen; iFGF23, intact FGF23; P, phosphorus; PTH, parathyroid

hormone; SOST, sclerostin.

since these are associated with a decrease in osteoblastic
activity. However, in our study, the administration of scle-
rostin produced an increase in the number of osteoblasts
in the trabecular bone. It is known that osteoclasts are a
source of bone formation-stimulating factors. In fact, the term
“osteoclast-osteoblast coupling” refers to the pro-osteogenic
effect induced by osteoclasts after bone resorption.”” The
secretion of soluble factors by osteoclasts, such as sphingo-
sine 1 phosphate (S1P), semaphorin 4D (Sema 4D), colla-
gen triple helix repeat containing 1 (CTHRC1), complement
component C (C3), and Wnt family member 10B (Wnt10B),
stimulate osteoblast formation.?® Furthermore, Weivoda et al*’
demonstrated that the increased expression of leukaemia
inhibitory factor (LIF), cellular repressor of E1A stimulated
genes 2 (CREG2), cystatin 3 (CST3), collagen and calcium
binding EGF domains (CCBE1), and dipeptidyl peptidase-4
(DPP4) by osteoclasts promotes the formation of osteoblasts.
More specifically, they observed that in 52 postmenopausal
women, CTx correlated significantly with serum markers of
bone formation, PINP, and osteocalcin. The decrease in CTx
after denosumab treatment was a coupling-related decrease
in bone formation markers (P1INP and OCN).”” In our study,
the intense osteoclastic activity induced by high levels of
sclerostin resulted in increased CTx production (Table 1),
which could contribute to the higher number of osteoblasts
observed preventing bone destruction.

There are other studies that observed an increased
bone formation associated with high levels of sclerostin. A
study involving 572 postmenopausal women found a positive
correlation between serum sclerostin and spine and total hip
BMD.?® Additionally, Szulc et al*® showed in 1,134 men aged
20 to 87 years that serum sclerostin levels were positively
associated with better bone microarchitectural parameters,
mainly trabecular architecture.
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Nevertheless, the bone effects of sclerostin should be
understood, taking into account the concept of the basic
multicellular unit (BMU), a structure that comprises osteo-
clasts, osteoblasts, osteocytes, bone lining cells, osteomacs,
and the capillary blood supply, regulating bone remodelling.*
As shown by our study and others, sclerostin reduces bone
formation by decreasing the activity of osteoblasts in a process
mediated by inhibition of the Wnt/B-catenin pathway.’' Bone
lining cells are quiescent cells on bone surfaces that may be
converted into active osteoblasts in the absence of sclero-
stin.*? Accordingly, as evidenced by our study and others, the
administration of sclerostin promotes bone resorption and
osteoclastogenesis.””> Osteomacs are resident macrophages
present in bone tissue. Even though, to our knowledge,
the precise effect of the interaction between sclerostin and
osteomacs has not been investigated, it is known that these
cells play a role in bone homeostasis by regulating osteoblast
function.*® In this regard, Power et al*’ investigated the effects
of sclerostin at the level of the BMU in the proximal femur of
patients with a hip fracture or osteoarthritis. The expression of
sclerostin in osteocytes was inversely correlated with that of
alkaline phosphatase, a marker of bone formation, within the
BMU.

Furthermore, it is interesting to consider that in our
study, the increase in the number of osteoblasts and bone
turnover induced by sclerostin was independent of PTH levels,
given that plasma PTH significantly decreased in plasma
after sclerostin administration. With regard to the relation-
ship between PTH and sclerostin, it has been reported that
PTH inhibits sclerostin production,” although it is not known
whether high sclerostin levels might reduce PTH secretion
independent of calcium.

The role of sclerostin in the growth plate is also
not well known. In human long bones, the Wnt/B-catenin
pathway exerts differential influences on chondrogenic cells.
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Initially, the Wnt/B-catenin pathway inhibits chondrogenic
cell differentiation; however, once the chondrogenic differen-
tiation has been initiated, Wnt/B-catenin pathway activation
enhances differentiation, thus expediting the maturation of
chondrocytes.’®* The expression of sclerostin has been well
documented in hypertrophic chondrocytes located within the
mineralized area of the human growth plate.” The significance
of sclerostin in these cells appears to be linked to the ultimate
maturation and mineralization of hypertrophic chondrocytes.
Our experimental findings clearly demonstrate that elevated
sclerostin levels result in an augmented number of hypertro-
phic chondrocytes and a correspondingly expanded growth
plate area, likely attributable to the inhibition of the typical
chondrocyte differentiation process.

Finally, it is important to note that in some experi-
mental models where marked changes in bone structure are
observed, such as osteoporosis or CKD, it can be challenging
to distinguish the effects of sclerostin from those exerted
by other inhibitors of the Wnt signalling pathway, such as
secreted frizzled-related proteins (SFRPs) and Dkk1,* or from
proteins similar to sclerostin, like Sostdc-1, a member of
the sclerostin family expressed in bone and other tissues,*
which may exert similar effects. It should be emphasized that
our study, conducted on healthy rats, provides information
specifically related to elevations in recombinant sclerostin.
Therefore, the conclusions can be exclusively attributed to
changes in sclerostin levels, without any interference from
these other factors or the presence of concomitant pathologi-
cal conditions.

This study reveals, for the first time, that elevated
sclerostin levels also promote changes in mineral metabo-
lism parameters such as urinary excretion of calcium and
phosphate, which is associated with high FGF23 and low
PTH. Notably, the excessive calcium and phosphate excretion
resulting from intense bone resorption and high osteoclast
activity is striking. It seems reasonable to speculate that the
observed increase in FGF23 levels might be related to the
need to enhance phosphate excretion and prevent accumu-
lation of extracellular phosphate. These findings are consis-
tent with those presented by Ryan et al,*’ who observed
that sclerostin knockout mice exhibited reduced calcium and
phosphate excretion, along with decreased intact FGF23 levels
and increased plasma phosphate levels.

Intriguingly, it has been observed that in patients with
X-linked hypophosphatemia (XLH) where plasma levels of
FGF23 are increased and skeletal mineralization is reduced,
there are elevated levels of sclerostin. Accordingly, Hyp mice,
which mimic XLH pathology, also exhibit high sclerostin levels.
Carpenter and Ross* administered anti-sclerostin antibodies
to Hyp mice and observed that FGF23 levels decreased, serum
phosphate increased, and cortical bone area and BV/TV also
increased. In vitro, sclerostin directly stimulates the expres-
sion of FGF23 as well as GALNT3, the protein that allows
the glycosylation of FGF23 and prevents its cleavage.” It has
been documented that vitamin D stimulates the expression of
sclerostin in the bone. In fact, elements responsive to vitamin
D have been identified in the SOST promoter.** However, the
effect of sclerostin on the production of vitamin D is still
unknown.

Our results underscore the connection between
sclerostin and other parameters of mineral metabolism such as
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calcium, phosphorus, PTH, and FGF23, suggesting an interplay
that should be incorporated into the context of mineral
metabolism-associated changes or secondary hyperparathyr-
oidism.

Patients with advanced stages of CKD also exhibit high
sclerostin levels and specific alterations of bone, in a condition
known as CKD-mineral bone disease (CKD-MBD).**® Beyond
the PTH/sclerostin ratio,” the influence of elevated sclerostin
levels on bone turnover in CKD-MBD has not been thoroughly
examined, and our results indicate a noteworthy contribution.

This study has certain limitations. First, our work only
involved male rats in order to avoid the impact of oestrogen
on sclerostin, as evidenced both at the circulating”’ and bone
level.”® In this respect, further studies should be carried out
in female animals to clarify whether differential effects of
sclerostin might be found according to sex. On the other hand,
it is noteworthy that no significant differences were observed
among the various doses of sclerostin evaluated. Our research
aimed to examine the effect of high sclerostin in conditions
similar to those found in experimental models of CKD, such as
the 5/6 nephrectomy model.” However, we acknowledge that,
under normal renal function conditions, any of these doses
are above the levels to which sclerostin typically responds.
The absence of significant differences between the doses of
sclerostin on most analyzed parameters may be attributed to
the achievement of a maximal effect.

In conclusion, the results of this study shed light on the
physiological effects of sclerostin and help us to understand its
relationship with bone turnover and the associated changes
in mineral metabolism. The absence of sclerostin results in
increased cortical bone and a decrease in the excretion of
calcium, phosphorus, and FGF23. By contrast, an increase in
sclerostin leads to a decrease in both cortical and trabecular
bone due to an increase in bone resorption, which is asso-
ciated with elevated FGF23 and increased urinary excretion
of calcium and phosphorus. Given the resorptive effect of
sclerostin, it may be reasonable to think that the increased
levels of sclerostin observed in CKD might contribute to the
alterations in bone and mineral metabolism that characterize
renal dysfunction. Nevertheless, further specific studies are
needed to confirm the exact role of sclerostin in CKD-MBD.

Supplementary material

Additional information on the bone effects of high doses of
recombinant sclerostin, as well as details of the femur image analysis
performed using 3D Slicer software.
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