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ARTICLE INFO ABSTRACT

Keywords: Sclerostin neutralizing antibody is an approved anabolic drug used to increase bone mass. Numerous preclinical
Fracture healing studies examined bone mass and microstructural changes in mice receiving sclerostin neutralizing antibodies or
Aging

mice lacking sclerostin, such as Sost knock out mice. Surprisingly no preclinical studies examined the effect of
sclerostin deficiency with aging, despite the treatment being used primarily in older individuals. Thus, our
primary aim was to examine the effect of long-term Sost deficiency on bone microstructure, including osteocyte
lacunar and bone vascular porosity properties across ages. Our results show that Sost deletion led to sustained
bone formation across the mouse's lifespan, whereas wild-type control mice experienced bone maturation fol-
lowed by age-related declines in bone volume. Lacunar parameters were also affected due to Sost deletion, with
altered lacunar density and volume in young mice, but these differences were not present in old mice. Our
secondary aim was to examine the effect of short-term sclerostin deficiency on bone microporosity in woven and
cortical bone after an osteotomy in adult female C57BL6J mice. Short term sclerostin antibody treatment did not
alter vascular or lacunar porosity within lamellar or newly formed woven bone, suggesting that timing and
duration are critical for therapeutic efficacy. In summary, Sost KO mice exhibit sustained cortical thickening and
pronounced bone vascular porosity, particularly as the mice aged. As sclerostin neutralizing antibody becomes
more widely used in an aging population, for extended periods of time, this work helps us understand the effects
of long-term inhibition.
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Synchrotron tomography
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1. Introduction disorders (sclerosteosis and van Buchem disease), while overexpression
results in low bone mass (Burr and Allen, 2019). Sclerostin neutralizing

Wnt signaling is a major molecular pathway regulating bone for- antibody therapy has been approved for the treatment of post-

mation. Sclerostin, a Wnt signaling inhibitor, is a small protein produced
primarily by osteocytes that is encoded by the SOST gene (Brunkow
et al., 2001). Sclerostin inhibits the canonical Wnt signaling pathway
through binding to LRP5 and 6, thereby suppressing osteoblast differ-
entiation and bone formation and increasing osteocyte/osteoblast
RANKL-mediated osteoclastogenesis and bone resorption (Kogawa et al.,
2013; Wijenayaka et al., 2011). Loss of sclerostin causes high bone mass

menopausal osteoporosis (Mcclung et al., 2014) and for clinical use in
men with severe osteoporosis (Lewiecki et al., 2018). Clinical trials are
also ongoing for treatment of osteogenesis imperfecta in adults and
children (Glorieux et al., 2017, 2024; Hosseinitabatabaei et al., 2025;
Rummler et al., 2024). Previously, sclerostin neutralizing antibody
therapy was tested for treatment of tibial diaphyseal fractures (Bhandari
et al., 2020) and hip fractures (Schemitsch et al., 2020), but both trials
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failed to show improved healing outcomes.

In support of the clinical approval of sclerostin neutralizing anti-
body, a large number of preclinical studies have been conducted. These
investigations reported enhanced bone mass and microstructural
changes in Sost KO mice or mice receiving sclerostin neutralizing anti-
bodies, but surprisingly none examined the effects on aging or included
elderly mice. In fact, the oldest mice in which bone mass and micro-
structure were reported were rather young, only 26 week old male and
female Sost KO mice (Albiol et al., 2020; Li et al., 2008), though we know
of one report examining increased subchondral bone related to osteo-
arthritis in 16 month old male Sost KO mice (Roudier et al., 2013). This
is particularly surprising considering that the use of this drug is pri-
marily in older populations with the notable exception of rare bone
diseases.

In addition to a lack of data reported on age-related changes in bone
mass and microstructure with Sost inhibition, there is also a paucity of
data on microporosity (lacunae, canaliculi, and vascular canals) changes
with Sost deficiency. Microporosity is critically important for bone
strength and toughness, since pores can act as stress concentrators,
depending on their size and orientation with respect to the applied load
(Currey, 1988; Munoz et al., 2025b; Schaffler and Burr, 1988;
Wagermaier et al., 2015). The effect on osteocyte lacunar properties is of
particular interest because osteocytes are the most abundant cell type
within bone, residing in fluid filled lacunae, and are thought to be the
main mechanoreceptive cells (Munoz et al., 2025a). Only one study to
date has examined lacunar porosity during Sost deficiency, in young (12
week old) male Sost KO mice (Mosey et al., 2017). These authors showed
that Sost KO mice did not have altered lacunar density, with similar
lacunar shapes compared to WT mice. Thi was reported at the tibio-
fibular junction (Mosey et al., 2017), and their evaluation was limited to
lacunar size while shape and orientation were not addressed. They also
reported no change in vascular canal density in these young male Sost
KO mice (Mosey et al., 2017). Thus, further investigation of lacunar
orientation, size, shape, and number density in cortical bone generated
during long or short-term sclerostin deficiency in young as well as adult
and elderly mice is warranted.

The effect of sclerostin deficiency on bone vascular pore properties is
also of interest due to early reports in human clinical trials that sclero-
stin inhibition led to increased cardiovascular events (Lewiecki et al.,
2018; Saag et al., 2017). A recent meta-analysis indicated a sclerostin
neutralizing antibody could result in thicker carotid intima media,
arterial calcification, but up to the present time there has been no reports
of increased risk of major adverse cardiovascular events in clinical
studies (Catalano et al., 2020; De Maré et al., 2022; Dreyer et al., 2023;
Golledge and Thanigaimani, 2022; Langdahl et al., 2021). However,
sclerostin is very important for angiogenesis-osteogenesis coupling
(Oranger et al., 2017). We previously showed that sclerostin neutral-
izing antibody (SclAb) treatment led to greater blood vessel density
during bone healing in a mouse femoral osteotomy model (Kruck et al.,
2018). No one has examined the effect of short-term sclerostin inhibition
on vascular or lacunar microporosity during bone healing, although two
studies have examined these properties in the absence of drug treatment
(Casanova et al., 2021) (Schemenz et al., 2020). With the likely
increased long-term and short-term clinical use of SclAb, especially in
elderly population at risk for fracture, studies examining the safety of
these drugs are needed.

In the current study, our primary aim was to examine the effect of
Sost deficiency on bone mass and microstructure, in particular osteocyte
lacunar and bone vascular properties, as a function of mouse age (10, 26,
78-week-old) and tissue age (endosteal, periosteal and intracortical
bone). Our secondary aim was to report on osteocyte lacunar and bone
vascular properties after short-term sclerostin deficiency in woven and
cortical bone during osteotomy healing.
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2. Methods
2.1. Animals

The sperm of four male Sost—/— mice (provided by Novartis) was
pooled into two groups and intracytoplasmic sperm injection with the
oocytes from female C57Bl/6J mice was performed. The first hetero-
zygous generation was mated among themselves. In following genera-
tions, homozygous Sost KO and littermate control (LC) mice were
identified using a Multiplex PCR with mice tail cuts, according to a
protocol provided by Novartis. Three primers (Sost-specific endogen: 5’
TCC ACA ACC AGT CGG AGC TCA AGG 3/, Sost-specific endogen and
target: 5 ACT CCA CAC GGT CTG GAA AGT TTG G 3’ and Neo target: 5'
GGG TGG GAT TAG ATA AAT GCC TGC TCT 3) were used to detect the
homozygous LC (Sost-specific endogen — Sost —specific endogen and
target) and Sost KO (Neo target — Sost -specific endogen and target) mice.

2.2. Experimental design

The study was approved by the local Animal Care and Use Committee
(LaGeSo, Berlin, Germany; G0021/11). To examine the effect of long
and short-term sclerostin deficiency on microporosity, we examined two
different cohorts of mice. First, twenty-eight, female Sost KO and
littermate control (LC), (C57BL/6J) mice (Jackson Laboratory, Sulzfeld,
Germany) were aged to 10, 26, and 78 weeks of age (n = 4-5 mice/
genotype/age) and then euthanized by cervical dislocation under iso-
flurane anesthesia and the tibia was dissected (Fig. 1 left). Although
C57B16J mice have an average life span of 2 to 2.5 years, we chose 78
weeks of age as our oldest group in this study, since the Sost KO mice had
an approximately 70% mortality rate at this age. Second, a separate
cohort of ten, 26-week-old female C57BL/6J mice was randomly
assigned to vehicle (veh) (n = 4) or sclerostin neutralizing antibody

10 week 10 week
Q 26 week Q 26 week Q 26 week Q 26 week
78 week 78 week

C57BL/6J LC C57BL/6J SOST KO, CS57BL/6J Veh Injected C57BL/6J SclAb Injected

Lacunar Analysis

Lacunar Analysis Vascular Analysis

Fig. 1. Experimental design process. (dark blue) C57BL/6 J LC mice and Sost
KO mice were aged to 10-, 26-, and 78 weeks and had their left tibiae scanned at
the ESRF ID19 Beamline. Osteocyte lacunae and vascular canal porosity were
analyzed. (white) 26-week old C57BL/6 J mice had an osteotomy performed on
their left femur with the right serving as an internal control. Mice were either
treated with Sclerostin neutralizing antibody or vehicle for 3 weeks. Left and
right femora were scanned at PETRA III, PO5 beamline. In the osteotomized
femur the osteocyte lacunae were analyzed in the periosteal, intracortical and
endocortical callus. In the intact femora the osteocyte lacunar and vascular
canal porosity were analyzed.
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(SclAb) (n = 6) groups. The mice underwent osteotomy surgery that has
been described previously (Kruck et al., 2018), briefly, a 0.5-mm
osteotomy was performed on the left femur and was stabilized with a
rigid external fixator. Following surgery, mice were treated with sub-
cutaneous injections 2x/week (1, 5, 8-, 12-, 15-, and 19-days post-
osteotomy) of either ratized sclerostin monoclonal antibody (SclAb)
(25 mg/kg, Scl-Ablll; Amgen Inc., USA, and UCB, Belgium) or saline
solution (veh). Animals were euthanized by cervical dislocation under
isoflurane anesthesia after 21 days of healing and the femora from both
the operated and contralateral limb were dissected. The fixators were
carefully removed from the operated femur, leaving the fracture callus
available for high resolution 3D imaging (Fig. 1 right).

2.3. Phase contrast enhanced microtomography

Tibiae scanning: each tibial sample was fixed and sealed in ethanol-
humidified plastic tubes and mounted onto sample stubs and scanned
using phase-contrast micro-tomography (PCE-CT) at the beamline ID19
of the European Synchrotron Radiation Facility (ESRF, Grenoble,
France) (Fig. 1 Left). An energy of 26.3 keV was used, taking 3600 ra-
diographs over 360° of rotation in half-acquisition mode. An effective
pixel size of 0.65 pm was achieved resulting in a field of view of 1.65 x
1.40 mm using a detector situated 14.5 mm behind the sample. All data
were normalized and reconstructed using the pyHST interface (Mirone
et al., 2013) accessed at the ANATOMIX beamline at Synchrotron
SOLEIL (French national synchrotron facility, Saint-Aubin, France)
using a Paganin phase retrieval algorithm with a unsharp filter of 3 and a
strength of 0.8 and a Paganin length of 13 pixels.

Femora scanning: both healing and contralateral femora from each
operated mouse were fixed in 10% neutrally buffered saline and trans-
ferred to Eppendorf tubes with ethanol vapor and stabilized with
ethanol soaked styropor. Specimens were scanned by PCE-CT by using
the Helmholtz-Zentrum Geesthacht operated, partial coherence, P05
imaging beamline of the Deutsches Elektronen-Synchrotron (DESY
Hamburg, Germany) (Fig. 1 right). An energy of 22 keV was used, taking
1200 radiographs over 180°. An effective pixel size of 1.14 ym was
achieved resulting in a field of view of 3.5 x 3.5 mm using a detector
situated 25 mm behind the sample for phase contrast enhancement. All
data were normalized and reconstructed using ring reduction algorithms
(NRecon; Bruker CT, Kontich, Belgium).

2.4. Image analysis of lacunar and vascular porosity in the intact tibiae
and contralateral femora

All images were loaded into Xamflow (1.9.7.0, Lucid Concepts,
Zurich. Switzerland) and rotated along the main axis of the bone.
Gaussian filters were applied to minimize noise in for segmentation of
bone from background (Sigma 4, support 2), as well as for segmenting
lacunae from the background. (Sigma 0.6, support 2). Similar regions of
interest were extracted from the contralateral intact femurs as operated
femurs (1 mm at midshaft of the bone). For tibiae, regions of interest of
0.8 mm were extracted, centered around the mid-diaphysis of the bone.
A mask of the bone was created by thresholding the mineralized tissue
and using morphological opening and closing to smooth the result and
fill the lacunar and vascular pores. For both femora and tibiae, lacunae
were segmented from the bone by using an isodata thresholding method
as the phase retrieval imaging resulted in varying greyscale values
across samples. The femurs and tibiae also had the bone segmented into
primary quadrants for regional analyses, as well as separation of newly
formed bone at endosteal and periosteal surfaces compared to mature
bone at the intracortical region (Checa et al., 2015). Lacunae in each
region were detected by filtering out pores between 50 and 2000 pm®
(Goff et al., 2021; Mader et al., 2013). Pores larger than this, but still
encapsulated within tissue, were considered vascular channels. The
following osteocyte lacunar parameters were measured: lacunar number
density (Lc.N/BV), individual lacunar volume (Lc.V), individual lacunar
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surface area (Lc.Sa), lacunar sphericity (Lc.Sr), lacunar angle (Lc.6)-
defined as the angle between the primary shape vector and the principal
axis of the bone, lacunar equancy (Lc.Eq)- defined as the ratio of the
largest shape vector to the smallest ranging from O (line) to 1 (perfect
sphere), lacunar oblateness (Lc.Ob) — defined as a ratio of the 3 shape
vectors resulting in values from —1 (rod shaped) to +1 (plate shaped),
lacunar stretch (LcSt) - defined as the difference between the largest and
smallest shape vectors, compared to the largest one, ranging from
0 (perfect sphere) to 1 (infinitely stretched), lacunar porosity (Lc. Po), as
well as total lacunar volume (Lc.TV) (Goff et al., 2021; Mader et al.,
2013). Vascular canals were classified as vascular canal thickness (V.-
Th), vascular canal number (V-N), vascular canal separation (V.Sp) as
well as vascular canal volume (V.-V), surface area (V.Sa) and vascular
porosity (V.Po). All parameters are summarized in Table 1.

2.5. Image analysis of lacunar and vascular porosity in the operated
femora after bone healing

All images were imported into Xamflow (1.9.7.0, Lucid Concepts,
Zurich. Switzerland) and rotated along the main axis of the bone.
Gaussian filters were applied as above. Regions of interest of 1 mm were

Table 1
List of parameters and abbreviations.

Parameter Name Symbol Description

Lacunar number Lc.N/BV number of lacunae per unit volume

density

Individual lacunar Le.V volume of an individual lacuna

volume

Individual lacunar Le.Sa surface area of an individual lacuna

surface area

Lacunar sphericity Le.Sr surface area to volume ratio

Lacunar angle Lc.6 angle between the primary shape vector and
the principal axis of the bone

Lacunar angle Le.6.std standard deviation of the mean lacunar angle

standard deviation to measure how aligned the principal axes of
lacunae are

Lacunar equancy Lc.Eq the ratio of the largest shape vector to the
smallest ranging from 0 (line) to 1 (perfect
sphere)

Lacunar oblateness Lc.Ob a ratio of the 3 shape vectors resulting in
values from —1 (rod shaped) to 1 (plate
shaped)

Lacunar stretch Le.St the difference between the largest and

smallest shape vectors compared to the largest
one ranging from 0 (perfect sphere) to 1

(infinitely stretched)
Lacunar total volume Le.TV total volume of all lacunae in VOI
Lacunar porosity Lc.Po Lc.TV/BV
Vascular canal V.Th average thickness (diameter) of a vascular
thickness canal
Vascular canal V.N measured as 1/mm
number
Vascular canal V.Sp average distance between vascular canals
separation
Vascular canal V'A% total volume of all vessels in VOI
volume
Vascular canal V.Sa total surface area of all vessels in VOI
surface area
Vascular porosity V-Po V.V/BV
Cortical area Ct.Ar cross sectional area of bone
Marrow area Ma.Ar cross sectional area of marrow space
Total area Tt.Ar cross sectional area of the entire bone

envelope

Cortical area fraction Ct.Ar/Tt.  ratio of cortical area to total area
Ar

Cortical thickness Ct.Th thickness of cortex
Imax Imax maximum second moment of inertia
Imin Imin minimum second moment of inertia
Periosteal Perimeter Ps.Pm circumference of periosteal surface
Endocortical Es-Pm circumference of endocortical surface

Perimeter
Porosity Po porosity of bone
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extracted, centered around the osteotomy. The intact parts of the femur
were segmented due to the higher density, and interpolation was done to
generate a total volume mask. This was also used to generate periosteal
and endosteal regions of interest surrounding the bone.

Within the intact bone, a mask of the bone was created by thresh-
olding the mineralized tissue and using morphological closing to fill the
lacunar and vascular pores. Within the fracture callus, a mask of the
callus was created by segmenting all mineralized tissue and subtracting
the mask of the intact bone. Local thresholding was used to segment
lacunae within the callus due to largely varying tissue densities within
the tissue. Sub-analysis was done to analyze lacunae in the periosteal
callus, endosteal callus and intracortical callus. Lacunar parameters
were analyzed similar to intact tibia, as described above. The 50% mid-
diaphysis of the contralateral femora were analyzed in the same manner
as the tibiae described above.

2.6. Image analysis of microstructural parameters in the intact tibiae and
femora

Masks of tibiae and femora from lacunar analysis were used to
analyze microstructural parameters of the cortical bone. Cortical Area
(Ct.Ar), total area (Tt.Ar) cortical area fraction (Ct.Ar/Tt.Ar), cortical
thickness (Ct.Th), maximum area moment of inertia (Imax), minimum
area moment of inertia (Imin), periosteal perimeter (Ps.Pm), endosteal
perimeter (Es.Pm) and cortical porosity (Ct.Po) were measured.

2.7. Image analysis of microstructural parameters in operated femora
after bone healing

Operated femurs were separated into quiescent bone volume
(quiescent BV), mineralized callus volume (callus BV), and total callus
volume (TV). The total volume was used to normalize bone volumes to
calculate callus volume fracture (callus BV/TV), quiescent volume
fraction (quiescent BV/TV), bone volume fraction (BV/TV).

2.8. Statistical analysis

All statistical analyses were performed in SAS (version 9.4, SAS
Institute Inc.). To examine the effect of genotype and age in the tibiae,
we used a 2-way ANOVA to compare genotype (Sost KO, LC) and age
(10, 26, 78 weeks), as well as their interaction, with Tukey Kramer post
hoc tests to explore genotype differences within ages as well as com-
parisons within each genotype between ages. A separate repeated
measures ANOVA was performed to compare the effects of genotype
(Sost KO, LC) age (10, 26, 78-week-old), and region (endocortical,
intracortical and periosteal) as well as their interactions.

For the healing study we examined the intact femora by performing a
Student t-tests to compare the effects of treatment (SclAb, veh). A
repeated measures ANOVA was used to look at the effect of treatment
(SclAb, veh), regions (newly formed endosteal and periosteal bone,
quiescent intracortical bone) and their interaction. For the osteotomized
femur, a 2- way ANOVA was also used to compare treatment (SclAb,
vehicle), and tissue type (intact, callus) and their interaction.

For all analyses, a Tukey-Kramer post hoc tests were preformed for
comparisons among groups. A p-value of <0.05 was considered signifi-
cant and all data is presented as mean =+ standard deviation in tables and
graphs.

3. Results
3.1. Sost deficiency led to progressively enhanced cortical bone mass and
microstructure with chronological aging, while LC mice had similar cortical

outcomes across ages

Across the different ages (10, 26, and 78 weeks old), LC and Sost KO
mice exhibited markedly different patterns of cortical bone mass and
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microstructure. Sost KO mice showed progressive and robust increases in
nearly all bone microstructural outcomes with age. (Fig. 2) (Table 2)
From 10 to 26 weeks, Sost KO mice demonstrated substantial growth,
with greater Ct.Ar (45%) (Fig. 2 B), Tt.Ar (21%) (Fig. 1 B), Ct.Th (46%)
(Fig. 1 B), and Ct.Ar/Tt.Ar (20%). Imax (52%), Imin (70%), and peri-
osteal perimeter (10%) were also greater in 26-week-old compared to
10-week-old Sost KO mice. In Sost KO mice between 26 and 78 weeks,
differences in bone mass and microstructure became even more pro-
nounced. The Ct.Ar (55.3%), Tt.Ar (24%), Ct.Ar/Tt.Ar (24%), Ct.Th
(66%), Imax (53%), and Imin (53%) were all greater at 78 compared to
26 weeks of age and Ma.Ar (—54%) was lower. Interestingly, periosteal
perimeter was not significantly different between these two ages. From
10 to 78 weeks, Sost KO mice showed continuous cortical bone accrual,
with Ct.Ar (125%), Ct.Th (142%), Tt.Ar (51%), Ct.Ar/Tt.Ar (48%), Imax
(133%), and Imin (180%) all being greater at 78 compared to 10 weeks
of age and Ma.Ar being lower (—60%). Periosteal perimeter was greater
(18%) at 78 compared to 10 weeks of age, while endocortical perimeter
was 52% lower at 78 compared to 26 weeks, and 46% lower at 78 weeks
compared to 10 weeks Sost KO mice.

In contrast, in LC mice most structural parameters were greater in 26
compared to 10- or 78-week-old mice. Ct.Ar/Tt.Ar fraction was signifi-
cantly greater (15%) in 26-week-old compared to 10-week-old mice. In
contrast, Ct.Ar/Tt.Ar was lower (—19%) in 78 compared to 26-week-old
mice with a higher Ma.Ar (21%). There were no differences between 10-
and 78-week-old LC mice in any parameter. In summary, these results
showed that Sost deletion led to sustained bone formation from 10
weeks up to 78 weeks of age, whereas wild-type littermate control mice
experienced bone maturation followed by age-related decline.

3.2. Sost deficiency led to greater cortical bone mass and microstructure
compared to LC mice at all ages

Across all ages examined, Sost KO mice consistently exhibit greater
tibial cortical bone mass and geometry metrics compared to LC controls,
with particularly larger differences between genotypes seen at older
ages (Fig. 2 A) (Table 2). At 10 weeks, Ct.Ar (52%) (Fig. 2B), Tt.Ar (26%)
(Fig. 2B), Ct.Th (43%), Ct.Ar/Tt.Ar (20%), and Imin (87%) were greater
in Sost KO compared to LC mice. By 26 weeks, these differences inten-
sified; Ct.Ar (82%), Tt.Ar (45%), Ct.Ar/Tt.Ar (25%), Ct.Th (73%)
(Fig. 2B), Imax (103%), and Imin (144%) were greater in Sost KO
compared to WT mice. At 78 weeks, the divergence was most pro-
nounced; Ct.Ar (254%), Tt.Ar (86%), Ct.Ar/Tt.Ar (90%), Ct.Th (246%),
Imax (358%), and Imin (334%) was greater in Sost KO compared to LC
mice and Ma.Ar (—63%) was significantly lower. Periosteal perimeter
was greater in Sost KO compared to LC mice at 26 weeks (12%) and at
78 weeks (28%), and endocortical perimeter was 45% lower at 78
weeks. Overall, these findings suggest that Sost deletion led to progres-
sively amplified gains in bone mass, thickness, and structural strength
with age compared to LC mice.

3.3. Sost deficiency led to altered osteocyte lacunae during chronological
aging

Sost KO mice showed pronounced and distinctive differences in
lacunar parameters at different ages. Although no significant differences
in lacunar properties were measured between 10- and 26-week-old Sost
KO mice, differences were observed between 26- and 78-week as well as
10-and 78-week-old Sost KO mice (Fig. 3A) (Table 3). Lacunar oblate-
ness (20%) (Fig. 3B), lacunar angle (6%), lacunar angle standard devi-
ation (13%) and lacunar total volume (30%) were all greater in 78-
week-old Sost KO mice compared to 26-week-old Sost KO mice. The
individual lacunar volume (—20%) (Fig. 3B) was lower with a corre-
sponding lower lacunar surface area (—14%), as well as a lower porosity
(—21.8%) (Fig. 3B), and lacunar angle (—7%) in 78-week-old compared
to 10-week-old Sost KO mice. Despite lower lacunar size, the lacunar
total volume (63%), oblateness (26%) (Fig. 3B) and the standard
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Fig. 2. Bone microstructural parameters. (A) 3D rendering example of the tibial mid-diaphysis of littermate controls (top) and Sost KO mice at 10 (left), 26 (middle)
and 78 (right) weeks of age. (B) (top) Cortical thickness (left) and cortical porosity (right) and (bottom) cortical area (left) and cortical area fraction (right) in
littermate controls (LC)(black circles) and Sost KO mice (white circles) at 10, 26 and 78 weeks of age. All data presented as means + SD. ANOVA results a) genotype
b) age c) interaction. # indicates p < 0.05 significance between genotypes via Tukey Kramer post hoc test. { Indicates p < 0.05 significance between ages in LC mice
via Tukey Kramer post hoc test. { Indicates p < 0.05 significance between ages in Sost KO mice via Tukey Kramer post hoc test.

deviation of the lacunar angle (17%) were greater in 78-week-old
compared to 10-week-old Sost KO mice.

In contrast, in LC mice, 26-week-old mice had significantly lower
lacunar number density (—14.7%) and lacunar porosity (—22.7%)
compared to 10-week-old mice, while lacunar shape parameters were
not different. Lacunar properties were not different between the 26- and
78-week-old LC mice. 78-week-old mice compared to 10-week-old mice
had a lower lacunar density (5%) and a higher (7%) lacunar angle

standard deviation.

In summary, total lacunar volume in Sost KO mice was 62.5% greater
in 78-week-old compared to 10-week-old, but not different at these ages
in LC mice. In general, aging in LC mice was marked by early structural
compaction and porosity loss, while Sost KO mice exhibited preserved
lacunar density, with gradual enlargement and reshaping of the lacunae
with aging, suggesting divergent aging trajectories in lacunar properties
between the genotypes.
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Table 2

Tibial cortical bone microstructural parameters at 10, 26, and 78 weeks of age.

78-Week-Old

26-Week-Old

10-Week-Old

Sost KO

LC

Sost KO

LC

Sost KO

LC

Parameters

Tibial cortical bone

0.19
0.05
0.15
0.03
0.04
0.08
0.04
0.21
1.44
1.59

1.91
0.22

0.05
0.06
0.06
0.04
0.02
0.01
0.01
0.22
0.33
0.47

0.54
0.61
1.15
0.47
0.18
0.11
0.06
4.62
3.34
0.59

0.06
0.05
0.04
0.03
0.02
0.04
0.01
0.22
0.48
0.65

1.23
0.48
1.71
0.72
0.38
0.32
0.17
5.54
3.80
1.57

0.02
0.04
0.06
0.02
0.01
0.01
0.01
0.15
0.24
0.56

0.67
0.50
1.18
0.57
0.22
0.16
0.07
4.94
3.22
0.97

0.09
0.07
0.12
0.03
0.01
0.06
0.01
0.38
0.30
0.61

0.85
0.56
1.41
0.60
0.26
0.21
0.10
5.01
3.36
0.83

0.03
0.03
0.05
0.01
0.01
0.01
0.00
0.11
0.16
0.55

0.56
0.56
1.12
0.50
0.18
0.14
0.05
4.85
3.65
1.97

a, b, c
a, b, c
a, b, c
a, b, c
a, b, c
a, b, c
a, b, c
a, b, c

Ct.Ar (mmz)
Ma.Ar(mm?)
Tt.Ar (mm?)

2.13
0.89
0.63
0.49
0.28

Ct.Ar/Tt.Ar (mmz/ mmz)

Ct.Th (mm)

Imax (mm?*)
Imin (mm4)

5.95
3.46
1.54

Periosteal Perimeter (mm)

Endocortical Perimeter (mm)

Porosity (%)

ANOVA results a) genotype b) age c) interaction.

" Indicates p < 0.05 significance between genotypes via Tukey Kramer post hoc test.
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3.4. Younger Sost deficient mice had altered osteocyte lacunae compared
to LC mice

At 10 weeks of age, Sost KO mice had a greater individual lacunar
volume (16%) (Fig. 3B) (Table 3), compared to LC. Lacunar stretch was
lower (1.4%), and oblateness was less negative (18%) (Fig. 3B) (more
spherical) in Sost KO compared to LC mice. In addition, equancy (7%)
and lacunar angle standard deviation (7%) were greater in 10-week-old
Sost KO compared to LC mice. Notably, lacunar porosity was similar, but
total lacunar volume was greater (78%) in 10-week-old Sost KO
compared to LC mice.

At 26 weeks, Sost KO mice had a greater (10%) lacunar number
density, oblateness was less negative (20%), while sphericity was lower
(3%) than in LC mice. Equancy (7%), lacunar angle standard deviation
(8%), lacunar porosity (26%) and total lacunar volume (122%) were all
greater in 26-week-old Sost KO compared to LC mice.

In 78-week-old mice, oblateness was less negative (31%) in Sost KO
mice, with other shape parameters remaining similar to LC mice.
Lacunar angle was lower (7%) with its standard deviation being higher
(17%) in 78-week-old Sost compared to LC mice.

In summary, young and skeletally mature Sost KO mice displayed
greater lacunar volume and shape differences compared to LC mice,
with more similar lacunar properties between genotypes in elderly mice.

3.5. Sost deficiency led to greater vascular canal porosity with age

Sost KO mice exhibited substantial age-related increases in bone
vascular pore properties (Fig. 4 A) (Table 4). No differences were
measured between 10 and 26 weeks Sost KO mice. However, the
vascular canal volume (100%) and surface area (74%) were greater in
78-week-old compared to 26-week-old Sost KO mice. The vascular vol-
ume (282%), surface area (161%), and vascular porosity (76%) were all
greater in 78-week-old compared to 10-week-old Sost KO mice (Table 4).

In contrast, within the LC mice, most vascular parameters were lower
with age, suggesting a decline in the vascular network of tibial cortical
bone. Only the total microporosity — porosity from vasculature and
lacunae combined - becomes significantly decreased (—26%) from 10 to
26 weeks. From 26 to 78 weeks there were no significant changes except
for total microporosity (—23%) being lower.

In summary, the bone vascular pore properties indicate age-related
vascular expansion within the Sost KO mice, suggesting a strong role
for sclerostin in limiting both bone and vascular volume during aging.

3.6. Skeletally mature and elderly Sost KO mice had greater bone
vascular pore properties than LC mice

At 26 and 78 weeks of age, Sost KO mice exhibited greater bone
vascular pore properties in the tibial cortical bone compared to LC
controls, while no differences were observed in 10-week-old mice
(Fig. 4A) (Table 4). At 26 weeks of age, Sost KO mice showed markedly
greater vascular thickness (88%) (Fig. 4B), vascular volume (298%),
surface area (180%) with vascular porosity (115%) more than double
that of LC mice. At 78 weeks of age, all vascular parameters were
significantly greater in Sost KO compared to LC mice: vascular volume
(1200%), surface area (700%), and vascular porosity (332%). In addi-
tion, vascular canal thickness (100%), and vascular number (37%) were
greater in elderly Sost KO compared to LC mice, leading to a corre-
sponding lower vascular canal separation (26%).

In summary, these bone vascular pore properties suggest that Sost
deficiency led to progressively amplified vascularization with age,
particularly in terms of vascular volume, porosity, and surface area.

3.7. Sost deficiency alters lacunar properties in periosteal newly formed
bone more than endocortical newly formed bone

To examine site-specific effects of sclerostin deficiency, bone was
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Fig. 3. Osteocyte lacunar parameters. (A) 3D renderings of the osteocyte lacunae and tibial mid diaphysis of littermate controls (top) and Sost KO mice at 10 (left) 26
(middle) and 78 (right) weeks of age. (B) (top) Lacunar porosity (left) and lacunar number density (right) and (bottom) lacunar volume (left) and lacunar oblateness
(right) in littermate controls (black circles) and Sost KO mice (white circles) at 10 26 and 78 weeks of age. All data presented as means + SD. ANOVA results a)
genotype b) age c) interaction. # indicates p < 0.05 significance between genotypes via Tukey Kramer post hoc test. 1 Indicates p < 0.05 significance between ages in
LC mice via Tukey Kramer post hoc test. { Indicates p < 0.05 significance between ages in Sost KO mice via Tukey Kramer post hoc test.

segmented to analyze the 20 pm regions nearest to the endocortical and
periosteal surfaces, since this region of each surface contains newly
formed bone (Birkhold et al., 2016). No differences in lacunar properties
were found between Sost KO and LC mice in the endocortical bone at 10
weeks of age or 78 weeks of age (Fig. 5). At 26 weeks, lacunar density

(28%) and a lacunar porosity (47%) at the endocortical surface were
greater in Sost KO compared to LC mice, pointing to significantly higher
bone porosity and lacunar occupancy at skeletal maturity. These results
suggest that skeletal maturity is a period of pronounced divergence in
lacunar structure and porosity between genotypes in endocortical bone.



T. deVet et al.

Table 3

Tibial cortical bone lacunar parameters at 10, 26, and 78 weeks of age.

78-Week-0Old

26-Week-0Old

10-Week-Old

Sost KO

LC

Sost KO

LC

Sost KO

LC

Parameters

Tibial cortical bone

0.96
15.38
12.35

+
+
+

68.38
218.69

2.52

+
+
+

69.02
214.69

1.01
23.05

+
+
+

68.17
248.95

49

2.
14.24

11.76
0.01

0.

+
+
+

62.23
213.61

1.52
11.98

+
8.

+
+

70.27
273.33

26

2.
26.48

22.00

+
+
+

72.92
235.97

b, c

Lacunar Number Density (1000/mm3)

Individual Lacunar Volume (um®)

18.91

a, b
a, b

Individual Lacunae Surface Area (um?)

Lacunar Stretch (1)

246.14

15.68
0.01
0.02
0.05
0.01

17.32 243.55
0.00
1.

0.02
0.05

266.83

243.75

52

285.46

262.03

0.00
0.00
0.04

0.74
—0.20

0.74
-0.29
1.20
0.15

154.41

0.74
-0.25
1.17
0.15

152.67

0.74
—-0.31

0.00
0.02
0.02

0.73
—0.27

0.01
0.

0.74
—0.33

+

+

+

01

+

+

04

+

a, b

Lacunar Oblateness (1)

1.21
0.15

144.24

0.03
0.01

1.20
0.14

156.57

1.14
0.15

155.11

0.05
0.01

0.

1.18
0.14

157.57

Lacunar Sphericity (1)
Lacunar Equancy (1)
Lacunar Angle (°)

0.004
1.90
0.67
0.13

+
+
+

0.003
1.

+
+
+

0.004
1.

+
+
+

a, c

85

+
+

93
64

1.67
0.79
0.11

+
+

19
70

80

+
+
+
+

a, b, c
a, b, c
a, b, c
a, b, c

29.34

0.89
0.11

0. 24.93

25.91

0. 23.98

24.94

0.48
0.20

23.25
19.90

Lacunar Angle Standard Deviation

Lacunar Porosity (%)

1.72

1.71

0.19

1.94

1.54

0.08

2.20

Lacunar Total Volume (mm>)

0.005

+

0.026

+ 0.001

0.008

+ 0.003

0.020

+ 0.001

0.009

+ 0.002

0.016

0.001

0.009

ANOVA results a) genotype b) age c) interaction.

Indicates p < 0.05 significance between genotypes via Tukey Kramer post hoc.

*

Bone Reports 30 (2026) 101937

On the periosteal surface, 10-week-old Sost KO mice showed lower
lacunar density (—22%), lacunar volume (—15%), lacunar area (—10%),
and especially lacunar porosity (—33%) compared to LC mice, suggest-
ing a less porous and smaller lacunar network early in life. Lacunar
oblateness (—32%), was also dramatically lower indicating a more
spherical lacuna shape in Sost KO mice than LC mice. At 26 weeks of age,
lacunar density was no longer different between the two genotypes, but
there appeared an even stronger size difference, with lacunar volume
(—18%), lacunar area (—11%) and lacunar porosity (—19%) being lower
in Sost KO compared to LC mice. Lacunar oblateness (—64%) was lower
while sphericity was higher (6%), pointing to continued morphological
divergence in lacunae shape and porosity. By 78 weeks, only lacunae
oblateness was lower (—133%) in Sost KO compared to LC mice.

These findings suggest that Sost KO mice exhibit reduced lacunar
complexity and porosity throughout life compared to LC mice, particu-
larly during early and mid-adulthood, which may affect osteocyte
function and bone remodeling. Sclerostin deficiency had a more
remarkable effect on the periosteal surface compared to the endocortical
surface.

3.8. Sost deficiency altered bone vascular pore properties in newly formed
bone on the periosteal and endocortical surfaces differently

Within newly formed bone on the endocortical surface, no differ-
ences in bone vascular pore properties were found between Sost KO and
LC in the 10- and 26-week-old mice (Fig. 6). However, in the 78-week-
olds, the vessel separation was lower (49%), while the vessel number
(114%) and the vessel porosity (366%) were greater in Sost KO
compared to LC mice, resulting in a total microporosity (vascular canals
and lacunae) also being higher (61%).

In the newly formed bone on the periosteal surface of the 10- and 26-
week-old animals the vascular volume (—61%, —71%), surface area
(—61%, —72%), porosity (—64%, —75%) and total microporosity
(—39%, —33%) was markedly lower in the Sost KO mice compared to the
LC mice. This difference continued with the vascular porosity being so
low in the 78-week-old Sost KO mice that it could not be detected in most
animals. Also, the thickness of vascular canals (—26%) was lower only in
26-week-olds Sost KO mice in the periosteal region.

In summary, these bone vascular pore properties suggest that the
amount of vessel formation increases with age on the endocortical sur-
face but decreases with age on the periosteal surface.

3.9. Lacunar parameters in intracortical bone were similar between
genotypes with age, while vascular parameters diverged between genotypes
with age

Although the intracortical region of mice has largely been considered
quiescent, reports of old age leading to de novo intracortical remodeling
(Piemontese et al., 2017) perilacunar remodeling around osteocytes, as
well as recent evidence of intracortical remodeling around blood vessels
in 26 old C57BL/6 mice (Ford et al., 2025) suggest the intracortical bone
of mice is a more active region than previously thought. At 10 weeks of
age, Sost KO mice showed greater lacunar volume (26%) (Fig. 5),
lacunar area (15%), equancy (14%), lacunar porosity (16%), and
lacunar angle standard deviation (8%), indicating more voluminous,
porous, and less organized lacunae early in life compared to LC mice.
Conversely, lower lacunar density (—6%), oblateness (—18%), sphericity
(—7%), stretch (—2%), and angle (—2%) were observed in the intra-
cortical region of 10-week-old Sost KO compared to LC mice, suggesting
a shift toward fewer, and rounder lacunae.

By 26 weeks of age, lacunar volume (24%), lacunar area (13%),
lacunar porosity (30%), lacunar total volume (219%), and lacunar angle
standard deviation (11%), alongside greater equancy (13%), and sphe-
ricity (6%) remained greater in Sost KO compared to LC mice. Lower
oblateness (—17%), and stretch (—2%) at this age indicated continued
shape modification with Sost deficiency.
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Fig. 4. Vascular canal properties. (A) 3D renderings of the tibial mid diaphysis of littermate controls (top) and Sost KO mice at 10 (left) 26 (middle) and 78 (right)
weeks of age. (B) (top) vascular thickness (left) and vascular number density (right) and (bottom) vascular separation (left) and vascular porosity (right) in littermate
controls (black circles) and Sost KO mice (white circles) at 10, 26, and 78 weeks of age. All data presented as means + SD. ANOVA results a) genotype b) age c)
interaction. # indicates p < 0.05 significance between genotypes via Tukey Kramer post hoc test. 1 Indicates p < 0.05 significance between ages in LC mice via Tukey
Kramer post hoc test. | Indicates p < 0.05 significance between ages in Sost KO mice via Tukey Kramer post hoc test.

At 78 weeks of age, some features reversed: lacunar porosity (—12%)
and lacunar density (—13%) were lower in Sost KO mice compared to LC
controls, while lacunar volume (2%), surface area (1%), and angle
standard deviation (22%) remained greater. Oblateness (—32%), and
equancy (—1%) were also lower, suggesting aging in Sost KO mice led to
smaller, lesser lacunae that retained an irregular orientation. While
lacunar porosity was lower, lacunar total volume was higher (458%) in
Sost KO compared to LC mice, indicating that more lacunae were present
within the greater bone tissue, but made up less of the porosity.

Overall, these findings suggest that Sost KO mice initially exhibit
larger, more plentiful lacunae with altered geometry, but these differ-
ences attenuate or reverse with aging. Oblateness stands out as a
parameter that consistently becomes more negative with aging.

At 10 weeks, no differences were found at the intracortical region
between Sost KO mice and their LC controls in bone vascular pore
properties. At 26 weeks, the differences intensified dramatically: vessel

volume (458%), surface area (318%), vessel porosity (127%), vessel
thickness (86%) and total microporosity (65%) were all greater sug-
gesting a major expansion in vascular structure. At 78 weeks, the most
extreme differences occurred: vessel volume (1300%), surface area
(875%), vessel porosity (330%) and microporosity (70%) were all
greater. Vessel thickness (103%) remained greater, and vessel number
(43%) was greater, with a corresponding lower vessel separation
(—29%) highlighting a profound age-related increase in vascularization
in Sost KO compared to LC mice.

These results indicate that Sost KO mice develop a drastically more
vascular and porous bone environment with age, particularly due to
large increases in vessel volume and surface area, suggesting enhanced
bone remodeling or altered angiogenesis.
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Table 4

Tibial cortical bone vascular canal parameters at 10, 26, and 78 weeks of age.

78-Week-Old

26-Week-0Old

10-Week-Old

Sost KO

LC

Sost KO

LC

Sost KO

LC

Parameters

Tibial cortical bone

0.005
0.03
0.87

+

0.018
0.17
5.93

0.001
0.03
0.54

+

0.009
0.23
4.32

0.004
0.02
0.48

+

0.015
0.18
5.50

0.001
0.03
0.82

+

0.008
0.21
4.79

0.001
0.02
0.62

+

0.010
0.18
5.57

0.001
0.02
0.43

+
+
+
+
+
+
+

0.009
0.194
5.195
0.005

a, b, c
a, c

Vascular Thickness (mm)

Vascular Separation (mm)

Vascular Number (1/mm)
Vascular Volume (mm?®)

0.0118
3.27
0.44
0.37

+

0.0382
9.62
2.29
3.70

0.0002
0.14
0.05
0.11

+

0.0026
0.99
0.53
2.18

0.0051
1.18
0.42
0.36

+

0.0191
5.52
1.70
3.35

0.0018
0.90
0.32
0.14

+

0.0048
1.97
0.79
2.10

0.0020
0.65
0.17
0.19

+

0.0100
3.68
1.30
3.36

0.0009
0.35
0.22
0.26

a, b, c
a, b, c
a, b, c
a, b, c

2.021

Vascular Surface Area (mm?)
Vascular Porosity (%)
Total Porosity (%)

1.074
2.854

ANOVA results a) genotype b) age c) interaction.

Indicates p < 0.05 significance between genotypes via Tukey Kramer post hoc.

*

10

Bone Reports 30 (2026) 101937

3.10. Three weeks of SclAb treatment altered bone vascular pore number,
but not lacunar properties in quiescent bone from the intact femur of mice
that had undergone an osteotomy in the contralateral femur

In contrast to the substantial changes seen in lacunar properties with
a knockout of the Sost gene, the administration of three weeks of SclAb
did not alter microstructural properties (Table 5), or lacunar properties
(Table 6) compared to vehicle treatment in the contralateral limb. SclAb
treatment did however have an impact on the mineralized vascular
channels within the bone (Table 7). The vascular number (19%) was
significantly lower in SclAb treated mice compared to vehicle-treated
mice, with a corresponding trending greater vascular separation
(23%) (p = 0.06). Vascular volume, surface area, and porosity all were
trending lower with SclAb treatment (—16%, —26%, —25%), although
large variance between samples likely prevented reaching statistical
significance. Three weeks of treatment did not lead to altered bone
microstructural parameters.

In summary, regardless of region analyzed (e.g. total callus miner-
alized volume, endocortical callus, periosteal callus), the data suggested
that three weeks of SclAb administration had minimal impact on lacunar
morphometry, although vascular number was lower in the femoral
cortex, at 26 weeks of age. However, it should be noted that systemic
inflammation or other systemic factors associated with bone healing
occurring on the contralateral limb may have affected the lacunar or
vascular properties within the intact limb.

3.11. Short-term SclAb treatment led to altered callus volume during bone
healing, with no alteration to lacunar properties

The volume of callus and a mask of the entire bone envelope were
used to calculate volumes. There was no difference in the mineralized
callus bone volume (Supp Fig. 1). The callus BV/TV was significantly
higher in the SclAb group compared to the vehicle injected controls. The
lacunae within the callus were highly irregular and varied greatly in size
and orientation depending on where they were located and the age of
the tissue that they were embedded in. To try and compensate for these
differences, lacunae within the callus tissue were analyzed globally, but
were also separated into periosteal, intracortical, and endosteal callus
(Fig. 7).

In summary, there were no differences in the lacunae within the
fracture callus between treatments. There was a trend of lower lacunar
density (p = 0.09) within the SclAb treated mice in the endosteal callus,
which led also to a trend (p = 0.09) in lower lacunar porosity.

4. Discussion

This study evaluated the effects of Sost gene deletion and short-term
sclerostin neutralization on cortical bone structure, osteocyte lacunar
properties, and bone vascular pore properties across the murine lifespan.
Our findings demonstrate that Sost deficiency led to progressive and
robust increases in cortical bone geometry and microstructural
complexity. The Sost knockout (Sost KO) phenotype is characterized by
continued cortical bone accrual from 10 to 78 weeks, contrasting with
the biphasic process of bone mass increases until skeletal maturity, and
then decrease with aging observed in LC controls. These findings
confirm previous work showing that sclerostin limits bone mass accrual
in young and skeletally mature mice. Importantly, the present study, for
the first time, reveals how Sost deficiency influences bone aging. In
addition, our data shows that Sost deficiency leads to greater bone
vascular porosity, but similar osteocyte lacunar properties with
increasing age.

Sost KO mice exhibited sustained increases in cortical area (Ct.Ar),
thickness (Ct.Th), and mechanical moments of inertia (Imax, Imin)
throughout life, greatly decreasing the marrow area (Ma.Ar). These
changes were most pronounced in older animals, where cortical area
and cortical thickness were massively larger than in younger Sost KO
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Fig. 5. Osteocyte lacunar parameters within regions of active (re)modeling (periosteal and endocortical) versus quiescent bone (intracortical). Lacunar number
density, lacunar volume, lacunar oblateness, and lacunar porosity in the periosteal (right) intracortical (middle) and endocortical (right) regions in littermate controls
(black circles) and Sost KO mice (white circles) at 10, 26 and 78 weeks of age. All data presented as means + SD. ANOVA results a) region b) region *genotype c)
region *age d) region*treatment*age. # indicates p < 0.05 significance between genotypes via Tukey Kramer post hoc test. { Indicates p < 0.05 significance between
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Table 5
Contralateral femur cortical bone microstructural parameters
treatment or Vehicle.

after SclAb

26-Week-Old

Parameters Veh SclAb

Femur Cortical Bone n = 7 n = 6
Ct.Ar (mm?) 1.00 + 0.09 0.97 + 0.12
Ma.Ar(mm?) 0.98 + 0.10 0.88 + 0.06
Tt.Ar (mmz) 1.89 + 0.06 1.95 + 0.10
Ct.Ar/Tt.Ar (mm?/mm?) 0.53 + 0.04 0.50 + 0.05
Ct.Th (mm) 0.25 + 0.02 0.24 + 0.03
Imax (mm*) 0.31 + 0.03 0.32 + 0.04
Imin (mm*) 0.16 + 0.01 0.16 + 0.02
Periosteal Perimeter (mm) 5.40 + 0.10 5.48 + 0.12
Endocortical Perimeter (mm) 3.86 + 0.12 4.01 + 0.22
Porosity (%) 0.21 + 0.06 0.16 + 0.03

Indicates p < 0.05 significance between genotypes via Tukey Kramer post hoc.
No significance was measured.

Table 6
Contralateral femur cortical bone lacunar parameters after SclAb treatment or
Vehicle.

26-Week-Old

Parameters Veh SclAb
Femur Cortical Bone n = 7 n = 6
Lacunar Number Density

(1000/mm®) 58.95 + 2.17 57.51 + 1.46
Individual Lacunar

Volume (um®) 252.76 + 1295 255.45 + 14.61
Individual Lacunae

Surface Area (um?) 255.45 + 10.17 258.70 + 17.76
Lacunar Stretch (1) 0.69 + 0.03 0.70 + 0.03
Lacunar Oblateness (1) -0.24 + 0.04 -0.22 + 0.06
Lacunar Sphericity (1) 1.05 + 0.04 1.06 + 0.03
Lacunar Equancy (1) 0.21 + 0.04 0.20 + 0.04
Lacunar Angle (°) 150.89 + 2.05 151.56 + 0.98
Lacunar Angle Standard

Deviation 26.20 + 0.80 25.81 + 0.65
Lacunar Porosity (%) 1.62 + 0.10 1.61 + 0.10
Lacunar Total Volume

(mm®) 0.014 + 0.001 0.014 + 0.001

Indicates p < 0.05 significance between genotypes via Tukey Kramer post hoc.
No significant differences were measured.

Table 7
Contralateral femur cortical bone vascular canal parameters after SclAb treat-
ment or Vehicle.

26-Week-Old

Parameters Veh SclAb

Femur Cortical Bone n = 7 n = 6

Vascular Thickness 0008 4 0001 0009 £ 0.000
(mm)

Vascular Separation 0.22 " 0.04 0.27 " 0.04
(mm)

Vascutar Number (1/ 4.69 £ 077 3.78 £ 056
mm)

Vascular Volume (mm3) 0.0044 + 0.0012 0.0037 + 0.0008

Vascula;r Surface Area 173 L 063 1.28 L 036
(mm®)

Vascular Porosity (%) 0.47 + 0.11 0.40 + 0.11

Total Porosity (%) 2.04 + 019 2.05 + 020

" Indicates p < 0.05 significance between genotypes via Tukey Kramer post
hoc.

mice. In contrast, LC mice displayed modest cortical area fraction gains
from 10 to 26 weeks, followed by deterioration from 26 to 78 week-
s—consistent with age-related bone loss (Birkhold et al., 2014; Willie

13

Bone Reports 30 (2026) 101937

et al., 2013). This follows the trends found by others as mice are
constantly growing, even after they reach peak bone mass and skeletal
maturity at 26 weeks of age (Ferguson et al., 2003). These changes are
generally more pronounced in females (Glatt et al., 2007). This diver-
gence suggests that sclerostin plays a central role in limiting bone
accrual and mediating age-associated cortical thinning. The prolonged
absence of sclerostin (Sost KO) causes an extreme amount of bone mass
to be present at each age, increasing in severity with age, similar to
previous studies (Albiol et al., 2020; Li et al., 2008). Our data shows that
Sost KO mice continue to have increased bone formation even as mice
age to 78 weeks, whereas LC mice see declines in bone formation.

In our study, chronological aging in both genotypes (Sost KO, LC) led
to lacunar density, volume, and porosity decreases with age and
oblateness to increase with age. However, as these values were already
higher in the Sost KO mice at 10 weeks of age, the changes were more
pronounced than in LC mice. While lacunar volume, density, and
porosity were higher in Sost KO compared to LC mice at 10 and 26 weeks
of age, these differences were no longer present by 78 weeks. Similar to
what others have seen, the overall osteocyte lacunar number density
decreases with age (Tiede-Lewis and Dallas, 2019) whether or not
sclerostin levels are altered. Sclerostin may also be a controller of
osteocytic osteolysis and perilacunar remodeling, with increasing levels
resulting in higher levels of perilacunar resorption (Delgado-Calle et al.,
2016). While some have seen no changes to lacunar volume due to
aging, (Tiede-Lewis et al., 2017) others have shown decreases in lacunar
volume with aging (Hemmatian et al., 2018).

Lactation and alteration of PTH levels have been shown to cause
alterations to lacunar volume through perilacunar remodeling (Qing
et al., 2012). Sclerostin binds to Wnt co-receptors LRP5 and 6 and pre-
vents Wnt ligands from activating canonical Wnt/B-catenin signaling
causing reduced osteoblast differentiation, activity, and bone formation
and well as increasing osteoblast apoptosis (Compton and Lee, 2014).
Importantly, there is evidence suggesting that perilacunar remodeling is
influenced by developmental programs governed partly by Wnt
signaling (Moharrer and Boerckel, 2021; Wang et al., 2021). In addition,
sclerostin upregulates enzymes involved in bone matrix degradation (e.
g. cathepsin K, carbonic anhydrase 2, and tartrate-resistant acid phos-
phatase), and exogenous sclerostin application to human trabecular
bone cultures ex-vivo has been shown to increase lacunar size (Kogawa
etal., 2013, 2018), further suggesting it influences osteocytic osteolysis.

Sost KO mice appear to have larger lacunae than their LC counter-
parts, indicating other pathways may be contributing to these volu-
metric changes. As the volumetric differences disappear in older
animals, the hormonal declines in older animals that drive perilacunar
remodeling may be the predominant signal, limiting the effect the Sost
KO has on the lacunar volume at this age. Alternatively, it is possible
that PCE-CT is not sensitive enough to detect micropetrosis and empty
lacunae. As micropetrosis and osteocyte death increase with age, it is
possible that there is another driving factor causing lacunar volume to
decrease with age, with or without a decreased sclerostin level.

Interestingly, these differences were opposite and more pronounced
at the periosteal surface, where Sost KO mice showed reduced lacunar
density, volume, and porosity early in life, which reached similar levels
to the LC by 78 weeks of age. The lacunar oblateness however, followed
similar trends to the full volume, diverging more from LC with age and
the oblateness continued to become less negative.

As periosteal apposition seems to be the main contributing factor to
the higher bone mass in Sost KO mice, this may indicate that the rapid
apposition on the periosteal surface leads to smaller lacunae. The
lacunae then could undergo perilacunar remodeling in the intracortical
bone, becoming larger. Sclerostin can inhibit mineralization and induce
perilacunar remodeling which would explain these larger lacunae
(Prideaux et al., 2016). This suggests that sclerostin plays a more
prominent regulatory role in areas of active bone formation and appo-
sition, particularly during midlife. The lacunar density was largely un-
affected due to the KO in the periosteal and endocortical regions but was
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Fig. 7. Lacunar parameters measured in bone volumes of the healing callus separated into the periosteal callus, intracortical callus and endosteal callus as per the 3D
rendering (bottom). Lacunar density, individual lacunar volume, lacunar porosity and lacunar oblateness in vehicle treated (black circles) and SclAb treated mice
(white circles) All data presented as means + SD. * indicates p < 0.05 significance between groups from a Students t-test.

altered in the intracortical region. This may indicate that bone formation
is occurring normally, just more rapidly in Sost KO compared to LC mice.
The lower lacunar density in the intracortical region at 10 and 78 weeks
may also indicate that more osteocyte apoptosis occurs in Sost KO mice,
or that more bone per osteoblast is laid down, resulting in less cells per
mineralized matrix. The vascularity within the intracortical bone fol-
lows similar trends to the full volume with the thickness and porosity of
vessels increasing with age. Within the periosteal region of the bone the
vessel separation was greater in the Sost KO mice at 10 and 26 weeks
with a corresponding lesser vessel number and porosity. The lower
number of vessels in this region was even more pronounced at 78 weeks
of age with none being detected within the Sost KO group. This is
interesting as depleting the Wnt inhibiting sclerostin should allow for
more angiogenesis (Olsen et al., 2017). This reinforces the idea that
lacunar and vascular compartments respond differently to Sost
deficiency.

In all cases the lacunae in the Sost KO mice had a higher oblateness,
indicating the knockout impacted the shape of the lacunae making them
more plate-like. Despite this, the trend of higher oblateness with age was
seen in both genotypes, following what others have seen in male C57Bl/
6 J mice between 6, 18, and 24 months with osteocytes becoming

14

significantly less oblate with age (Heveran et al., 2018).

A striking phenotype in Sost KO mice was the progressive expansion
of vascular canal networks with age, particularly between 26 and 78
weeks. Vascular volume, surface area, and porosity increased dramati-
cally, in some cases over 10-fold, suggesting a potent role for sclerostin
in limiting vascularization within cortical bone. This expansion was
especially apparent in the intracortical and endocortical compartments
of older mice, whereas vascular features in LC mice declined with age.
Interestingly, periosteal vascularization was reduced or absent in Sost
KO mice, pointing to regional differences in the effects of sclerostin.
Sclerostin is an inhibitor of angiogenesis, and a knockout allows for
more angiogenesis (Huang et al., 2024). As the Wnt signaling pathway is
important for angiogenesis (Olsen et al., 2017), depleting sclerostin (a
Wnt inhibitor) could allow for more angiogenesis, as more bone tissue
forms. The coordinated increase in both bone and vascular volume in
Sost KO animals suggests a potentially integrated remodeling response,
possibly mediated by shared regulatory pathways for angiogenesis and
osteogenesis. While PCE-CT does not allow confirmation of vasculature
within these pores, it has been shown that pores over the size of lacunae
often contain vessels (Ntinez et al., 2017). However, without performing
additional histology it is not possible to confirm that all the increased
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porosity is from increased vasculature, and not trabecularization.

Short-term treatment with sclerostin-neutralizing antibody induced
only modest changes compared to the dramatic lifelong effects of genetic
deletion. While three weeks of SclAb treatment was not enough to
impact lacunar parameters, it was enough to increase the number den-
sity of vascular channels overall with a modestly lower (p = 0.06)
vascular separation and a modestly lower (p = 0.09) vascular channel
thickness as well as an overall greater porosity not created from vessels
or lacunae. This is in contrast to Qin et al. who found that SclAb could be
used to combat bone loss from a long term spinal cord injury, by
combatting the loss in osteocyte density and change of shape due to
disuse (Qin et al., 2015). However, these findings were reported in rats
who were treated for longer (7 weeks) in an unloading model. These
differences may highlight the importance of duration of treatment, or
also species-specific effects of treatment.

When the cortex was evaluated regionally, it appeared that the lower
vascular thickness was coming predominantly from newly formed bone
on the endosteal surface, with smaller vessels occurring in this region.
The majority of osseous blood vessels within the cortex of murine bones
are in the fibrolamellar intracortical band (Shipov et al., 2013) with
fewer being found in the organized lamellar bone on the surfaces. This
may contribute to the lesser vascular parameters in the new bone,
especially that formed while SclAb inhibition was in effect.

During fracture healing, SclAb treatment significantly increased
mineralized callus fraction (BV/TV), without affecting lacunar proper-
ties, indicating a rapid effect on mineralization, but not on cellular-level
bone organization. The expression of SOST in humans is high in fracture
sites (Sarahrudi et al., 2012). While the callus volume and the callus
volume fraction were greater with the use of SclAb similar to others
(Alaee et al., 2014; Virk et al., 2013), the volume and shape of individual
lacunae within the callus did not change. Casanova et al. (Casanova
et al., 2021) showed that lacunar volume decreases over time in
woven bone within the callus and lacunar volume is larger in callus
tissue than intact bone, with the lacunar density decreasing as the callus
matures. We previously showed that lacunae in callus tissue have 34%
higher lacunar density and 40% larger lacunar volume compared to
those residing in the original cortical bone, indicating that the osteocyte-
lacuno-canalicular network (OLCN) is different in healing versus
quiescent bone.

There was also a modest (p = 0.07) decrease in lacunar porosity in
the SclAb treated mice, which may come from this slightly lower lacunar
density as lacunar volumes were not altered. When the callus was
separated into various regions, analysis of the endosteal callus in the
SclAb-treated mice was lower than vehicle-treated mice. This resulted in
a lower lacunar porosity in this region as well. The lacunar porosity was
also lower in the intracortical callus in the SclAb-treated mice. These
findings suggest that SclAb may require longer or earlier treatment
windows to elicit microstructural changes comparable to Sost deletion.

An important implication of the observed changes in microporosity is
its potential contribution to bone fracture toughness. Microporosity
plays a dual role in bone mechanics: while excessive porosity can
compromise structural integrity (De Paolis et al., 2021; Ugarteburu
et al., 2025) (Kaya et al., 2017), a well-organized microporous
network can enhance toughness by promoting energy dissipation, crack
deflection, and stress redistribution during loading (Carriero et al.,
2014b). When bone is loaded, the strain surrounding osteocyte
lacunae can be orders of magnitude higher than what the gross tissue
experiences (Nicolella et al., 2005). Too large an increase in vascular
porosity hinders crack deflection and cracks can propagate transversely
through the canals rather than being deflected (Carriero et al., 2014a).
Lacunae also naturally become more oblate with age and more disor-
ganized with age, which may cause the tissue to become more brittle and
less resistant to cracks (Munoz et al., 2025b). Aging naturally causes an
increase in vascular porosity, through increased vascular diameters, but
not numbers (Andronowski et al., 2023). In contrast to this, lacunae are
smaller and less round and lacunar and canalicular density are
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decreased (Andronowski et al., 2023; Heveran et al., 2018). An
increased vascular porosity would contribute to fragility and a reduced,
less connected OLCN would have less mechanosensitivity and ability to
repair and reinforce bone due to this fragility (Andronowski et al.,
2023).

LC mice exhibit early lacunar compaction and declining vascular
porosity with age—hallmarks of more brittle bone prone to fracture. The
Sost KO mice had even more pronounced lacunar oblateness changes and
lacunar angle standard deviation increases with age, along with a
greatly increased vascular porosity, which may support greater fracture
resistance by providing microscale heterogeneity that hinders crack
propagation. However, it is possible that this may have gone too far, and
the bone may have become more brittle due to the large vascular and
lacunar changes due to long-term sclerostin inhibition.

The current study is limited in that we did not measure fracture
toughness in the mice, and the study was cross-sectional rather than
longitudinal. However, our findings align with prior work linking
reduced porosity and lacunar density to increased bone fragility in aged
and osteoporotic bone (Bernhard et al., 2013). Thus, the enhanced and
sustained porosity in sclerostin deficient mice may represent a mecha-
nistic contributor to improved fracture toughness. However, further
studies directly examining fracture toughness in sclerostin deficient
mice bone and human bone biopsies are warranted to confirm this
assertion to determine if this is a novel benefit of long-term sclerostin
inhibition beyond bone mass accrual. It would also be important to
study the underlying molecular mechanisms responsible for sclerostin
inhibition altering cortical porosity. Another limitation is that we did
not examine lacunar or vascular properties or explore gene or protein
expression in young and old WT mice with SclAb treatment. Future
studies are warranted to examine if short-term or long-term treatment
with SclAb in WT mice leads to similar age-related effects shown with
Sost deficiency. Lastly, due to the limited beam-time available at the
synchrotron radiation facility, this study only focused on cortical bone in
female mice to allow for a wider range of ages to be analyzed. Thus,
future investigations should also examine trabecular bone and explore
the effect of Sost deficiency in males.

5. Conclusion

Collectively, our data highlight the lifelong impact of Sost deficiency
on bone mass, microstructure, and vascularity. Sost KO mice exhibit
sustained cortical thickening and pronounced vascularization, particu-
larly in aging bone. Short-term SclAb treatment, while beneficial for
enhancing callus mineralization, fails to recapitulate the full micro-
architectural changes seen in genetic deletion, suggesting that timing
and duration are critical for therapeutic efficacy. Overall, this work
underscores the multi-faceted role of sclerostin in regulating cortical
bone integrity and aging, providing insights for both fundamental
skeletal biology and the development of bone anabolic therapies.
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