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Abstract

Osteogenesis imperfecta (Ol) increases fracture risk due to changes in bone quantity and quality
caused by mutations in collagen and its processing proteins. Current therapeutics improve bone
quantity, but do not treat the underlying quality deficiencies. Male and female G610C+/- mice,

a murine model of Ol, were treated with a combination of raloxifene and in vivo axial tibial
compressive loading starting at 10 weeks of age and continuing for 6 weeks to improve bone
quantity and quality. Bone geometry and mechanical properties were measured to determine whole
bone and tissue-level material properties. colocalized Raman/nanoindentation system was used to
measure chemical composition and nanomechanical properties in newly formed bone compared to
old bone to determine if bone formed during the treatment regimen differed in quality compared

to bone formed prior to treatment. Lastly, lacunar geometry and osteocyte apoptosis were assessed.
Ol mice were able to build bone in response to the loading, but this response was less robust

than in control mice. Raloxifene improved some bone material properties in female but not male
Ol mice. Raloxifene did not alter nanomechanical properties, but loading did. Lacunar geometry
was largely unchanged with raloxifene and loading. However, osteocyte apoptosis was increased
with loading in raloxifene treated female mice. Overall, combination treatment with raloxifene and
loading resulted in positive but subtle changes to bone quality.
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Introduction

Osteogenesis imperfecta (Ol) is a condition of poor bone quality caused by mutations in
collagen and its processing proteins that result in skeletal fragility due to deficiencies in
structure such as cortical thinning and poor quality of bone [1]. Bone tissue quality changes
include hypermineralization, collagen fibrillar defects, and high lacunar density [2-5]. The
standard of care for Ol is to treat with bisphosphonates, which have been repurposed

from use in osteoporosis [6]. These medications improve the quantity of bone but do alter
the quality. Improving the quantity of poor-quality material will have limited benefits on
preserving skeletal mechanical integrity. Preclinical and early clinical research have started
to address this issue, with studies examining the benefits of anti-sclerostin antibody, anti-
TGF-p antibody, or targeting cellular stress [7-12] on bone quality. However, combining
treatments that improve quantity and quality will be necessary due to the structural and
quality deficiencies present in Ol.

Raloxifene (RAL) is one therapeutic that could potentially improve bone quality. RAL is a
selective estrogen receptor modulator (SERM) that has been approved to prevent vertebral
fractures in post-menopausal women [13]. SERMs may affect tissues differently based

on which estrogen receptor (ER) (a or B) they bind to and whether heterodimerization

or homodimerization occurs [14]. Additionally, males and females respond differently to
estrogen and therefore SERMs [15]. While raloxifene may promote bone formation [14],

it has also been shown to improve bone quality in a cell-independent manner [16-18].
Previous work in the lab has shown that treatment of a severe model of Ol with RAL
resulted in Ol mice having fewer spontaneous fractures [19]. This improvement may be due
to RAL increasing the bound water content of bone thereby improving bone quality and
fracture resistance. Previous studies found beagles treated with RAL had higher bound water
in their bones [20] and ex vivo exposure of bone to RAL also increased bound water [21].
Bound water is associated with the interfaces of collagen and mineral or within the collagen
triple helical structure [22]. Removing bound water through dehydration has been shown

to cause an embrittlement in bones [23] as it prevents crack bridging and sliding between
mineral crystals and collagen [24]. Enhancing bound water may allow for better load sharing
between collagen and mineral, improving the ductility and toughness of bone.

There is a need to improve the quality and quantity of the bone given the structural

and quality deficiencies of Ol. Mechanical loading can be a potent anabolic stimulus

in bone. There is limited data regarding mechanosensitivity in Ol mice, but it may be
detrimentally impacted due to alterations in the lacunar-canalicular network, impaired
osteoblastogenesis, and poor collagen quality[25-31]. There has been work indicating that
the lacunar-canalicular network is altered with Ol, as models have shown increased lacunar
density and altered lacunae shape [25]. The osteocyte is important to bone’s anabolic
response to mechanical stimuli and alterations to the lacunar-canalicular network in Ol could
alter bone’s ability to sense loads [32]. Additionally, osteoblastogenesis may be impaired
in Ol, which would also decrease the ability to form new bone in response to loads [26].
Furthermore, altered collagen may not be able to transmit forces as effectively. These
factors may be the reason that previous work with exercise has indicated that Ol mice build
less bone with treadmill running [27-29]. However, it is difficult to isolate the effects of
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mechanical loading alone when utilizing exercise models as these models affect muscle and
cardiovascular factors as well. In vivo axial tibial compression can be utilized to investigate
the isolated effects of mechanical loading [33].

Given that loading can improve the quantity of bone[33, 34] and RAL may improve the
quality[19, 21, 35], these approaches were combined to test the hypothesis that combination
treatment would be more effective than either treatment alone. The tibiae of male and

female wild-type mice and mice from the moderate G610C+/- model of Ol aged 10 weeks
were mechanically stimulated for six weeks. The G610C+/- is a model of moderate Ol

with a mutation on the alpha-2 chain of collagen that results in lower areal bone mineral
density (aBMD), bone area, strength, and toughness [36—38]. A subset of these animals were
simultaneously treated with RAL. We measured the structural and mechanical properties of
whole bone to determine the overall effect of combination treatment of loading and RAL.

To determine if loading or RAL had a greater effect on bone formed during loading or pre-
existing bone, the local nanomechanical properties and chemical composition of the tissue
were measured with a colocalized Raman/nanoindentation system. Finally, osteocyte lacunar
geometry and apoptosis were measured to determine mechanisms of Ol bone’s response

to loading. We predicted there would be improvements to bone quality with combination
treatment, but a less robust response to loading in Ol bone due to Ol-induced changes in the
osteocyte network and cell response.

2. Methods

2.1. Animals

2.1.1 Animal breeding and tibial loading—G610C+/- (Ol) and wild-type (WT)
animals were bred using female C57BL/6J mice from The Jackson Laboratory and male
G610C+/- mice received from the laboratory of Dr. Alexander Robling. Female WT are
used for breeding as homozygous mice from heterozygous breeding pairs die in utero [36].
Mice were group-housed with littermates of the same sex with no more than 5 mice per
cage. Mice were kept on a 12-hour light/dark cycle at standard temperature and were given
food and water ad libitum. A set of 4-7 mice per genotype and sex were euthanized at

10 weeks of age for a load strain calibration as previously described [39]. Briefly, a single
element strain gauge was attached to the right tibia of each mouse at the cortical mid-shaft.
The loads needed to engender a strain of 1390 e [40] were determined by measuring the
strain generated by cyclic loads ranging from 1 N to 15 N. A standard curve generated for
each group (Supplemental Figure 1) indicated the following forces were needed: 7.8 N for
female Ol mice, 10.6 N for female WT mice, 11.9 N for male Ol mice, and 12.4 N for
male WT mice. Mice from each group were subjected to in vivo axial tibial compressive
loading of the right tibia under isoflurane-induced anesthesia for 6 weeks starting at 10
weeks of age. The left tibia served as an internal, non-loaded control. Mice were loaded
three times a week with at least a day of rest between each loading day. After the first
bout of loading, all mice received an intraperitoneal (IP) injection of 0.6% calcein to
locate the bone’s surface at the start of interventions. Four loading cycles were delivered
at 4 Hz between 0.3 N and the loads indicated above, followed by 1.75 seconds of rest.
This process was repeated 50 times for a total of 200 loading bouts. We have previously
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found this loading protocol causes significant increases to the overall bone geometry [41].
While our later papers have indicated that changes to bone geometry are still present with
only 4 weeks of loading, a 6 week duration was used here to ensure Ol mice would

build bone. Concurrently, mice were separated into untreated and RAL-treated groups.
RAL-treated mice were given subcutaneous injections of RAL (0.5 mg/kg suspended in
10% hydroxypropyl B cyclodextrin, Sigma Aldrich) five times a week. Sample sizes were
n=13 untreated Ol females, n= 13 RAL-treated Ol females, n=10 untreated Ol males, and
n=11 RAL-treated Ol males. Animals were weighed weekly to determine the proper dose.
Animals were euthanized at 16 weeks by cardiac exsanguination under isoflurane anesthesia
followed immediately by cervical dislocation. All protocols and procedures were performed
with prior approval from the Indiana University — Purdue University Indianapolis School of
Science Institutional Animal Care and Use Committee (IACUC).

2.1.2 Tissue Collection—Tibiae were collected, removed of soft tissue, and stored in
phosphate buffer solution (PBS)-soaked gauze at —20 °C for bending tests. For female mice,
tibiae from an additional set of loaded mice were cut in half at the midshaft using a low-
speed sectioning saw (Buehler Isomet) immediately after dissection and soft-tissue removal.
Only females were utilized given that greater differences were observed in the bending
mechanics, and slow breeding of male mice made using males infeasible. The proximal half
was stored in PBS-soaked gauze at —20 °C for Raman spectroscopy and nanoindentation
measurements and the distal half was fixed in 10% neutral buffer formalin (NBF) for 48
hours prior to being stored in 70% ethanol at room temperature for immunohistochemical
assessment of osteocyte apoptosis. The uterus was extracted and weighed for female mice.
Untreated female Ol microcomputed tomography and mechanics of the tibiae data was
previously published [42].

2.2 Microcomputed tomography (microCT)

Tibiae were scanned with a 0.5 aluminum filter, beam energy at 60 kV, beam current at 167
KA, a rotation step of 0.7°, frame averaging of 2, and with a 9.8 pm voxel size on a Skyscan
1172 uCT system (Bruker, Billerica, MA). Hydroxyapatite phantoms at concentrations of
0.25 g/cm3 and 0.75 g/cm?3 were scanned weekly for tissue mineralization density (TMD)
calculations. Bones were reconstructed (NRecon software) and rotated (DataViewer) such
that each tibia was straight and the anterior side of each was oriented in the same direction.
A 1 mm trabecular region of interest (ROI) was analyzed using CTan software starting

at the distal end of the growth plate. A 0.1 mm cortical ROI was analyzed at 37.5% of

the length of the tibiae from the proximal end using a custom Matlab script. Trabecular
parameters of bone volume fraction (BV/TV), trabecular number (Th.N), trabecular spacing
(Th.Sp), trabecular thickness (Th.Th), and trabecular TMD (Th.TMD), and cortical bone
structural parameters of total area, marrow area, cortical area, cortical thickness, minimum
and maximum moment of inertia (Imin, Imax), bone volume fraction (BA/TA), and cortical
TMD (Ct.TMD) were calculated[43].

2.3 Mechanical Testing of Tibiae

Following pCT, the same tibiae were loaded in 4 point bending until failure at a
displacement rate of 0.025 mm/sec with the medial surface in tension (TA Instruments
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ElectroForce 3200). Load and displacement were recorded. The upper span and lower spans
were approximately 3 mm and 9 mm, respectively. Bones were hydrated with PBS during
the test process. After the bones were broken, the fracture site was located relative to the
proximal end of the bone using calibers, and cross-sectional data at this location measured
from uCT were used to calculate stress and strain from the load and displacement data [44].
The yield point was calculated using the 0.2% offset method based on the stress-strain curve.
Bending tests were utilized so that overall mechanics along with estimated tissue-level
material properties[45] could be calculated. Bending tests on bone lead to failure in tension,
which is where bone is weakest and thus most likely to break clinically[46].

2.4 Colocalized Raman spectroscopy and nanoindentation

The proximal half of fresh frozen tibiae from females (n=5 untreated Ol, n=5 RAL-

treated OI) were embedded (without dehydration or infiltration) using a quick-setting
two-part epoxy system (Koldmount). Transverse sections were then cut at 37.5% of the
length of the tibiae from the proximal end using a low-speed sectioning saw (Buehler
Isomet) and polished using silicon-carbide sandpaper followed by water-based diamond
suspensions (3 pm and 0.05 pm) to a final thickness of approximately 2 mm. Samples

were rinsed with deionized (DI) water between each step and sonicated in PBS for 5
minutes after polishing to remove polishing residues. Samples were refrozen in PBS-soaked
gauze until measurement. Chemical composition and mechanical properties were measured
using a colocalized Raman Spectroscopy (Renishaw inVia confocal Raman microscope,
Wotton-under-Edge, United Kingdom) and nanoindentation system (Bruker Hysitron Tl
980 Tribolndenter, Billerica, MA) as described elsewhere [47]. Using the calcein label

as a marker, 8 measurements were made in new bone formed during treatment and 8
measurements were made in pre-existing bone. Samples were placed in a petri dish with
the 37.5% length portion pointing up. Raman spectra were collected using a 785 nm

laser (50% laser power) from 6 accumulations, each with a 10 second exposure time.
Baseline correction was performed using an 11™ order polynomial curve and followed by
cosmic ray removal on the Renishaw WIRE software. Subsequent analysis was performed
using a custom Matlab code. Smoothing was performed using a modified Savitzky-Golay
function [47]. The following metrics were calculated: mineral to matrix ratio (MMR) based
on phosphate (v1-PO,3~ at 959 cm™1) divided by Amide I (1665 cm™1) (MMR1), CH,
(1450 cm™1) (MMR2), or Amide 111 (1246 cm™1) (MMR3); type B carbonate substitution
(v1-CO3%7/ v1-PO,43, v1-CO42™ at 1071 cm™2); and crystallinity (inverse of the full width
half max (FWHM) of v1-PO43~ band) as previously described [41]. Ratios were calculated
using peak areas.

After Raman collection, samples were hydrated with PBS and nanoindentation was
performed using a spherical diamond probe with a 1.03 um radius. Samples were loaded
to a force of 1000 pN at a rate of 200 uN/sec, held at 1000 puN for 30 seconds, and released
at a rate of 200 PN/sec. Load and displacement were recorded and elastic modulus (Er)
and hardness were calculated based on Oliver-Pharr method [48]. Dissipated energy was
calculated by obtaining the hysteresis area between the loading and unloading curves [49]
using customized Matlab code.
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2.5 Osteocyte apoptosis

Bones were stained for annexin V, which has been previously utilized as a measure of
osteocyte apoptosis[50, 51]. The fixed distal half of the tibiae samples were demineralized
in 14% EDTA for two weeks at 4°C. Samples were embedded in paraffin and sectioned

in transverse cross-sections from the proximal end (approximate midshaft) at a thickness
of approximately 5 um. Samples were immunostained using the avidin-biotin method

and incubated with rabbit polyclonal anti-annexin V (Abcam, Cambridge, MA, USA) as
previously described [52]. Counterstaining was done with methyl green and the percentage
of osteocytes labeled with annexin V out of the total number of osteocytes within the
cross-section was reported.

2.6 Quantitative backscatter electron imaging (qBEI)

After nanoindentation, the embedded tibiae samples were rinsed to remove excess salt
from PBS and dehydrated under a vacuum for 48 hours. These sections were then imaged
with gBEI using a BED-C retractable backscatter electron detector on a scanning electron
microscope (SEM) (JEOL 7800F, Tokyo, Japan). Current voltage was 10 kV and probe
current was 13 pA. Images were taken at a magnification of 200X on the posterior lateral
side of the cross-section, where peak strains are likely to occur [33]. Aluminum and carbon
standards were imaged using the same settings. Contrast and brightness were held constant
for all samples during imaging. After scanning, contrast was adjusted so that carbon had
average intensity values of 25+1 and aluminum had intensity values of 225+1 using a
custom Matlab script. The same contrast adjustment was applied to all sample images.
Intensity values were converted to percent calcium (%Ca) values based on the atomic
numbers for carbon (Z=6) and aluminum (Z=13) being set at known intensity values as
described by others [53]. Images were then analyzed in a user-chosen ROl for bone mineral
density distribution (BMDD) measurements of Camean (Weighted average), Capeax (most
common Ca value), and FWHM of the intensity curve to measure mineral heterogeneity.
After the BMDD values were calculated, the program calculated measurements on the
lacunar network. Briefly, the image was binarized, and upper and lower size limits were

set to eliminate shapes either too large or too small to be lacunae. User input was used to
eliminate any objects deemed to be artifacts and Matlab analysis was used to analyze object
properties. Lacunar measurements of lacunar number, lacunar density (number divided by
ROI), average lacunar area, lacunar area percent (total area of lacunae divided by ROI times
100), average lacunar perimeter, and circularity were calculated.

2.7 Statistics

Unpaired Students’ t tests were used to determine differences in body weight and

uterus weight for untreated and RAL-treated Ol animals. Repeated measures two-way
ANOVAs were used to analyze the main effects of loading, RAL treatment, and interaction
effects within each genotype. Loaded and non-loaded measures on the same animal were
the repeated measure. RAL comparisons were made between mice. All statistics were
performed using GraphPad Prism software. Average and standard deviations of Ol data are
represented in the tables and graphs. Dashed lines represent average and standard deviations
of WT animals on graphed data. WT animals were loaded and treated with RAL and all data
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are available in the supplemental materials; however, WT data are not reported in the main
results section given the complexity of the study, the number of comparisons being made,
and our focus on how combination treatment affects Ol mice. Cohen’s D effect sizes were
calculated by dividing the differences between the means by the pooled standard deviation.
Effect sizes below 1 were considered mild, while those larger than 1 were highlighted

to emphasize compelling differences. Repeated measures three-way ANOVAS were used
to analyze Raman/nanoindentation data, with main effects of loading, RAL, and age of
bone and interaction effects being determined. These comparisons were done within each
genotype. Repeated measures were loaded and non-loaded limbs while age of bone and
RAL treatment were considered non-repeated measures.

3. Results

3.1 Body weight decreased and uterus weight percent increased with RAL treatment in Ol

female mice

Final body weight was 20.4+1.1 g for female untreated Ol mice and 19.4+1.1 g for

female RAL-treated Ol mice. The uterus weight was 76.1+22.4 mg for untreated female

Ol mice and 92.5+£27.7 mg for female RAL-treated Ol mice. The uterus body weight percent
was 0.377+0.112% for untreated Ol mice and 0.475+0.145% for RAL-treated Ol mice.

Final body weight (p=0.021) and uterus body weight percent (p=0.036) were significantly
different between RAL and untreated groups in female mice. For males, untreated Ol mice
had a final body weight of 24.9+1.2 g and RAL-treated Ol mice had a final body weight of
25.3+1.7 g (difference not significant). Comparatively, RAL-treatment was not a significant
factor for WT mice for body weight, uterus weight, or uterus weight percent though these
trended lower for RAL-treated mice (Supplemental Table 1).

3.2 Loading improved cortical bone structural properties and both loading and RAL-
treatment improved trabecular bone structural properties

Cortical area was higher with loading in both untreated and RAL-treated Ol female and male
mice (Figure 1A, Figure 1B). Loading was the main factor affecting cortical bone structure
as total area in both sexes, marrow area in females, and I, and Imax in both sexes were

all altered with loading (Figure 1, Table 1). Data from microCT and mechanical tests for

Ol mice that had no significant differences are reported in Supplemental Table 2. Similarly,
loading was the main factor affecting cortical bone in WT mice (Supplemental Table 3).
Ct.TMD was the only cortical bone property altered with RAL treatment (Figure 1E) in Ol
mice, and was higher in RAL-treated females but did not change in males (Figure 1E, Figure
1F). In WT mice, Ct. TMD was not altered with loading or RAL treatment. RAL treatment
only increased cortical thickness in male WT non-loaded tibiae (Supplemental Table 3).

Loading and RAL-treatment were significant factors for multiple properties in trabecular
bone. Loading and RAL-treatment both increased BV/TV in male and female Ol mice
(Table 1). In females, loading increased trabecular thickness whereas RAL increased
trabecular number (Table 1). In males, loading increased trabecular number and decreased
spacing, whereas RAL treatment only increased trabecular number (Table 1). Loading
increased BV/TV and trabecular thickness and decreased trabecular spacing in male and
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female WT mice. RAL-treatment increased trabecular thickness in male and female WT
mice and BV/TV in female mice (Supplemental Table 3). Effect sizes were generally higher
in Ol males with loading and RAL-treatment compared to loading or RAL-treatment alone
for both cortical and trabecular properties (Table 2). In females, it varied whether loading or
loading combined with RAL-treatment had the greatest effect (Table 2). The largest effect in
female was observed in trabecular BV/TV with both loading and RAL-treatment (Table 2).
Like in Ol mice, loading and RAL-treatment in WT mice had the largest effect compared

to loading or RAL-treatment alone (Supplemental Table 4). Percent change and effect sizes
were larger in WT mice compared to Ol mice (Table 2, Supplemental Table 4).

3.3 Loading only increased ultimate force in female mice whereas RAL improved yield
stress and resilience in females.

Whole bone mechanical properties were largely unaffected by loading or RAL treatment

in either sex. Ultimate force was higher in loaded females but not impacted in males with
loading or treatment (Figure 2). Yield displacement was decreased with RAL-treatment in
non-loaded male tibiae and decreased with loading in untreated males (Table 3). No other
whole bone properties were impacted with loading or treatment in either sex (Supplemental
Table 2). This observation was similar to WT results where loading was a significant factor
for females but not males (Supplemental Table 5). Interestingly, RAL-treatment was a
significant factor for ultimate force in WT males. In females, RAL improved yield stress
and resilience (Table 3). Ultimate stress trended higher in female mice with RAL treatment
(Figure 2C, p=0.06). For males, the only change in material properties was that resilience
was lower in loaded untreated Ol mice compared to non-loaded untreated mice (Table 3).
RAL-treatment was not a significant factor for WT mice (Supplemental Table 6). Most
effect sizes were greater with loading and RAL-treatment compared to loading alone in
females but impacts in males were variable (Table 2).

3.4 Localized nanoindentation measurements did not show improvements with RAL
treatment in either new or old bone

There were few differences in MMR values with loading or RAL-treatment as seen in Figure
3 and Supplemental Table 7. However, v1PO43~/CH, was lower in new bone with loading

in RAL-treated animals (Figure 3D). Loading was a significant factor with Er (Figure 3C).
For most groups, loading lowered Er with the exception of new bone areas in untreated

mice (Figure 3C). Bone age was not an independent significant factor but contributed to
interaction effects for Ol mice. Hardness was lower with loading in old bone in untreated

Ol mice and dissipated energy was greater with loading in old bone in untreated Ol mice
(Figure 3). Interestingly, there were fewer changes in WT mice as seen in Supplemental
Table 8. Loading increased hardness in WT mice and decreased dissipated energy.

3.5 Osteocyte apoptosis was altered with both loading and RAL-treatment, but lacunar
geometry was not changed

RAL-treatment decreased osteocyte apoptosis in non-loaded female mice, an effect not
seen in the loaded limbs (Figure 4). Loading increased apoptosis in RAL-treated mice
but did not impact apoptosis in untreated females (although apoptosis trended up). An
important observation is that the average WT apoptosis measurements were lower than all
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Ol groups (Figure 4). WT mice showed similar increases in annexin V staining with loading
(Supplemental Figure 2), but RAL-treatment increased apoptosis in WT mice. gBEI did not
indicate any differences in lacunar geometry or mineralization with either loading or RAL-
treatment in Ol mice (Supplemental Figure 3, Supplemental Table 9). Increases in lacunar
number with loading in Ol mice are likely the result of increased bone size (Supplemental
Table 9). Only Canean increased with loading in WT untreated mice (Supplemental Table
10).

4. Discussion

Combination treatment with loading and RAL improved bone structural properties as
measured by pCT and importantly, some material properties in female Ol mice. There
were positive structural changes observed in both males and females in bone geometry
where effect sizes indicate that loading and RAL-treatment combined had a greater effect
than either loading or RAL-treatment alone. Cortical structure was improved with loading
in both males and females. Effect sizes for properties including cortical thickness, bone
area, and I,y Were higher in males with loading and RAL-treatment than in females with
loading and RAL-treatment. This observation is consistent with previous work from the
laboratory, which indicated that RAL and loading both increased the amount of cortical
bone in C57BL/6J male mice, but loading drove the changes in female cortical bone [41].
However, unlike the previous study, the current study did not reach statistical significance
for RAL-treatment in WT males for cortical bone structure (Supplemental Table 3), despite
increasing trends. Effect sizes compared to WT mice (Table 2, Supplemental Table 4)
indicate that Ol mice had a less robust response to loading than WT. This is consistent with
a previous study finding that Ol mice had diminished muscle building and did not improve
bone structure with exercise [29]. Another study similarly showed that exercise had no effect
on femoral bone structure of Ol mice [28]. This less robust response to anabolic stimuli in
bone is likely due to the underlying cellular changes and bone quality defects observed in
Ol.

Increases in trabecular bone volume were greater when combining RAL-treatment and
loading versus loading or RAL-treatment alone in both males and female Ol mice. The
greater effect observed with RAL-treatment and loading on trabecular bone compared to
cortical bone could be due to the increased surface area available in trabecular bone.
Previous in vitro work has indicated that RAL increases osteoblast proliferation and
decreases osteoclast proliferation [54]. A greater surface area in trabecular bone gives
more area for osteoblast activity to occur. The improvement of trabecular bone with
RAL-treatment is consistent with clinical results indicating BMD improvements with RAL-
treatment [55]. In females, loading increased BV/TV by changing trabecular thickness
whereas RAL increased trabecular number (Table 1). In males, RAL and loading both
increased BV/TV and trabecular number. Unlike cortical bone, loading increased TMD in
trabecular bone.

Loading increased the ultimate force in both untreated and RAL-treated females but not in
males. This extrinsic mechanical property is driven primarily by the quantity and geometry
of the bone, in addition to tissue quality measures such as mineralization. Female Ol mice
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were able to build bone in response to loading, though this response was less robust than
female WT mice as seen by the differences in effect sizes (Table 2, Supplemental Table 4).
While males were also able to build bone in response to loading (Figure 1, Table 1), this

did not translate to an increase in ultimate force. As with females, male Ol mice had a less
robust response to loading when compared to WT males (Table 2, Supplemental Table 4).
The lack of an increase in ultimate force could be because male Ol mice already had a fairly
high I,nin (Figure 1D) and therefore the percent change was lower with a smaller effect size
observed with loading (Table 2). Moment of inertia reflects the distribution of bone material
away from the centroid of the bone. The larger the value, the lower the stress for a given load
which is beneficial to fracture resistance [45].

Intrinsic material properties of whole bone were not altered with loading in either male

or female mice. This lack of change is not surprising, as loading tends to add more

bone, but does not necessarily improve tissue quality. RAL did improve some material
properties in female Ol mice. Specifically, resilience and yield stress increased with RAL
treatment, and ultimate stress trended up (Table 3, Figure 2). This increase in yield stress
and resilience could be due to the increase in Ct. TMD observed with raloxifene treatment,
as mineralization strongly contributes to strength [56], and previous work has shown

that higher mineralization results in greater strength [57]. Neither loading nor raloxifene
improved properties typically associated with collagen (e.g. total strain or toughness;
Supplemental Table 2, Figure 2). This lack of impact on collagen is unfortunate given

that this model of Ol has defects in post-yield properties and displays brittle behavior

[38]. However, it should be noted that when comparing to untreated, non-loaded mice,
combination treatment exhibited greater increases in effect size in female mice compared to
loading alone (Table 2). It should also be noted that the increases in Ct. TMD with RAL did
not result in a loss of toughness which can occur with greater mineralization, indicating that
RAL may have preserved toughness while increasing strength.

It is possible that RAL treatment only improved the quality of newly formed bone and

not bone formed prior to treatment. To test this, colocalized Raman/nanoindentation was
used to assess the chemical and nanomechanical properties in old bone and new bone

in Ol mice. Given that more mechanical changes were observed in female Ol mice and
breeding in male Ol mice was extremely slow, these properties were only assessed in female
mice. There were few changes to the chemical composition of mineral. Loading and bone
age had a positive interaction effect on crystallinity, but individual posthoc comparisons
indicated no differences (Supplemental Table 7). Loading decreased MMR2 (v1PO437/CHy)
in Ol RAL-treated new bone compared to non-loaded Ol RAL-treated new bone (Figure 3).
Interestingly, nanomechanical properties were different with loading but were not impacted
with RAL treatment in new or old bone. As seen in Figure 3, loading was a significant
factor for Er. For most groups, loading decreased elastic modulus but since there was no
significant interaction, individual comparisons were not made. The lower modulus would
normally reflect a decrease in MMR which was not observed. However, other factors

such as mineral quality that are not captured by MMR may have contributed. This is in
contrast to the WT mice, where there were no differences observed in Raman properties,

but loading affected hardness and dissipated energy, which were higher and lower with
loading, respectively (Supplemental Table 8). Modulus trended higher for loading, but was
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significantly different for the age of bone, where old bone had higher modulus than new
bone. For nanoindentation, modulus is related to the level of mineral which would indicate
the older bone had more time to mineralize. Hypermineralization in Ol often results in brittle
behavior, so a decrease in modulus observed in Ol mice could be an indicator that mineral
quality was beginning to improve. However, newly formed loaded bone had higher modulus
than new non-loaded bone in untreated Ol mice. This would indicate the changes in loading
were site specific or that RAL prevented increases in modulus in new bone formed during
loading bone.

To explore why the response to loading was less robust in Ol mice, we assessed osteocyte
apoptosis using annexin V staining. Osteocyte apoptosis is altered with mechanical loading
and unloading and is required for bone remodeling in response to microdamage [58-60].
Osteocyte apoptosis is believed to follow a U-shaped curve in which unloading causes
increases in apoptosis and loads at high enough levels to cause microdamage increase
apoptosis as well[58]. Poor bone quality may make the response to loading less robust since
low-quality bone may not efficiently transmit forces to the osteocyte. Results indicate that
Ol mice have naturally higher levels of osteocyte apoptosis (Figure 4), which may have
contributed to their less robust response to mechanical stimuli. Loading did not significantly
increase osteocyte apoptosis in untreated animals. However, RAL-treatment appeared to
lower non-loaded levels of osteocyte apoptosis to values similar to that of WT non-loaded
bones (Figure 4). Thus, RAL-treated animals demonstrated an increase in apoptosis with
loading. Our results differ from a previous study in which the ulnae of rats were loaded

to approximately 3000 pe and osteocyte apoptosis decreased[61]. However, they are in
agreement with other studies that found osteocyte apoptosis increased with fatigue loading
that caused microdamage at approximately 3300-3800 pe[59, 60]. This could indicate

that our loading regimen produced microdamage. The changes seen in osteocyte apoptosis
could contribute to the larger effect sizes observed with RAL and loading in female

Ol mice for cortical structure (Table 2). Previous research has indicated that RAL may
decrease apoptosis [62]. This is an interesting effect that should be investigated further.

The differences observed in osteocyte apoptosis did not appear to be the result of lacunar
geometry, as there were few changes observed with loading or RAL-treatment in Ol mice
(Supplemental Table 9, Supplemental Figure 3). Lacunar geometry affects the stresses
transmitted to the osteocyte and may have been a factor in the differences in apoptosis and
loading response [63—-65]. The differing levels of apoptosis could be a contributing factor to
the less robust response in changes to bone structure observed in Ol mice compared to WT
mice, as seen through differences in effect sizes.

Limitations of this study include the loss in signal observed with colocalized Raman/
nanoindentation measurement. This increased the variability of measurements and prevented
accurate reporting of Raman measurements based on subpeak ratios. Additionally, we were
not able to directly assess whether woven bone formation occurred, which is an aspect

of bone quality that might not be easily captured with microCT. The storage conditions
required for mechanics and the slow breeding of the animals prevented the collection

of more samples or samples stored in conditions that would allow for more histological
assessments. However, this study gives an initial point to examine the effects of in vivo tibial
loading and RAL-treatment on Ol mice that future studies can build upon.
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5. Conclusions

Overall, combination treatment with RAL and mechanical loading produced subtle
improvements to bone quality in Ol mice as observed through higher effect sizes seen

with RAL and loading compared to untreated non-loaded mice. More changes occurred in
female versus male mice, which could have been either due to the differing effects of SERM
treatment between sexes or due to sex differences in bone structure. While nanoindentation
did not indicate any differences with RAL treatment in old versus new bone, loading
resulted in decreased elastic modulus in both tissue types. Ol mice likely exhibited a less
robust response to loading due to naturally high osteocyte apoptosis that was decreased
with RAL treatment. Overall, combination therapy should be considered in the future of
therapeutics for OI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

In vivo axial compressive loading of the tibia combined with raloxifene
treatment improves bone quantity and quality in female Ol mice

Improvements were mostly with the strength of the bone, not the post-yield
properties

Osteocyte apoptosis was higher with loading in female untreated Ol mice, but
not in raloxifene-treated Ol mice
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Figure 3:

Raman and nanoindentation measurements of tibiae. Example image of determination

of new versus old bone (A), example nanoindentation curve (B), modulus (Er) (C),
v1P0O43~/CH, (D), hardness (E), and dissipated energy (F). # indicates difference with
loading. Lined bars indicate loaded bone. Dotted lines on graphs indicate the average and
standard deviations of old bone in wild-type non-loaded untreated mice.
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Figure 4:
Osteocyte apoptosis in Ol female mice as measured by annexin V from IHC. # indicates

difference with loading and * indicates difference with RAL treatment. Dotted lines on
graphs indicate the average (red) and standard deviations (black) of wild-type non-loaded
untreated mice.
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Percent change and effect sizes of loaded untreated bones (L), non-loaded RAL-treated bones (R), and loaded
RAL-treated bones (L+R) compared to non-loaded untreated bones of the same sex.

Female Ol | Male Ol

% Change | Effect Size | % Change | Effect Size
Property | L | R | L+R | L | R | L+R | L | R | L+R | L | R | L+R
Cortical bone
Total area (mm?) 763 | -0.51 | 5.39 1.02 | 0.08 | 0.93 2.53 2.16 584 | 050 | 0.30 | 1.06
Marrow area (mm?) 119 | -358 | 251 | 0.80 | 0.32 | 0.23 203 | -167 | 016 | 0.21 | 0.17 | 0.02
Bone area (mm2) 5.44 1.09 6.89 | 0.74 | 0.15 | 1.07 2.80 4.23 893 | 0.60 | 0.48 | 1.48
BA/TA (%) -2.04 1.43 1.28 | 040 | 0.33 | 0.30 0.37 1.95 295 | 0.11 | 0.46 | 0.88
Cortical Thickness (mm) -048 | 0.93 3.16 | 0.07 | 0.13 | 0.48 | 0.87 3.99 6.52 | 024 | 051 | 1.22
Imin (mm%) 22.9 4.72 24.3 141 | 030 | 1.76 7.05 9.98 17.7 | 057 | 0.60 | 1.28
Imax (mm#) 6.60 | -7.80 | -1.35 | 0.37 | 0.61 | 0.11 3.69 1.88 111 | 045 | 014 | 1.11
Ct.TMD -0.12 1.41 210 | 0.05 | 0.72 | 0.92 1.10 0.36 0.02 | 0.71 | 0.17 | 0.01
Trabecular bone
BVITV (%) 9.08 20.4 338 | 057 | 1.17 | 2.40 14.5 27.6 37.1 | 096 | 145 | 1.92
Trabecular thickness (mm) 8.50 0.40 759 | 1.66 | 0.10 | 1.44 | 8.98 8.27 9.70 | 169 | 151 | 1.82
Trabecular spacing (mm) 343 | -534 | -11.3 | 0.20 | 0.36 | 0.89 | —-3.13 | -1.43 | -4.07 | 0.54 | 0.20 | 0.56
Trabecular number (1/mm) 0.24 19.3 241 | 0.01 | 1.08 | 153 5.68 17.9 252 | 045 | 130 | 1.78
Bulk mechanics
Yield force (N) 9.26 0.90 104 | 058 | 0.07 | 0.72 | -15.0 | -9.62 | -6.55 | 0.73 | 0.54 | 0.34
Ultimate force (N) 10.1 0.20 6.73 | 091 | 0.02 | 0.53 0.37 -043 | 2.88 | 0.03 | 0.03 | 0.18
Yield displacement (um) -3.11 1.82 122 | 028 | 0.18 | 0.69 | -141 | -184 | -11.9 | 0.89 | 1.34 | 1.00
Post-yield displacement (um) | 0.36 19.2 109 | 0.00 | 0.22 | 0.13 60.5 37.8 124 | 048 | 040 | 0.16
Total displacement (um) -1.68 | 8.98 11.7 | 0.05 | 0.26 | 0.38 981 | -042 | -4.13 | 0.30 | 0.02 | 0.17
Stiffness (N/mm) 128 | -0.61 | 045 | 0.70 | 0.05 | 0.02 1.23 16.6 7.08 | 0.07 | 0.66 | 0.43
Yield work (mJ) 4.23 2.61 21.3 022 | 015 | 089 | -229 | -246 | -148 | 0.85 | 1.05 | 0.57
Post-yield work (mJ) 6.84 5.13 143 | 0.09 | 0.07 | 0.18 40.2 29.5 524 | 039 | 0.34 | 0.07
Total work (mJ) 5.68 4.01 17.4 | 0.15 | 0.10 | 041 6.84 0.89 | -5.36 | 0.15 | 0.02 | 0.13
Material properties
Yield stress (MPa) 3.08 9.15 158 | 029 | 0.96 | 1.08 | -19.8 | -13.7 | -9.94 | 1.12 | 0.88 | 0.51
Ultimate stress (MPa) 4.32 7.64 117 | 044 | 1.03 | 0.84 | -4.88 | -481 | -0.78 | 0.44 | 0.32 | 0.05
Yield strain (me) -1.04 | -2.79 9.21 0.09 | 0.27 | 050 | -125 | -148 | -12.7 | 0.73 | 0.93 | 0.86
Total strain (me) 0.79 3.86 8.66 [ 0.02 | 0.12 | 0.30 9.64 394 | -7.04 | 0.32 | 0.12 | 0.31
Modulus (GPa) 4.44 12.2 8.67 | 027 | 091 | 0.33 | -5.07 7.81 6.68 | 0.30 | 0.31 | 0.28
Resilience (MPa) 0.64 6.15 237 | 0.04 | 038 | 097 | -26.4 | -254 | -20.3 | 0.98 | 1.03 | 0.79
Toughness (MPa) 1.37 6.54 17.1 | 0.03 | 0.15 | 0.39 2.93 257 | -12.1 | 0.07 | 0.05 | 0.32
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