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Osteogenesis imperfecta (OI) is a genetically heterogenous disorder characterized by brittle bone and recurrent
fractures. The majority of OI is clinically categorized into mild, moderate, severe, and perinatal lethal forms. A
clinical study on the use of intermittent parathyroid hormone (PTH) as an anabolic therapy for OI found PTH was
effective in mild, but not in individuals with moderate/severe OI. However, this sub-group analysis was rela-
tively small and considered preliminary by the authors. Since then, research on PTH therapy in OI has focused on
mild OI and no studies of PTH use in moderate/severe OI patients or animal models have been reported. In this
work, we used the Aga2/+ mouse, an established autosomal dominant model of moderate/severe OI, to inves-
tigate whether PTH treatment has an effect on bone. In vitro, Aga2/+ osteoblasts were sensitive to PTH and
exhibited similar transcriptional changes compared to WT. In vivo, PTH treatment improved lumbar trabecular
bone, increased cortical bone area fraction in the mid-femur, and, in females, led to improved biomechanical
properties. These results demonstrate the Aga2/+ model responded to PTH and support further investigation into

Moderate severe OI

whether PTH is effective in adult individuals with moderate/severe OI who have limited treatment options.

1. Introduction

Osteogenesis imperfecta (OI) is characterized by brittle bones with
recurrent fractures due to impaired bone quantity and quality. OI is a
genotypically heterogeneous skeletal disorder with causative variants in
22 different genes about 85% of which are caused by variants in genes
encoding type I collagen alpha chains, COL1A1 or COL1IA2 [1-4]. Ol is
also phenotypically heterogeneous and is clinically classified into mild
(type I, OMIM#166200), moderate (type IV, OMIM#166220), severe
(type III, OMIM#259420), perinatal lethal (type II, OMIM#166210)
along with much rarer forms classified by disease genes (types V —
XXIII). Loss of function or nonsense variants in COL1A1 or COL1A2 lead
to quantitative defects in type I collagen and typically cause mild OI [5]
whereas variants producing structural defects in type I collagen display
much more phenotypic variability and often cause moderate, severe, or
perinatal lethal OI [6]. While OI is a multisystem disorder, ongoing
fractures in childhood and adulthood cause major morbidity and clinical
care is focused on reducing fractures. To that end, there are no specific

therapeutic agents approved for OI. Instead, drugs initially developed to
treat osteoporosis are often used to increase bone mass and potentially
reduce fractures.

Bisphosphonates are anti-resorptive agents that are commonly used
in OI, particularly in children [7]. Bisphosphonates inactivate osteo-
clasts, inhibiting bone resorption to increase bone mineral density [8]
and, although they increase bone mineral density in O], it is unclear if
they reduce the rate of fractures [7,9]. Further, as bisphosphonates
reduce bone turnover and increase bone mineralization [8,10,11], it is
possible they make OI bone even more brittle [9,12].

Alongside anti-resorptives, anabolic agents such as intermittent
parathyroid hormone (PTH) and parathyroid related hormone (PTHrP)
are used in osteoporosis to stimulate bone formation and increase bone
density. PTH and PTHrP bind the parathyroid hormone 1 receptor
(PTH1R), a G-protein coupled receptor, which then activates Gos and
adenylyl cyclase, increasing cyclic adenosine monophosphate (cAMP)
levels and activating protein kinase A signaling [13,14]. PTHIR is
expressed by cells from the osteoblast lineage and PTH regulates calcium
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homeostasis by increasing bone resorption, indirectly stimulating oste-
oclasts through osteoblasts and osteocytes [13,15]. However, when
given intermittently at low doses, PTH leads to an anabolic effect in the
skeleton which underlies the rationale for its use in the treatment of
osteoporosis [13,16].

In 2014, Orwoll et al. evaluated PTH treatment in adults with OI and
found patients with mild OI had an anabolic response whereas patients
with moderate/severe OI did not [17]. Importantly, the study was not
powered for the moderate/severe subgroup analysis, genotypes were not
reported, and the finding was considered preliminary. Possible expla-
nations for these findings could be that structural defects in type I
collagen may cause cellular dysfunction such as endoplasmic reticulum
stress [18-20], which is worsened when osteoblasts are stimulated.
Alternatively, transforming growth factor-beta receptor II (TGFBRII) is
known to interact with PTH1R during endocytosis of the receptors to
attenuate both pathways [21]. As increased levels of TGFf} have been
reported in OI [22,23], this activity could produce a decrease in anabolic
response to PTH [24,25]. Orwoll et al. specifically called for further
clinical trials designed to identify if individuals with moderate and se-
vere OI responds to PTH; however, to our knowledge, other studies
investigating the anabolic effect of PTH alone in OI have only been
conducted in mild OI [26,27]. Recently, another study by Hald et al.
evaluated a combinatorial PTH and bisphosphonate treatment in adults
with OI and found that patients receiving the treatment showed an
anabolic response but with no change in fracture incidence. [28]
However, most of the study cohort had mild OI (~75%) whereas those
with moderate/severe OI were grouped as ‘other’ and not specifically
analyzed. Thus, determining whether PTH induces an anabolic response
in mouse models of moderate and severe OI will help to inform if further
clinical studies should be pursued, particularly since few treatments are
available for adults with OI, particularly the more severe forms.

In this study, we evaluated if PTH is an effective anabolic therapy in
the Colla148%? (Aga2/+, Collal c.-16 T > A, exon 50) mouse model of
moderate/severe Ol  (https://www.informatics.jax.org/allele/MG
1:3769585) [18]. PTH treatment in vitro increased cAMP levels and
induced gene transcription similarly in both Aga2/+ and WT osteo-
blasts. Five weeks of PTH treatment in vivo improved Aga2/+ lumbar
trabecular bone parameters, increased cortical bone properties at the
mid femur, and benefitted biomechanical properties of the femur.
Together, this work demonstrates PTH is an effective therapy in this
mouse model harboring a structural defect in type I collagen and sup-
ports further clinical investigation into the use of PTH in OI with qual-
itative type I collagen defects.

2. Methods
2.1. Animals

Aga2/+ mice (Collal c.-16 T>A, exon 50) were received as a gift
from the C. Jacobsen laboratory and maintained on a C57BL/6J back-
ground [18]. For cell culture, mice were genotyped using TagMan
(Thermo Fisher Scientific) with the primer pair F: 5-CCTCACTT-
CATTCCTACCTTGGTAA-3' and R: 5-CGGTGTGACTCTGGTGTGAAT-3'
and reporter sequences 5-TCTCCCGCTGTCTTC-3' and 5-
TCCCGCAGTCTTC-3. Mice were housed in groups of 2-4 per cage
within the University of California Los Angeles (UCLA) vivarium under a
12-h light/dark cycle, provided water and standard chow ad libitum (Lab
Diet, 5053), and nesting material (Ancare, NES3600). These animal
studies were performed under a protocol approved by the UCLA
Research Safety and Animal Welfare Committee (ARC-2010-082).

2.2. Cell culture
Osteoblasts were isolated from 5-day old WT and Aga2/+ calvaria

using collagenase IV digestion (Worthington Biochemical). For cAMP
experiments, 5 x 10* cells/well were plated in 24-well plates, cultured
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for 48 h in DMEM (Cytiva, SH30243.01) 4+ 10% FBS (Gibco, A31605-02,
Lot U2938855RP) + penicillin/streptomycin, then cultured for 5 days in
+10% FBS + 50 pg/mL ascorbic acid, 10 mM p-glycerophosphate, 10
nM dexamethasone + penicillin/streptomycin (osteogenic media). Wells
were then washed with DMEM and incubated with hPTH (1-34) (esca-
lating dose from 0 to 10,000 nM; Bachem, 4011474) in DMEM for 15
min before lysis and cAMP quantification by competitive enzyme
immunoassay run in duplicate (R&D Systems, KGE012B). Total protein
was assessed using the BCA reagent (Thermo Fisher Scientific). Prism 10
(GraphPad) was used to generate three parameter dose-response fits to
calculate the half maximal effective concentration (EC50) for treated
osteoblasts from each mouse.

For qPCR and western blot experiments, 100,000 cells were plated in
6-well plates, cultured for 48 h in DMEM + 10% FBS + penicillin/
streptomycin, then cultured for 5 days in osteogenic media as described
above. Wells were then washed with DMEM and incubated with 0 or 1
puM hPTH (1-34) in osteogenic media for 6 h before lysis in either Trizol
(Invitrogen) or RIPA with inhibitors.

2.3. Western blot analyses

Calvaria protein lysates were boiled for 5 mins in Laemmli buffer
(BioRad) with 2-mercaptoethanol, run on a 10% SDS-PAGE gel, trans-
ferred to a polyvinylidene difluoride membranes (Millipore Sigma),
blocked using 5% milk in tris-buffered saline with 0.1% Tween 20, and
probed overnight with a primary antibody: anti-ATF4 (Proteintech,
60035-1, 1:2000), anti-Caspase-12 (Cell Signaling Technology, 2202,
1:1000), anti-LC3 (Cell Signaling Technology, 12741, 1:1000), anti-BAD
(Cell Signaling Technology, 9239, 1:1000), or anti-Vinculin (abcam,
ab129002, 1:10000). Membranes were washed and probed using a
peroxidase-conjugated secondary antibody: anti-rabbit IgG (Cell
Signaling Technology, 7074, 1:2000) or anti-mouse IgG (Cell Signaling
Technology, 7076, 1:2000), which was then detected using Pierce ECL
or Supersignal West Femto Maximum Sensitivity Substrate (both
Thermo Fisher Scientific). Images were captured using the ChemiDoc
system (BioRad) and analysis was performed using ImageLab 6.1
(BioRad).

2.4. Quantitative PCR

Calvaria RNA was isolated using TRIzol (Invitrogen) following the
manufacturer's instructions. DNA was digested using DNase I (Invi-
trogen) and complementary DNA (cDNA) was synthesized from 1 pg
RNA using iScript Reverse Transcription Supermix (BioRad). Quantita-
tive PCR was performed in triplicate using a QuantStudio 3 (Thermo
Fisher Scientific) with Power Up SYBR Green (Applied Biosystems), 1 ng
c¢DNA, and primer pairs listed in Supplemental Table 1. Hypothesis
testing was performed using the ddCt method normalized to B2m
expression, relative mRNA levels were calculated as 2:99,

2.5. In vivo PTH treatment

Three-month-old male and female WT and Aga2/+ mice were ran-
domized into PTH or vehicle treatment groups. The PTH group received
subcutaneous hPTH (1-34) 60 pg/kg daily 5x per week (Bachem,
4011474) and the vehicle group received an equivalent volume of
phosphate buffered saline. Mice were treated for 5 weeks and body-
weights were collected weekly. At sacrifice, mice were radiographed and
dissected for tissue collection. Bones with callus or fractures were
excluded from further characterization.

2.6. Micro-computed tomography (uCT)
Formalin fixed 5th lumbar vertebral body (LVB5) and femurs were

imaged with a Skyscan 1272 pCT system (Bruker). Bones were held in
saline soaked sponges, then scanned at 50 kV and 200 pA using an Al 0.5
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mm filter, 2048 x 2048 detector, 950 ms exposure, 0.5° step, averaging
over 3 frames with random motion, with a voxel size of 10 pm in each
spatial direction. To calibrate bone mineral density, 300 and 1250 mg/
cm?® phantoms were imaged under the same settings. Two independent
blinded observers analyzed the uCT images using CTAn (Brucker). Ob-
servers measured femur length using transaxial femur slices, femora
with callus or fractures were excluded from the analysis. Trabecular
bone was analyzed in the entire LVB5 vertebral body and in the distal
femur starting 0.25 mm proximal to the growth plate, using a 2 mm long
region of interest (ROI) containing the trabecular compartment. Cortical
bone was analyzed at the mid-femur with a 0.5 mm long ROIL Femora
with callus or fractures in the ROI were excluded from the analysis. Bone
mineral density, tissue mineral density, trabecular microarchitecture,
and cortical bone geometry were analyzed using standard methods [29].
Trabecular and cortical parameters derived from the femur were all
normalized to total bone length. Thresholds corresponding to 719, 663
and 1205 mg/cm3 were used for LVB5, distal femur, and mid-femur
analysis, respectively.

A
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2.7. 3-Point bending

This experiment was performed to determine biomechanical prop-
erties between treated and untreated bones. Dissected femurs were
loaded to failure using an Instron 5943 using a 100 N load cell and
displacement rate of 0.05 mm/s. All the samples were treated identi-
cally. Femurs were supported, but not fixed, on 2 points with a total span
of 1 cm, an inner span of 0.7 cm, and a third point was lowered to load
the bone, placing the anterior surface in compression and posterior
surface in tension. Compressive force and displacement were measured
at 50 Hz. Mechanical parameters including stiffness, yield, post-yield
displacement, maximum load, work to failure were calculated from
force versus displacement curves using custom-written MATLAB code
[30]. Because the femora were not fixed, there could be variability in the
data.

2.8. Statistical analysis
Prism 10 (GraphPad) was used for statistical analysis. After PTH

stimulation, cAMP levels and EC50 were compared between WT and
Aga2/+ with t-tests. All other in vitro experiments were analyzed using
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Fig. 1. Aga2/+ osteoblasts are sensitive to PTH in vitro. A: cAMP levels after 15 min of PTH treatment, normalized by total protein. B: Half effective maximal
concentration (EC50). C: Maximum cAMP level measured, normalized by total protein. For the cAMP experiments, WT n = 7-10/PTH concentration and Aga2/+ n =
4-6/PTH concentration. t-Tests were conducted with p > 0.1 for each comparison. D-H: qPCR analysis of osteoblasts after 6 h of 1 pM PTH or vehicle control. Alpl,
Bglap (encodes osteocalcin), Tnfsf11 (encodes RANKL), Runx2, and Tnfrs11b (encodes osteoprotegerin) normalized to B2m expression by ddCt. For qPCR experiments,
WT n = 11/group, Aga2/+ n = 10/group, osteoblasts from each mouse were matched between vehicle and PTH treatments. Bar plots and error bars represent means
+ SEM, dots represent independent replicates. 2-way ANOVA results below each plot, p < 0.05 highlighted. Post-hoc Sidék corrected comparisons shown above bars

forp < 0.1.
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repeated measures two-way ANOVA followed by Sidék corrected com-
parisons between vehicle and PTH treated groups of each genotype.
Two-way ANOVA followed by Sidak corrected comparisons between
vehicle and PTH treated groups of each genotype were used to analyze in
vivo data. Fractures were analyzed using Mann-Whitney U tests. p values
are shown for 0.001 < p < 0.05 and p < 0.05 was considered statistically
significant. Due to sexual dimorphism in the skeleton, males and females
were analyzed and presented separately. Data are presented as group
means + SEM.

3. Results
3.1. Invitro, Aga2/+ osteoblasts are sensitive to PTH

PTH binds to PTH1R, a G-protein coupled receptor, activating Gag
and adenylyl cyclase, leading to increased levels of cAMP [14]. To assess
the sensitivity of Aga2/+ osteoblasts to PTH, primary osteoblasts were
stimulated with increasing levels of PTH after which cAMP levels were
quantified. Following 15 min of stimulation, there were no differences in
cAMP levels between Aga2/+ and WT osteoblasts, which were both
increased in response to PTH stimulation (Fig. 1A). No differences

A B
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between genotypes were detected in the EC50 or maximum cAMP levels
(Fig. 1B, C). As 1 pM PTH resulted in a maximum cAMP response, it was
selected as the dose for further in vitro stimulation experiments.

Downstream of the G-protein signaling cascades, PTH signaling
modulates gene transcription. To assess whether Aga2/+ osteoblasts
exhibit the expected transcriptional response to PTH, mRNA levels of
genes regulated by PTH signaling were analyzed using qPCR. Six hours
of 1 pM PTH stimulation led to significantly increased Alpl, Bglap
(encoding osteocalcin), and Rankl (Tnsfs11) expression (Fig. 1D-F).
However, PTH treatment had no effect on Runx2 or Opg (Tnfrsf11b)
expression (Fig. 1G, H). Interestingly, two-way ANOVA identified Aga2/
+ osteoblasts had significantly increased Rankl expression relative to
WT (Fig. 1F). Overall, WT and Aga2/+ osteoblasts exhibited a similar
response of early PTH signaling and gene transcription.

Misfolded type I collagen accumulates in Aga2/+ cells [18] and PTH
could potentially worsen this accumulation. In WT osteoblasts, PTH
treatment induces ER stress and activates the PKR-like endoplasmic
reticulum kinase (PERK)-eukaryotic initiation factor 2a (EIF2A)-acti-
vating transcription factor 4 (ATF4) arm of the unfolded protein
response [31]. Gene transcription and protein expression after 6 h of 1
uM PTH stimulation were analyzed for potential negative consequences.
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Fig. 2. PTH affects Atf4 (unfolded protein response gene) in Aga2/+ osteoblasts with no change in autophagy or apoptosis markers. A: Representative blot image,
protein collected from osteoblasts after 6 h of 1 pM PTH or vehicle control. B: gPCR analysis of Atf4, WT n = 11/group, Aga2/+ n = 10/group. C: WB analysis of
ATF4. D-F: WB analysis of cleaved caspase-12, total caspase-12, and cleaved/total caspase-12. G-H: qPCR analysis of Collal (n = 7/group) and Colla2 (WT Vehicle n
= 6, n = 7/group otherwise). For protein quantification, n = 8/group. Osteoblasts from each mouse were matched between vehicle and PTH treatments. Bar plots and
error bars represent means &+ SEM, dots represent independent replicates. 2-way ANOVA results below each plot, p < 0.05 highlighted. Post-hoc Sidak corrected

comparisons shown above bars for p < 0.1.
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Models of OI, including Aga2/+, have been reported to experience
endoplasmic reticulum (ER) stress and activate the PERK arm of the
unfolded protein response, leading to increased expression of ATF4
[20,32]. PTH increased Atf4 gene expression when compared to vehicle
control (Fig. 2B); however, there were no significant protein level dif-
ferences in ATF4 (Fig. 2A, C). Chronically elevated ER stress can cleave
and activate caspase-12, promoting apoptosis [33-36]. In both WT and
Aga2/+ osteoblasts, PTH treatment led to no differences in levels of total
caspase-12 or cleaved caspase-12 (Fig. 2A, D-E). PTH treatment did lead
to a significant increase in the ratio of cleaved to total caspase-12 in both
WT and Aga2/+ osteoblasts (Fig. 2F). As type I collagen is a major
product of osteoblasts and the Aga2/+ mice have a mutation in the
Collal gene, we assessed the transcription of type I collagen genes. PTH
treatment significantly increased Collal expression in both WT and
Aga2/+, but not Colla2 expression (Fig. 2G-H). Overall, Aga2/+ and
WT osteoblasts had similar sensitivities to PTH, exhibiting similar
transcriptional changes in response to short term PTH treatment. Aga2/
+ osteoblasts expressed significantly increased levels of Atf4 mRNA;
however, the treatment response of ATF4 and Caspase-12 were similar
between WT and Aga2/+.

3.2. PTH treatment increases Aga2/+ trabecular bone

Since Aga2/+ osteoblasts responded to PTH in vitro, an in vivo study
was conducted. Male and female WT and Aga2/+ mice were treated
with PTH or vehicle control for 5 weeks. Using pCT analysis of the 5th
lumbar vertebral body (LVB5), two-way ANOVA confirmed both male
and female Aga2/+ mice had reduced bone mineral density (BMD), bone
volume fraction (BV/TV), trabecular thickness (TbTh), and trabecular
number (TbN) as well as increased trabecular separation (TbSp), when
compared to WT (Fig. 3).

Compared to Vehicle, PTH treated Aga2/+ males had significantly
increased LVB5 BMD and TbN, with trends of increased BV/TV and
TbTh (Fig. 3A-E). Two-way ANOVA indicated PTH treatment signifi-
cantly increased male BMD, BV/TV, and TbTh, without significant
genotype-treatment interactions. Aga2/+ females treated with PTH had
significantly increased BMD, BV/TV, TbN, and significantly decreased
TbSp, when compared to vehicle (Fig. 3A-C, E-F). Similarly, the
significantly increased BMD, BV/TV, and TbN did not show significant
genotype-treatment interactions indicating that both WT and Aga2/+
are responding to the PTH treatment in a similar manner. A significant
interaction was detected in TbSp where PTH treatment significantly
decreased TbSp in Aga2/+, but not in WT females.

At the distal femur we found that compared to WT, both male and
female Aga2/+ mice had decreased BMD, BV/TV, TbN, and increased
TbSp (Fig. 4A-D, F). There were no significant TbTh differences between
WT and Aga2/+ mice (Fig. 4A, E).PTH treatment significantly increased
both WT and Aga2/+ male TbTh and TbSp and significantly decreased
WT TbN, without significant genotype-treatment interactions (Fig. 4A,
D, F). No significant differences were detected between PTH and vehicle
treated Aga2/+ females (Fig. 4). Two-way ANOVA identified significant
genotype-treatment interactions in BMD and TbN where PTH treatment
led to significant increases in WT, but not in Aga2/+ females (Fig. 4B, E).

3.3. PTH treatment improves Aga2/+ cortical bone and strength

Cortical bone was analyzed using pCT analysis of the mid-femur
(Fig. 5A). Aga2/+ mice had overall reduced cortical bone properties
relative to WT. Aga2/+ males had increased tissue mineral density
(TMD), decreased polar moment of inertia (pMOI), and decreased
cortical thickness (CtTh) compared to WT (Fig. 5B, D-E). Female Aga2/
+ mice had decreased cortical area fraction (CtAr/TtAr), pMOI, and
CtTh compared to WT (Fig. 5C-E).

PTH treated Aga2/+ males have increased CtAr/TtAr (Fig. 5A-C, Sup
2). PTH treatment significantly increased CtAr/TtAr as well as CtTh in
both WT and Aga2/+ males with no significant genotype-treatment
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interaction. PTH treated WT and Aga2/+ females had significantly
increased CtAr/TtAr, CtAr, and CtTh (Fig. 5A-E, Sup 2). WT females also
showed increased pMOI following PTH treatment.

As PTH appeared to have a positive effect on Aga2/+ cortical bone,
we next analyzed the number of spontaneous fractures present at sac-
rifice. In males, PTH had no effect on the number of fractures observed at
sacrifice (Fig. 6A). In females, vehicle treated mice had an average of 3
fractures (range 1-3) where PTH treated mice had an average of 2
(range: 1-6), with a trend toward statistical significance (p = 0.0510;
Mann-Whitney U test).

To assess the impact of PTH on bone strength, 3-point bending was
conducted on femurs collected from treated mice. Compared to WT,
Aga2/+ bone had significantly reduced stiffness, yield, post-yield
displacement, ultimate force, and work to failure (Fig. 6B-F). In
males, PTH had no significant treatment effect on any of the above
mechanical parameters (Fig. 6B-F). PTH treated Aga2/+ females,
however, had significantly increased yield and ultimate force, with a
trend of increased stiffness (Fig. 6B-D). Interestingly, a significant
genotype-treatment interaction was observed, whereby PTH treatment
led to reduced work to failure in WT females, but increased work to
failure in Aga2/+ females (Fig. 6F). Together, the fracture and me-
chanical testing results suggest that PTH treatment improved bone
strength mainly in female mice.

4. Discussion

In a PTH treatment trial, an exploratory sub-group analysis of pa-
tients with moderate/severe OI suggested that intermittent PTH as an
osteoanabolic therapy was ineffective. This study, however, was un-
derpowered and definitive conclusions could not be made. We sought to
determine if a mouse model of moderate/severe OI exhibited a positive
response to PTH treatment, particularly because these patients have
limited treatments options for their bone phenotype.

We identified that PTH led to increased expression of Alpl, Bglap
(encoding osteocalcin), and Tnfsf11 (encoding RANKL) when compared
to vehicle control in both WT and Aga2/+ osteoblasts. However, PTH
treatment in both Aga2/+ and WT osteoblasts did not lead to changes in
Runx2 or Tnfrsfl1b (encoding osteoprotegerin) expression. Runx2 is
reported to be upregulated by PTH [31,37,38], but a study using mouse
primary osteoblasts also identified that PTH had no significant effect on
Runx2 expression [39]. Similarly, PTH is reported to decrease Tnfrsf11b
expression [40,41], but a study in mouse bone marrow stromal cells
found Tnfrsf11b expression was most sensitive to PTH treatment early in
osteoblast differentiation [42]. It could be that the osteoblasts in this
study were more mature, especially as they were collected from post-
natal mice and cultured. Nonetheless, this study identified that overall,
Aga2/+ and WT osteoblasts exhibited a similar signaling and tran-
scriptional response to PTH treatment.

Since we found Aga2/+ osteoblasts responded to PTH in vitro, we
conducted an in vivo study to determine if Aga2/+ mice would respond
to PTH treatment. An analysis of studies involving PTH treated mice
from 2001 to 2020 identified the optimal PTH response was in 12-week
old (mature adult) male mice treated with 5-6 weeks of 30-60 pg/kg
PTH 5x/wk. [43]. These conditions have an important impact on the
ability for a study to identify a response to PTH and we used these
conditions in our experimental design. As PTH was developed for
postmenopausal osteoporosis, the effect of age on response to PTH in
humans is largely unknown. Future clinical studies of PTH in OI could
further categorize adults into those attaining peak bone mass and those
who have acquired peak bone mass.

Due to well established sexual dimorphism in the skeleton, we
analyzed sexes separately and identified differences in response to PTH
treatment. While PTH increased the quantity of bone at LVB5 and the
mid-femur in both males and females, the effect on trabecular micro-
architecture and cortical bone geometry was different between the
sexes. At LVB5, PTH treatment increased TbN in females, but not in
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Fig. 3. PTH treatment increased LVB5 trabecular bone in Aga2/+ mice. A: Representative LVB5 reconstructions. B: Bone mineral density (BMD). C: Bone volume
fraction (BV/TV). D: Trabecular thickness (TbTh). E: Trabecular number (TbN). F: Trabecular separation (TbSp). For males, WT n = 10/group, Aga2/+ vehicle n =
11, Aga2/+ PTH n = 10. For females, n = 10/group. Bar plots represent means + SEM and dots represent independent replicates. 2-way ANOVA results below each
plot, p < 0.05 highlighted. Post-hoc Siddk corrected comparisons shown above bars for p < 0.1.
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Fig. 4. PTH treatment impacted distal femur trabecular bone microarchitecture in Aga2/+ mice. A: Representative distal femur trabecular bone reconstructions.
Right: Representative WT bone showing ROI used for trabecular measurements. B: bone mineral density (BMD). C: Bone volume fraction (BV/TV). D: Trabecular
thickness (TbTh). E: Trabecular number (TbN). F: Trabecular separation (TbSp). For males, WT vehicle n = 10, WT PTH n = 11, Aga2/+ vehicle n = 9, Aga2/+ PTHn

= 10. For females, WT n = 10/group, Aga2/+ n = 9/group. Bar plots represent means -+ SEM and dots represent independent replicates. Siddk corrected p < 0.05 are
shown above bars.

males. Similarly, PTH treatment significantly decreased TbSp in Aga2/+ properties (stiffness, yield, ultimate force). It is important to note this

females but not in males. In the distal femur, PTH increased male TbTh study was not designed to rigorously test whether there is a sex differ-
and TbSp, but reduced TbN whereas it significantly increased female ence in response to PTH and formal statistical testing for sex differences
TbN in WT mice only. Finally, 3-point bending identified that PTH was not conducted. Nonetheless, these data suggest the way in which
significantly improved female, but not male femur biomechanical male and female bone respond to PTH treatment may differ.
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Fig. 5. PTH treatment improved mid-femur cortical bone in Aga2/+ mice. A: Representative mid-femur cross-section. Right: Representative WT bone showing ROI
used for cortical measurements. B: tissue mineral density (TMD). C: Cortical area per tissue area (CtAr/TtAr). D: Polar moment of inertia (pMOI). E: Cortical thickness
(CtTh). For males, WT vehicle n = 10, WT PTH n = 11, Aga2/+ vehicle n = 9, Aga2/+ PTH n = 10. For females, WT n = 10/group, Aga2/+ vehicle n = 9, Aga2/+
PTH n = 10. Bar plots represent means + SEM and dots represent independent replicates. 2-way ANOVA results below each plot, p < 0.05 highlighted. Post-hoc Sidak
corrected comparisons shown above bars for p < 0.1.
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Fig. 6. PTH improved bone strength in female Aga2/+ mice. A: Long bone fractures at day 35 of treatment. No fractures were detected in WT mice (n = 10-11/
group). For Aga2/+, n = 10/group. Mann-Whitney U tests p values for p < 0.05 are shown. B: Stiffness ex vivo femurs analyzed by 3-point bending. C: Yield point. D:
Post-yield displacement. E: Ultimate force. F: Work to failure. For 3-point bending, male WT vehicle n = 10, WT PTHn = 11, Aga2/+ vehicle and PTH n = 10. Female
WT vehicle n = 10, WT PTH n = 9, Aga2/+ vehicle and PTH n = 10. Bar plots represent means + SEM and dots represent independent replicates. 2-way ANOVA
results below each plot, p < 0.05 highlighted. Post-hoc Sidék corrected comparisons shown above bars for p < 0.1.

The effect of PTH was also dependent on the skeletal site analyzed.
Site specific responses have been previously reported and loading con-
ditions may play a role in PTH's anabolic effect [44]. PTH treatment led
to increased LVB5 trabecular bone in both WT and Aga2/+ mice but
only increased distal femur trabecular bone in the WT females. This site
specificity has important implications for how responsiveness to PTH is
clinically monitored. Dual-energy X-ray absorptiometry (DXA) is used
clinically to quantify areal BMD at low-cost and low radiation doses
[45]. DXA assessment can be affected by fractures, bone deformities,
implanted hardware, as well as bone diameter and does not differentiate
cortical from trabecular bone [45]. As individuals with OI can experi-
ence frequent fractures requiring surgical intervention, bony de-
formities, and short stature, it may not be possible to perform DXA at the
same site for all OI patients in a clinical trial. Alternatives such as
quantitative computed tomography may be a better technique to char-
acterize the skeletal response to PTH.

There are some limitations to our study. The experimental design
utilized treatment of naive mice whereas many patients with moderate/
severe OI may have a history of bisphosphonate use. Bisphosphonates
are powerful bone remodeling inhibitors [8] and, based on experiments
focused on osteoporosis, it is possible that PTH treatment may be less
effective in an individual with suppressed bone turnover [46-48]. While
this study found that PTH increased both trabecular and cortical bone
properties, there was only a trend toward a significant decrease in
spontaneous fractures. These fractures occurred at unknown timepoints
under uncontrolled loading conditions and had been healing for an
undetermined amount of time, thus they might be an unreliable measure
of bone strength. Instead, we conducted biomechanical testing and

found that in Aga2/+ females, PTH resulted in a stronger bone as
treatment increased stiffness, yield point, and ultimate force.

This work shows that osteoblasts from the Aga2/+ mouse model of
moderate to severe Ol responded to PTH in vitro and PTH improved bone
properties in Aga2/+ mice in vivo. We highlighted important sex dif-
ference in the murine response to PTH and characterized the differences
in response to PTH across multiple skeletal sites. As there are few
treatment options for individuals with OI and PTH is a preferred therapy
for osteoporosis with very high fracture risk [49,50], these findings
strongly support further investigation of PTH treatment in mouse
models of OI. Additionally this study supports revisiting the preliminary
clinical sub-group results reported by Orwoll et al. in 2014 and the
clinical trial results reported recently by Hald et al. in 2026 [17,28],
with a study powered and designed specifically to identify whether in-
dividuals with moderate or severe OI respond to PTH therapy.
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