
ORIGINAL ARTICLE

Abaloparatide increases bone mineral density and bone strength
in ovariectomized rabbits with glucocorticoid-induced osteopenia
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Abstract
Summary Glucorticoid (GC) therapy is the commonest cause of secondary osteoporosis. Ovariectomized rabbits receiving the
GC methylprednisolone for 6 weeks exhibited relatively lower vertebral and femoral bone mass. Treatment with the PTH
receptor agonist abaloparatide for 12 weeks during ongoing methylprednisolone administration increased cortical and trabecular
bone mass and femur bending strength.
Introduction Abaloparatide, an osteoanabolic PTHrP analog, increases bone mineral density (BMD) and reduces fracture risk in
women with postmenopausal osteoporosis. This study assessed abaloparatide effects on BMD and bone strength in ovariecto-
mized (OVX) rabbits with glucocorticoid (GC)-induced osteopenia.
Methods Thirty-two rabbits underwent OVX and 8 underwent sham surgery. One day later, 24 OVX rabbits began daily s.c. GC
injections (methylprednisolone, 1 mg/kg/day) for 6 weeks, while 8 OVX and 8 sham controls received no GC. GC-challenged
rabbits (8/group) then received GC (0.5 mg/kg/day) along with daily s.c. vehicle (GC-OVX), abaloparatide 5 μg/kg/day (ABL5),
or 25 μg/kg/day (ABL25) for 12 weeks, and the no-GC OVX and sham controls received daily vehicle.
Results GC-OVX rabbits showed significant deficits in vertebral and proximal femur areal BMD, lower cortical area, thickness
and volumetric BMD of the femur diaphysis, and reduced trabecular bone volume and volumetric BMD in the vertebra and distal
femur versus sham controls. These deficits were significantly reversed in the ABL25 group, which also showed enhanced
trabecular micro-architecture versus GC-OVX controls. Destructive bending tests showed significantly lower femur diaphysis
ultimate load and bending rigidity of the femoral diaphysis in the GC-OVX group versus sham controls, whereas these param-
eters were similar in the ABL25 group vs sham controls.
Conclusions Abaloparatide 25 μg/kg/day mitigated the adverse effects of GC administration on cortical and trabecular bone and
improved femoral strength in OVX rabbits. These results suggest potential promise for abaloparatide as an investigational therapy
for glucocorticoid-induced osteoporosis.
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Introduction

Glucocorticoid (GC)-induced osteoporosis (GIOP) is the most
common secondary form of osteoporosis. Bone loss can be

particularly rapid during the first few months after initiating
GC therapy [1, 2]. This effect, combined with adverse effects
of GC therapy on bonematrix quality and the tendency for GC
therapy to increase the risk of falls, can lead to a near-
immediate increase in fracture risk after initiating GC therapy
[1]. GCs promote bone loss by increasing bone resorption and
inhibiting bone formation [1, 2], leading to the deterioration of
trabecular bone volume and architecture [3]. GCs also cause
cortical bone loss by increasing endocortical osteoclasts [4]
and by increasing cortical porosity [5].

The pathogenesis of GIOP is clearly multifactorial, and the
suppression of parathyroid hormone-related protein (PTHrP)
expression represents one potential mechanism by which GCs
may lead to impaired bone formation. PTHrP is an important
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endogenous anabolic factor that maintains bone formation [6,
7], and cell culture and animal studies indicate that GCs re-
duce PTHrP expression by osteoblasts and other cell types
[8–10]. GCs can also sharply upregulate expression of the
PTH/PTHrP receptor [9], which may foster responsiveness
of the GC-exposed skeleton to the osteogenic effects of
PTHrP and other PTH receptor agonists. Indeed, clinical and
preclinical studies show that PTH/PTHrP receptor agonists
including PTHrP and teriparatide (TPTD) promote bone for-
mation and increase bone mass in GIOP settings [10–12]. The
PTHrP analog abaloparatide increases bone formation and
bone mass and reduces fracture risk in women with postmen-
opausal osteoporosis, with modest increases in bone resorp-
tion [13, 14]. Preclinical studies in GC-naïve estrogen-
deficient (ovariectomized; OVX) and androgen-deficient
(orchiectomized) animals indicate that abaloparatide increases
bone formation, bone mass, and bone strength without in-
creasing bone resorption [15–19]. These pharmacodynamic
properties suggest that abaloparatide may increase BMD and
bone strength in animals and perhaps patients with GC-
induced bone loss, but the skeletal effects of abaloparatide
have not been previously assessed in patients with GIOP or
in GC-challenged animals. The current study evaluated the
effects of 12 weeks of abaloparatide therapy on bone mass
and bone strength in adult OVX rabbits with GC-induced
bone loss.

Materials and methods

Animal care, surgery, and dual X-ray absorptiometry

All animal procedures and activities were approved by and
performed in an AAALAC-accredited vivarium at
PharmaLegacy Laboratories (Shanghai, China). A total of 44
female New Zealand White rabbits (including 4 spares) aged
5–7 months and weighing between 3 and 4 kg were obtained
from Qingdao Kangda Biotechnology (Shangdon Province,
China). Animals underwent health inspections upon arrival
and received ear tattoos for individual identification.
Animals were acclimated in individual stainless-steel cages
(81.5 cm × 50 cm × 34 cm) for at least 7 days in a vivarium
with a temperature range of 16–26 °C, relative humidity of
40–70%, and a 12-h light/dark cycle. Animals had free access
to irradiated rabbit food (Shanghai SLAC Laboratory Animal
Co. Ltd. China) and municipal tap water filtered with a Mol
Ultrapure Water System.

A study design schema is presented in Fig. 1. Six weeks
prior to treatment initiation, all animals underwent dual-
energy X-ray absorptiometry (DXA; Hologic Discovery,
Marlborough, MA, USA) of the L2-L5 lumbar vertebrae
(LV) after pre-anesthesia with zolazepam (Zoletil, 10–
15 mg/kg i.m.; Virbac, Belgium) and anesthesia with 1.5–

3% isoflurane in oxygen. LV DXA areal bone mineral density
(aBMD) data were used to allocate the 40 study animals into 2
initial groups of 32 and 8 animals that were balanced for
average LVaBMD and body weight. The group of 32 rabbits
underwent OVX surgery while the group of 8 rabbits
underwent sham surgery. For surgery, all animals received
atropine (0.2 mg/kg i.m.) and were pre-anesthetized with
zolazepam i.m. (10–15 mg/kg), with anesthesia maintained
with 1.5–3% isoflurane in oxygen. The abdominal fur was
shaved off and the peritoneal cavity was accessed via a 2–3-
cm skin incision. Subcutaneous tissue was bluntly separated
to expose each ovary, followed by ligation of the fallopian
tubes and removal of both ovaries with a scalpel. The abdom-
inal wall and overlying skin were then sequentially sutured
closed. Sham surgery was similar but without the tubal liga-
tion and ovary removal steps. All animals received an i.m.
dose of antibiotic (gentamycin, 20 mg/kg) on the day of sur-
gery, and post-surgical buprenorphine (0.05 mg/kg i.m.) was
administered for pain control. One day after surgery, 24 of the
OVX rabbits started received daily s.c. injections of the GC
methylprednisolone at 1 mg/kg/day (Pfizer Manufacturing
Belgium NV), while the remaining 8 OVX animals and the
8 sham controls did not receive GC.

A 6-week bone depletion period was then implemented to
allow the effects of OVX and GC to manifest. LV DXAwas
performed again on all animals, and the 24 GC-treated OVX
rabbits were divided into 3 groups of 8 animals based on
similar average LV aBMD and body weight. All 24 GC-
treated OVX rabbits continued to receive GC at a dose of
0.5 mg/kg/day (GC dose reduction was to mitigate the risk
of further weight loss), and treatments were initiated with
daily s.c. vehicle (Veh) (0.9% sterile sodium chloride for in-
jection USP; GC-OVX group) or with abaloparatide (ABL)
(Radius Health, Waltham, MA, USA) at 5 μg/kg (ABL5
group) or 25 μg/kg (ABL25 group) (all n = 8; Fig. 1). The
remaining 8 OVX rabbits (OVX group) and 8 sham controls
(Sham group) received s.c. vehicle (Fig. 1).

Additional DXA scans of LV and the right proximal
femur were performed on anesthetized animals at weeks
4, 8, and 12 of the treatment period and animals were then
sacrificed by an overdose of zolazepam followed by ex-
sanguination. At necropsy, the uterus was removed from
all animals and weighed wet. Blood was collected from
the sham and OVX groups and prepared as serum for
estradiol measurements. Estradiol was measured by
ELISA (Catalog #KGE014, R&D Systems China Co,
Shanghai); the assay had lower quantitation limit of
18.4 pmol/L, and this value was imputed for all samples
found to be below this detection limit, which comprised 5
of the 8 animals in OVX group and none in the sham
group. The 4th lumbar vertebra (L4) and the right femur
were collected and stored at − 20 °C for high-resolution
structural analyses and biomechanical testing.
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Micro-computed tomography

After removing the proximal end, the right femur was scanned
with a high-resolution desktop micro-CT imaging system
(μCT40, Scanco Medical AG, Bruttisellen, Switzerland).
The L4 vertebral body was isolated by removing the trans-
verse and spinous processes with a low-speed diamond saw
(IsoMet 1000, Buehler, Lake Bluff, Illinois, USA) and
scanned using the same micro-CT system. Scans were ac-
quired using a 15-μm3 isotropic voxel size, with 70-kVp peak
x-ray tube potential, 114-mAs tube current, and 200-ms inte-
gration time and subjected to Gaussian filtration and segmen-
tation. Image acquisition and analysis protocols adhered to
published guidelines for the assessment of rodent bones by
micro-CT [20].

Cortical bone density and architectural parameters were
assessed in a 2-mm-long region of the femoral mid-diaphysis.
Cortical bone was identified using a segmentation threshold of
700 mg hydroxyapatite/cm3. Variables measured included to-
tal cross-sectional area (Tt.Ar; bone +medullary area), corti-
cal bone area (Ct.Ar), marrow (medullary) area (Ma.Ar), cor-
tical bone area fraction (Ct.Ar/Tt.Ar), cortical volumetric bone
mineral density (Ct.vBMD), cortical tissue mineral density
(Ct.TMD), cortical thickness (Ct.Th), and cortical porosity
(Ct.Po).

Trabecular bone was analyzed in the L4 vertebral body and
distal right femur. The trabecular region of interest (ROI) for
the distal femur begins 1.5 mm superior to the junction of the
medial and lateral condyles and extends proximally 2 mm
(133 slices) (Fig. 4). This ROI comprises epiphyseal bone,
which is a preferred region for trabecular analyses in skeletally
mature New Zealand White rabbits based on more robust tra-
becular architecture compared with the trabecular-poor
metaphyseal region [21]. The trabecular ROI for L4 begins
at a point that is 1/8th of the vertebral body’s height superior to
the caudal end-plate and extends proximally 2mm (133 slices)
(Fig. 4). At both skeletal sites, the trabecular bone region was
identified by semi-manually contouring the trabecular bone in

the ROI with the assistance of an auto-thresholding software
algorithm. A threshold of 450 mg hydroxyapatite/cm3 was
used to segment bone from soft tissue in all groups.
Morphometric variables were computed from the binarized
images using direct 3D techniques that do not rely on any
prior assumptions about the underlying structure. Trabecular
parameters included trabecular bone volume per total volume
(Tb.BV/TV), trabecular bone mineral density (Tb.BMD), tra-
becular thickness (Tb.Th), trabecular number (Tb.N), trabec-
ular separation (Tb.Sp), connectivity density (Conn.D), and
structure model index (SMI). SMI describes the plate-vs-
rod-like nature of the architecture, with high SMI values indi-
cating rod-like structures and low values characterizing plate-
like structures. In addition to L4 trabecular analyses, an entire
cross-section of the vertebral body was analyzed in an 8-mm-
long region at the middle of its longitudinal axis (Fig. 4). A
contour was manually drawn around the outer L4 body sur-
face and the entire cross-section was segmented using a
threshold of 450 mg hydroxyapatite/cm3 for analysis of bone
volume, total volume, BV/TV, vBMD, and TMD.

Bone biomechanics

Following micro-CTscanning, the proximal and distal ends of
the femur were removed with a low-speed diamond saw. The
resulting 40-mm-long section of the femoral diaphysis was
tested in three-point bending using a servo-hydraulic material
testing machine (Model 8511, Instron, Norwood, MA). The
test was performed with the cranial surface of the femur rest-
ing on bottom supports 30 mm apart with the mid-diaphysis at
the central load point, where load was applied at a rate of
2 mm/min until failure, with force and displacement data col-
lected at 50 Hz. Ultimate load, bending rigidity, and work
(energy) to ultimate load were calculated based on the force
and displacement data. Work to ultimate load comprised the
area under the force-displacement curve asmeasured using the
Riemann Sum method. Bending rigidity was calculated using
the linear portion of the force-displacement curve.

Fig. 1 Study design and
procedures. GC, glucocorticoid
(methyl-prednisolone); OVX,
ovariectomy; ABL,
abaloparatide; DXA, dual X-ray
absorptiometry; LV, lumbar ver-
tebrae. *GC-OVX group had an
N of 7 due to one animal death
during the bone depletion period
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The L4 vertebral body was prepared for biomechanical
testing by removing the end plates and posterior and trans-
verse elements with the low-speed diamond saw, producing
samples with a uniform height (8 mm) and plano-parallel
ends. The vertebral bodies were then loaded in compression
between flat platens of the material testing machine at a rate of
2 mm/min. Force and displacement data were used to measure
the ultimate load, stiffness, and work to ultimate load for each
sample.

Statistical analyses

Serum estradiol data for the sham and OVX group were
compared by t test. Uterine weight and micro-CT data
were evaluated by one-way ANOVA, followed when
significant by Tukey’s post-test comparing all groups
with each other. DXA data were evaluated by two-way
ANOVA, followed when significant by Tukey’s post-test
comparing each group within each time point. Linear
regressions within individual groups were analyzed for
goodness of fit (r value), and r values for all groups
combined were reported when there were no significant
between-group differences for slopes, elevations, or Y-
intercepts. Statistical analyses were performed using
GraphPad Prism V8.0, with a P value of < 0.05 used
to indicate statistically significant differences.

Results

General animal observations

One of the 24 animals that underwent OVX surgery
plus GC administration died during the bone depletion
period. All data for that animal were excluded, leaving
the GC-OVX group with a sample size of 7. All other
animals survived to scheduled necropsy. The OVX
group showed modestly and non-significantly lower
body weight throughout the study compared with sham
controls (Fig. 2a). The GC-OVX group had significantly
lower body weight compared with sham controls and
OVX controls starting at week − 4 and week − 3, re-
spectively, and persisting through the rest of the study.
There were no significant body weight differences be-
tween the GC-OVX, ABL5, and ABL25 groups at any
time point (Fig. 2a). Abaloparatide treatment was well
tolerated based on body weight findings and twice-daily
animal inspections. Success of OVX surgery was con-
firmed based on average uterus weights being 76–83%
lower in the four OVX groups compared with sham
controls (all P < 0.001; data not shown), and by average
serum estradiol levels (± SEM) being significantly lower

in the OVX group (20.9 ± 1.5 pmol/L) versus sham con-
trols (41.4 ± 4.7 pmol/L; P < 0.001).

DXA

LV aBMD was significantly lower in the GC-OVX group
compared with sham and OVX groups at weeks 0, 4, 8, and
12 of the treatment period (Fig. 2b). LV aBMD was
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Fig. 2 a Body weight and areal BMD data for the b L2-L5 lumbar
vertebrae (LV) and c proximal femur. Data represent means ± SEM,
n = 7–8/group. OVX, ovariectomy; GC, glucocorticoid; ABL5,
abaloparatide 5 μg/kg/day; ABL25, abaloparatide 25 μg/kg/day.
Statistical comparisons of body weight data are in Results. For b, c,
SP < 0.05 vs. sham, OP < 0.05 vs. OVX, GP < 0.05 vs. GC-OVX, and
5P < 0.05 vs. ABL5 by two-way ANOVA and Tukey’s post-test. For b,
the color of statistical symbols indicates groups that differ from the sym-
bol’s alpha/numeric reference, i.e., a blue S indicates that the sham group
differs from the ABL5 group
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significantly higher in the ABL25 group compared with GC-
OVX controls at weeks 8 and 12 (Fig. 2b). The proximal
femur of the GC-OVX and ABL5 groups showed significant-
ly lower aBMD compared with sham controls and OVX con-
trols throughout the treatment period, and the ABL25 group
exhibited significantly higher proximal femur aBMD at weeks
8 and 12 compared with GC-OVX controls (Fig. 2c).

Micro-CT

Micro-CT data indicated that the femoral diaphysis of the GC-
OVX group had lower Ct.Ar, Ct.Ar/Tt.Ar, Ct.Th, and
Ct.vBMD (Fig. 3a–d) and higher Ct.Po (Table 1) compared

with the sham and OVX groups (all P < 0.05). Higher Ct.Po in
the GC-OVX group versus sham controls is evident in the
representative reconstructed micro-CT images of the mid-
femur and mid-sagittal distal femur shown in Fig. 4. The
ABL25 group had greater Ct.Ar, Ct.Ar/Tt.Ar, Ct.Th, and
Ct.vBMD versus GC-OVX controls (all P < 0.05; Fig. 3a–
d). Ct.TMD was significantly lower in the ABL25 group ver-
sus sham controls (Table 1). The distal femur of the GC-OVX
group had lower Tb.N and higher SMI compared with sham
controls, and the GC-OVX group also had lower Tb.BV/TV,
Tb.vBMD, and Tb.Th compared with the sham and OVX
groups (all P < 0.05; Table 1). The ABL25 group had higher
Tb.BV/TVand Tb.vBMD and lower SMI compared with GC-
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Fig. 3 Femur diaphysis micro-
CT (a–d), biomechanics (e, f),
and femoral diaphyseal bone
mass-strength relationships (g–h).
a Cortical area; b cortical area per
total area; c cortical thickness; d
cortical volumetric BMD; e ulti-
mate load; f bending rigidity; g, h
linear regressions for ultimate
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spectively. Additional femur di-
aphysis micro-CT data are pre-
sented in Table 1. Data represent
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OVX, ovariectomy; GC, gluco-
corticoid (methyl-prednisolone);
ABL5, abaloparatide 5 μg/kg/
day; ABL25, abaloparatide
25 μg/kg/day. SP < 0.05 vs. sham,
OP < 0.05 vs. OVX, GP < 0.05 vs.
GC-OVX, and 5P < 0.05 vs.
ABL5 by one-way ANOVA and
Tukey’s post-test
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OVX controls (all P < 0.05; Table 1). Improved distal femur
trabecular architecture in the ABL25 group versus GC-OVX
controls is evident in the representative micro-CT images of
the distal femur trabecular ROI shown in Fig. 4.

The L4 vertebral body of the GC-OVX group had lower
Tb.vBMD and Tb.Th compared with sham controls, and the
ABL25 group had significantly higher Tb.BV/TV and
Tb.vBMD compared with GC-OVX controls (all P < 0.05;
Table 1). Representative micro-CT images of the L4 trabecu-
lar region for the five groups are depicted in Fig. 4. The entire
cross-section of the L4 vertebral body showed lower BV, BV/
TV, vBMD, and TMD for the GC-OVX group compared with
sham controls (all P < 0.05), and there were no differences for
these parameters between the GC-OVX, ABL5, and ABL25
groups (Table 1).

Bone biomechanics

Destructive 3-point bending tests of the femoral diaphysis
indicated lower ultimate load and bending rigidity in the
GC-OVX group compared with sham controls, and the
ABL25 group had higher ultimate load and bending rigid-
ity compared with GC-OVX controls (all P < 0.05; Fig.
3e–f). Femoral diaphyseal work to ultimate load was sim-
ilar in all groups, with mean values in mJ (± SEM) as
follows: sham, 256.9 ± 21.24; OVX, 333 ± 59.30; GC-
OVX, 306.6 ± 89.46; ABL5, 294.3 ± 49.67; ABL25,
437.0 ± 87.55. Femoral diaphyseal ultimate load was
highly correlated with micro-CT-derived femoral cortical
area across all five groups (r = 0.86, P < 0.0001), as well
as within the individual ABL5 group (r = 0.77, P = 0.025)

Table 1 Micro-CT data for bones collected at the end of the treatment period. Additional femoral diaphysis micro-CT data are presented in Fig. 3. Data
represent means ± SEM, n = 7–8/group

Sham OVX GC-OVX ABL5 ABL25

Femoral diaphysis

Tt.Ar (mm2) 57.59 ± 1.37 54.81 ± 1.50 54.82 ± 2.65 53.31 ± 1.82 52.59 ± 1.44

Ma.Ar (mm2) 30.98 ± 1.00 29.94 ± 1.48 32.62 ± 2.01 29.78 ± 1.54 26.64 ± 1.56

TMD (mg/cm3) 1285.8 ± 4.5 1275.8 ± 7.0 1267.8 ± 8.5 1270.6 ± 7.7 1253.4 ± 4.3S

Ct.Po (%) 0.50 ± 0.04 0.43 ± 0.03 9.75 ± 3.61 S,O 7.27 ± 2.09 4.60 ± 0.82

Distal femur

Tb.BV/TV (%) 35.81 ± 1.38 30.70 ± 1.09 24.34 ± 1.65 S,O 28.66 ± 1.38 S 31.15 ± 1.41 G

Tb.vBMD (mg/cm3) 368.5 ± 12.6 319.2 ± 11.2 258.8 ± 17.2 S,O 301.3 ± 12.8 S 325.1 ± 13.1 G

Tb.N (1/mm) 2.38 ± 0.11 2.11 ± 0.10 1.89 ± 0.11 S 2.09 ± 0.10 2.22 ± 0.12

Tb.Th (mm) 0.188 ± 0.003 0.168 ± 0.004 0.140 ± 0.004 S,O 0.157 ± 0.009 S 0.160 ± 0.006 S

Tb.Sp (mm) 0.477 ± 0.021 0.522 ± 0.031 0.552 ± 0.042 0.506 ± 0.026 0.493 ± 0.024

SMI − 0.09 ± 0.09 0.04 ± 0.05 0.36 ± 0.080 S 0.16 ± 0.07 − 0.01 ± 0.09 G

Conn.D (1/mm3) 10.89 ± 0.71 10.19 ± 0.85 11.81 ± 0.91 11.61 ± 1.03 12.80 ± 1.06

L4 trabecular bone

Tb.BV/TV (%) 22.20 ± 1.58 19.11 ± 1.67 16.50 ± 1.02 16.88 ± 0.72 23.94 ± 1.83 G,5

Tb.vBMD (mg/cm3) 266.8 ± 14.5 232.1 ± 15.1 197.9 ± 11.3 S 206.4 ± 7.2 S 279.7 ± 16.7 G,5

Tb.N (1/mm) 1.88 ± 0.11 1.75 ± 0.11 1.71 ± 0.06 1.81 ± 0.10 2.08 ± 0.14

Tb.Th (mm) 0.127 ± 0.005 0.116 ± 0.005 0.104 ± 0.003 S 0.103 ± 0.004 S 0.124 ± 0.005

Tb.Sp (mm) 0.557 ± 0.031 0.587 ± 0.036 0.583 ± 0.022 0.568 ± 0.038 0.508 ± 0.036

L4 vertebral body

BV (mm3) 217.7 ± 10.8 188.2 ± 10.0 165.8 ± 8.9 S 174.1 ± 11.6 192.5 ± 13.6

TV (mm3) 557.7 ± 25.5 493.8 ± 16.0 547.8 ± 24.8 558.7 ± 24.8 544.2 ± 21.8

BV/TV (%) 39.21 ± 1.62 38.10 ± 1.47 30.36 ± 0.85 S,O 31.02 ± 1.02 S,O 35.18 ± 1.42

vBMD (mg/cm3) 415.9 ± 15.7 399.6 ± 13.8 316.4 ± 8.5 S,O 327.3 ± 28.0 S,O 368.8 ± 13.6

TMD (mg/cm3) 938.3 ± 4.9 936.0 ± 2.9 907.9 ± 3.5 S,O 916.6 ± 6.8 S 907.3 ± 5.6 S,O

SP < 0.05 vs. sham
OP < 0.05 vs. OVX
GP < 0.05 vs. GC-OVX
5P < 0.05 vs ABL5

OVX ovariectomy, GC glucocorticoid, ABL5 abaloparatide 5 μg/kg/day, ABL25 abaloparatide 25 μg/kg/day, Tt total, Ar area,Ma marrow, TMD tissue
mineral density, Ct cortical, Po porosity, Tb trabecular, BV bone volume, TV total volume, vBMD volumetric bone mineral density, N number, Th
thickness, Sp separation, SMI structure model index, Conn.D connectivity density
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and the ABL25 group (r = 0.92, P = 0.001) (Fig. 3g).
Femoral diaphyseal ultimate load also correlated with
femoral diaphyseal Ct.vBMD across all groups (r = 0.82,
P < 0.0001) and within the ABL5 group (r = 0.84, P =
0.009) and the ABL25 group (r = 0.76, P = 0.03) (Fig.
3h). Femoral Ct.Th was also a strong predictor of ultimate
load (overall r value of 0.87, P < 0.0001; regression not
shown).

Destructive compression testing of L4 showed lower ulti-
mate load and work to ultimate load in the GC-OVX group
versus sham controls (both P < 0.05; Table 2). There were no
significant differences between the GC-OVX, ABL5, and
ABL25 groups for ultimate load, stiffness, or work to ultimate
load (Table 2). Linear regression analyses indicated that L4
ultimate load best correlated with L4 total vBMD, with an
overall r value of 0.82 (P < 0.0001) and r values of 0.71
(P = 0.05) and 0.75 (P = 0.03) for the ABL5 and ABL25
groups, respectively (regressions not shown).

Discussion

Glucocorticoids play an important role in alleviating
inflammation-related symptoms and morbidity in a variety
of rheumatic diseases and other inflammatory disorders.
Unfortunately, GC therapies can also reduce bone mass by
suppressing bone formation and increasing bone resorp-
tion, leading to reduced bone strength that can increase
fracture risk [1, 2, 22]. Beyond the adverse effects of GCs
on bone, the underlying inflammation for which GCs are
often prescribed can also adversely affect the balance of
bone formation and resorption, further contributing to rap-
id bone loss in individuals receiving GCs [1]. GCs may
also impair bone matrix strength (bone quality) indepen-
dent of their effects on bone mass and can also increase
the risk of falls [1], providing further rationales for ad-
ministering bone-targeted therapies to strengthen the skel-
eton of at-risk patients on GC therapy.

Fig. 4 Micro-CT regions of interest (ROIs) and representative reconstructed images. L4, 4th lumbar vertebra; OVX, ovariectomized; GC, glucocorticoid
(methyl-prednisolone); ABL5, abaloparatide 5 μg/kg/day; ABL25, abaloparatide 25 μg/kg/day

Table 2 Bone biomechanics for
the L4 vertebral body at the end of
the treatment period. Data
represent means ± SEM, n = 7–8/
group

Sham OVX GC-OVX ABL5 ABL25

Ultimate load (N) 1388 ± 89 1256 ± 77 894 ± 69 S 1045 ± 106 1095 ± 91

Stiffness (N/mm) 6236 ± 938 6910 ± 252 4860 ± 336 5400 ± 689 6309 ± 514

Work to ult load (mJ) 262.4 ± 20.9 193.1 ± 21.2 131.3 ± 18.3 S 175.9 ± 26.6 S 153.4 ± 14.2 S

SP < 0.05 vs. sham

N newton, mJ millijoule, OVX ovariectomy, GC glucocorticoid, ABL5 abaloparatide 5 μg/kg/day, ABL25
abaloparatide 25 μg/kg/day
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GCs cause substantial bone loss in rabbits [23] by reducing
bone formation and increasing bone resorption [24]. Unlike
mice and rats, rabbits undergo physiological intracortical re-
modeling [25], an important feature for non-clinical GIOP
studies because GCs tend to increase cortical porosity in
humans [5], as they do in rabbits [25]. Rabbits are therefore
considered suitable by the US Food and Drug Administration
(FDA) for the non-clinical evaluation of candidate GIOP ther-
apies [26]. The current study assessed the effects of the
osteoanabolic PTHrP analog abaloparatide on bone mass
and strength in GC-challenged OVX rabbits. This combined
estrogen deficiency plus GC model was developed in part
because of the narrow window between minimal GC doses
that cause bone loss in rabbits versus doses that cause signif-
icant morbidity and mortality [23, 24]. Moderate GC doses or
OVX alone are generally insufficient to create significant
osteopenia in rabbits, but the combination of OVX with mod-
erate GC doses induces significant osteopenia in rabbits with-
in 6 weeks [23, 25, 27]. The current study corroborates those
findings in showing no significant vertebral BMD deficits in
the OVX group but significant deficits in the GC-OVX group
within 6 weeks of GC exposure compared with sham controls.
After a total of 18 weeks, the GC-OVX group also had deficits
in vertebral and distal femoral trabecular bone volume, densi-
ty, and architecture, reductions in femoral diaphyseal bone
volume, cortical thickness, and density, and lower vertebral
and femoral diaphyseal bending strength compared with sham
controls. Abaloparatide treatment initiated after 6 weeks of
OVX plus GC exposure led to substantial improvements in
cortical and trabecular bone at the 25 μg/kg/day dose com-
pared with GC-OVX controls, with no significant treatment
effects observed for the 5 μg/kg/day dose.

The ABL25 group showed complete normalization of GC-
OVX-associated reductions in femoral diaphyseal cortical
thickness and vBMD, and linear regression analyses suggest
that those treatment effects contributed to normalization of
femoral diaphyseal bending strength and rigidity observed
with the higher abaloparatide dose. Mechanistically, improved
femoral diaphyseal thickness and vBMD in the ABL25 group
may be best explained by abaloparatide effects on the
endocortical and intracortical envelopes: there was no evi-
dence for increased periosteal apposition in the ABL25 group
based on femoral diaphyseal Tt.Ar results, whereas the
ABL25 group showed a trend toward reduced marrow area
(a proxy for increased endocortical apposition), with a relative
reduction of 4% vs GC-OVX controls (P = 0.07), and a non-
significant relative reduction in cortical porosity of 53% vs
GC-OVX controls (P = 0.30). The Ct.Po results for the
ABL25 group may be reassuring because patients receiving
GC therapy can show increased cortical porosity [5], as did the
GC-OVX group in the current study, and PTH receptor ago-
nists can increase long bone cortical porosity in non-GC-
challenged rabbits [28, 29].

Trabecular bone responses to abaloparatide included higher
BV/TV and vBMD and lower SMI at the distal femur of the
ABL25 group versus GC-OVX controls. Lower SMI in the
ABL25 group suggests improved trabecular micro-architec-
ture, with more plate-like rather than rod-like trabecular ele-
ments. The L4 vertebral body of the ABL25 group also
showed higher trabecular BV/TV and vBMD compared with
GC-OVX controls. However, neither abaloparatide group
showed significant differences versus GC-OVX controls for
micro-CT variables assessed through the entire mid-region of
the vertebral body (illustrated in Fig. 4), which aligns with a
lack of significant increases in L4 vertebral strength in the
abaloparatide groups. Regression analyses indicated that
abaloparatide treatment did not alter mass-strength relation-
ships for L4, which reconciles modestly higher L4 BV/TV
and vBMD in the ABL25 group (+ 16% versus GC-OVX
controls) with modestly higher L4 ultimate load (+ 18%) and
stiffness (+ 30%).

This study has several limitations. The OVX state of the
GC-challenged rabbits limits interpretations of how
abaloparatide might affect GIOP in estrogen-replete states.
The effects of abaloparatide in GC-treated male rabbits re-
mains unknown, though abaloparatide significantly improves
cortical and trabecular bone mass and architecture in
hypogonadal male rats [19] as it does in hypogonadal female
rats [15–17]. The effect of abaloparatide on hip and femoral
neck strength in GIOP settings is another important unan-
swered question that might be best addressed in other species,
as the rabbit proximal femur lacks a distinct femoral neck for
biomechanical testing [30]. The effects of abaloparatide on
vertebral strength in GC-challenged animals might also war-
rant testing in other species; compared with humans, monkeys
and rodents, vertebral bodies of rabbits are long and narrow
with minimal trabecular bone [30]. Abaloparatide consistently
increases vertebral strength in GC-naïve rats and monkeys
[15, 16, 18], and abaloparatide reduces vertebral fracture risk
by 86% versus placebo in women with postmenopausal oste-
oporosis [13], though that trial excluded subjects who took
daily oral GCs within the previous 12 months. The lack of
bone histomorphometry and bone turnover marker data limits
insights regarding possible mechanisms by which GC +OVX
reduced bone mass and strength and abaloparatide improved
bone mass and strength, though previous animal studies cited
above indicate the common abaloparatide effect of increasing
bone formation without increasing bone resorption.

In summary, GC-challenged OVX rabbits exhibited signif-
icant deficits in trabecular and cortical bone mass, leading to
reduced vertebral and femoral diaphyseal strength. Twelve
weeks of abaloparatide therapy initiated after 6 weeks of bone
loss and throughout ongoing GC administration led to in-
creases in trabecular bone volume and density and improved
trabecular microarchitecture. Abaloparatide administration al-
so increased cortical bone volume and density and improved
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femoral diaphyseal bending strength. These results provide
preliminary preclinical support for abaloparatide as an inves-
tigational therapy for improving BMD and bone strength in
settings where GC therapy causes meaningful bone loss and
an elevated risk of fractures.
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