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Abaloparatide, a novel PTH receptor agonist, increased bone mass
and strength in ovariectomized cynomolgus monkeys by increasing
bone formation without increasing bone resorption
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Abstract
Summary Abaloparatide, a novel PTH1 receptor agonist, increased bone formation in osteopenic ovariectomized cynomolgus
monkeys while increasing cortical and trabecular bone mass. Abaloparatide increased bone strength and maintained or enhanced
bone mass-strength relationships, indicating preserved or improved bone quality.
Introduction Abaloparatide is a selective PTH1R activator that is approved for the treatment of postmenopausal osteoporosis.
The effects of 16 months of abaloparatide administration on bone formation, resorption, density, and strength were assessed in
adult ovariectomized (OVX) cynomolgus monkeys (cynos).
Methods Sixty-five 9–18-year-old female cynos underwent OVX surgery, and 15 similar cynos underwent sham surgery. After a
9-month periodwithout treatments, OVX cynos were allocated to four groups that received 16months of daily s.c. injections with
either vehicle (n = 17) or abaloparatide (0.2, 1, or 5 μg/kg/day; n = 16/dose level), while Sham controls received s.c. vehicle (n =
15). Bone densitometry (DXA, pQCT, micro-CT), qualitative bone histology, serum calcium, bone turnover markers, bone
histomorphometry, and bone strength were among the key measures assessed.
Results At the end of the 9-month post-surgical bone depletion period, just prior to the treatment phase, the OVX groups
exhibited increased bone turnover markers and decreased bonemass compared with sham controls. Abaloparatide administration
to OVX cynos led to increased bone formation parameters, including serum P1NP and endocortical bone formation rate.
Abaloparatide administration did not influence serum calcium levels, bone resorption markers, cortical porosity, or eroded
surfaces. Abaloparatide increased bone mass at the whole body, lumbar spine, tibial diaphysis, femoral neck, and femoral
trochanter. Abaloparatide administration was associated with greater lumbar vertebral strength, and had no adverse effects on
bone mass-strength relationships for the vertebrae, femoral neck, femoral diaphysis, or humeral cortical beams.
Conclusions Abaloparatide administration was associated with increases in bone formation, bone mass and bone strength, and
with maintenance of bone quality in OVX cynos, without increases in serum calcium or bone resorption parameters.
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Introduction

Abaloparatide is a novel PTH1R agonist with 41% homol-
ogy to PTH(1–34) (teriparatide) and 76% homology to
PTHrP. Abaloparatide was selected for its potential to stim-
ulate bone formation with limited effects on bone resorp-
tion or serum calcium [1]. Clinical trials in postmenopausal
women with osteoporosis showed that abaloparatide signif-
icantly increased bone mineral density (BMD) at the lum-
bar spine, hip, and femoral neck and reduced the risk of
vertebral, nonvertebral, major osteoporotic, and clinical
fractures [2, 3].

Parts of these studies were presented previously at the ASBMR’s 36th
Annual meeting, September 12–15, 2014, Houston TX, and at the
Endocrine Society’s 97th Annual Meeting, March 5–8, 2015, San Diego,
CA.
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A study in osteopenic ovariectomized (OVX) rats showed
that 12 months of abaloparatide administration increased bone
formation on trabecular, endocortical, and periosteal surfaces
without increasing histologic or biochemical indices of bone
resorption [4]. These effects were accompanied by significant
gains in bone mass and strength of lumbar vertebra, the fem-
oral diaphysis, and femoral neck relative to vehicle (Veh) con-
trols [5]. There was no evidence from OVX rats for adverse
effects of abaloparatide on bone quality, defined as structural
and material properties of bone that determine its biomechan-
ical behavior in ways not accounted for by bone mass [6].
However, unlike humans, OVX rats lack physiological re-
modeling within cortical bone, so larger species with
intracortical remodeling are important for bone safety assess-
ments. Species with intracortical remodeling are particularly
relevant for assessing PTH1R activators because their inter-
mittent administration often increases intracortical remodel-
ing, which can increase cortical porosity [7–11] and reduce
cortical BMD [9–13].

Cynomolgus monkeys (cynos) exhibit physiological
intracortical, endocortical, and trabecular remodeling that is
increased by ovariectomy-induced estrogen deficiency, typi-
cally leading to reductions in trabecular and cortical bone
mass and decreased bone strength [14, 15]. Ovariectomized
(OVX) cynos are a commonly used large animal model for
assessing the safety, efficacy, and mechanism of action of
osteoporosis medications [14]. Previous cyno studies with
up to 10 months of treatment showed that abaloparatide
administration was associated with BMD gains and in-
creased bone formation by histomorphometry, without
changes in blood calcium levels or histomorphometric pa-
rameters of bone resorption [16–18]. The current 16-month
treatment study was conducted in osteopenic OVX cynos to
understand the longer-term effects of abaloparatide on these
and other endpoints, including bone turnover markers, bone
strength, and bone material properties that reflect bone
quality.

Materials and methods

Animals and study design

All animal-related activities were approved by the Charles
River Montreal’s Animal Care Committee and performed in
an AAALAC-accredited facility. The study was performed
under Good Laboratory Practice (GLP) in accordance with
the protocol and standard operating procedures at Charles
River Laboratories.

Eighty-four female cynos from Mauritius, including
spare animals, were received from Primus Bio Resources,
aged 9 to 18 years and weighing 3.1 to 6.9 kg. Animals
were housed 2–3/stainless steel cage (temperature range

21–27 °C, humidity 30–70%, 12–12-h light-dark cycle),
in conformance with accepted AAALAC requirements.
Animals had access to standard 2056 Teklad Certified
Global Soy-Protein-Free food pellets (Harlan Teklad) and
automated watering valves.

A 5-week acclimation period included detailed health
exams, including menstrual regularity and body weight.
After acclimation, animals underwent DXA scanning. Age,
body weight, whole body bone mineral content (BMC), and
lumbar spine BMD guided allocation into five treatment
groups (n = 15–17/group). Four groups underwent OVX
while the fifth group underwent sham surgery, as previously
described [15]. After surgery, animals remained untreated for
9 months to allow OVX-induced bone loss. Sham controls
and one OVX group then received daily s.c. vehicle (0.9%
saline; Sham, n = 15; Veh, n = 17) for 16 months, while other
OVX groups received daily s.c. abaloparatide at 0.2, 1, or
5 μg/kg (ABL0.2, ABL1, and ABL5; all n = 16). Dose selec-
tion was guided by BMD data from a previous 10-month cyno
study, which showed reversal of OVX-induced BMD loss
with abaloparatide at 1 and 10 μg/kg/day [17]. Therefore,
1 μg/kg was designated as the pharmacologically effective
dose in this species; a fivefold lower dose (0.2 μg/kg) was
included as a Bsuboptimal^ dose, and a fivefold higher dose
(5 μg/kg) was included to provide an adequate safety margin,
in accordance with regulatory guidelines [19, 20].

Regular animal monitoring included food consumption and
menstrual status. Detailed weekly clinical evaluations includ-
ed body weight. At the end of the treatment period, overnight-
fasted animals were sedated with i.m. ketamine (15 mg/kg),
anesthetized with a weight-based volume of sodium pentobar-
bital, and euthanized by exsanguination. Gross examinations
and full necropsies were performed and internal organs
weighed.

Histopathology and radiography

Major organs and numerous other tissues were collected at
necropsy and evaluated for gross changes. All collected sam-
ples were evaluated microscopically for pathologic changes if
they exhibited gross changes, and some samples underwent
prospective microscopic evaluations, including distal femurs,
sternum, 10th thoracic vertebra, heart, kidney, lung, ovary,
and uterus.

Dorso-ventral and lateral radiographs of the lumbar and
thoracic spine and appendicular long bones (including hip)
were taken at the beginning and end of the treatment period
and examined for skeletal abnormalities, including any
suspected focal proliferative changes that developed or
progressed compared with pre-treatment evaluation.
Radiographic lesions were collected at scheduled euthanasia,
decalcified, and examined microscopically.
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Clinical chemistry and bone turnover markers

Blood was collected by femoral venipuncture after overnight
fasting for clinical chemistry (serum calcium, phosphorus, and
creatinine; 0.7 mL of blood collected into serum separator
tubes) and for bone turnover markers estradiol, PTH(1–84),
and 1,25(OH)2D (6 mL of blood collected into serum separa-
tor tubes). Morning urine was collected by catheterization
after anesthesia with i.m. glycopyrrolate (0.01 mg/kg), keta-
mine (5 or 10 mg/kg) , xylazine (0.6 mg/kg) , or
dexmedetomidine (0.01 mg/kg). Serum procollagen 1 N-
terminal peptide (P1NP) was measured by UniQ P1NP RIA
kits from Orion Diagnostica (Cat. no. 67034), serum bone-
specific alkaline phosphatase (BSAP) by MicroVue™ BAP
EIA kits from Quidel Corp. (Cat. no. 8012), and serum C-
telopeptides (CTX) by Serum CrossLaps ELISA kits (IDS
Inc., Cat. no. AC-02F1). Urine N-telopeptides (NTX) was
measured by Osteomark NTx Urine ELISA kits (Wampole
Laboratories, Cat. no. WL-9006) and adjusted for urine creat-
inine. Additional serum analyses included estradiol (Ultra-
Sensitive Estradiol RIA kit, Beckman Coulter, no.
DSL4800), 1,25(OH)2D (RIA kit, IDS Ltd., no. AA54F2),
and PTH(1–84) (human PTH ELISA kit, Immutopics, Inc.,
no. 60-3100).

Bone histomorphometry

Fifteen and 5 days prior to month 16 sacrifice, animals re-
ceived i.v. bicarbonate-buffered calcein (8 mg/kg). At necrop-
sy, the second lumbar vertebra (L2) and left femur (neck and
mid-shaft) were trimmed with a diamond saw and stored in
10% formalin for 3 days. Samples were transferred to 70%
ethanol and prepared undecalcified. Tissue blocks were cut
through the median plane of the L2 vertebral body and trans-
versely at the left femoral mid-shaft, and the femoral neck was
trimmed along the frontal plane. Blocks were dehydrated in
ethanol and embedded in methylmethacrylate. Unstained sec-
tions from trabecular bone regions were cut at 4–8 μm thick-
ness with a Leica RM2255 rotary microtome and mounted on
microscope slides. Unstained sections from cortical bone re-
gions were ground (40–80 μm thick) on an Exakt 400CS
micro-grinder and mounted on microscope slides, with two
section levels evaluated at the middle of the femoral diaphysis.
Trabecular analyses were performed on unstained sections
(7 μm) and on sections stained with toluidine blue and
Goldner’s trichrome (5 μm). Histomorphometry data were
generated by ImagePro Plus® using standard methods and
nomenclature [21]. Evaluation of the cancellous bone region
was done on the femoral neck (two section levels) and L2 (one
section level). Cancellous bone measurements were confined
within predetermined lines traced on sections and excluded an
approximately 0.25-mm-wide transitional zone between the
cancellous and cortical bone tissue. The area of interest

(AOI) in L2 comprised two 16-mm2 squares traced at each
end of the vertebral body, centered through the dorso-ventral
plane and starting at 1 mm from the inner edge of the physis.
The AOI measured in the proximal femur comprised a 16-
mm2 square traced in the proximal to mid-femoral neck.
Evaluation of cortical bone was performed on two levels of
the whole section.

Whenever the mineral apposition rate (MAR) could not
be directly measured in a specific bone region of an indi-
vidual animal due to lack of double fluorochrome labels, a
value of 0.2 μm/day was used for MAR of that region in
that animal, representing the smallest measurable inter-
label distance. For trabecular analyses, the femoral neck
of one vehicle control animal exhibited no double label;
for cortical analyses, details on labeling status are provided
in Section 3.

Bone densitometry

In vivo DXA was performed with a Hologic Discovery A
densitometer; sites and analysis modes included whole body
(infant whole body analysis mode), lumbar spine (L1-L4),
proximal tibial diaphysis, and right proximal femur (neck plus
trochanter, subregion array spine analysis mode). Before each
scan, animals were anesthetized by i.m. glycopyrrolate
(0.01 mg/kg), ketamine (5 or 10 mg/kg), xylazine (0.6 mg/
kg), or dexmedetomidine (0.01 mg/kg). Ex vivo (month 16)
DXA scans were obtained for the right femur (total, proximal,
central, and distal), L3 and L4 bodies, and L5 and L6 cancel-
lous cores.

In vivo pQCT scans were performed with an XCT
Research SA+ bone scanner, software version 5.50. Three
sequential scans, 0.5 mm apart, were obtained at the proximal
tibia and distal radial metaphysis, with an additional slice in
each bone’s diaphysis. The metaphyseal region included total,
trabecular, and cortical/subcortical compartments, the latter
representing total minus trabecular, while the diaphyseal re-
gion comprised cortical bone only. An XCT Research SA
bone scanner was used for ex vivo assessments of the right
femur, L3-L4 vertebral bodies, and L5-L6 cancellous cores.
pQCT scan settings and analysis parameters are provided in
Supplemental Table S1. Ex vivo pQCT and DXA data for L3
and L4 bodies were averaged, as were L5 and L6 cancellous
core data.

Terminal ex vivo micro-CT was performed with a high-
resolution Micro-CT system (Scanco Medical AG micro-CT
100) and 3-Dmorphometry evaluation program (software ver-
sion uCTV6.1). The 12th thoracic vertebral body (T12), distal
femur, and L6 cancellous cores were scanned at a 34-μm
voxel resolution. Humeral beams (described below) were
scanned at 5-μm resolution. Supplemental Table S2 provides
settings for micro-CT analyses.
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Bone biomechanics

Bone samples collected after 16 months of treatment were
trimmed and scanned by DXA, pQCT, and/or micro-CT prior
to destructive biomechanical testing. L3 and L4 bodies were
dissected, leaving parallel-cut caudal and cranial surfaces with
exposed trabecular bone. Cylindrical cancellous cores (~
5 mm diameter) were prepared from the middle region of
similarly prepared L5 and L6 bodies. The cores were harvest-
ed in the caudal-cranial plane, and each core was then bisected
into caudal and cranial halves of approximately 4 mm in
height. Trimmed L3 and L4 bodies as well as L5 and L6
cancellous cores, the femoral diaphysis, and the femoral neck
were tested using an MTS 858 Mini Bionix Servohydraulic
Test System, Model 358.02C. Data were collected using
TestSuite TWE version 3.1.2. Cortical beams (1 by 3 by
35 mm) milled from the caudal aspect of the right humeral
diaphysis were tested in three-point bending (Bose
ElectroForce® 3300 system, WinTest® 4.1). Destructive tests
of the right femur (3-point bending), femoral neck (shear test,
simulated single-legged stance), vertebral specimens (com-
pression), and humeral beams were conducted and data were
calculated as previously described [22], with the following
variations: the L3-L4 tests used a 0.5% offset for yield load,
and the L5-L6 core tests used a 0.5% offset for yield load and
a 2% offset for peak load, stiffness, and work to failure (ener-
gy, i.e., area under the load-displacement curve, AUC). L3
and L4 biomechanics data were averaged, as were L5 and
L6 cancellous core biomechanics data.

Estimated femoral diaphyseal material properties included
ultimate stress (FLc/4I; F = peak load, L = span length, c =
radius, and I = cross-sectional moment of inertia), modulus
(SL3/48I; S = stiffness), and toughness (0.75 × AUC × b2 / LI;
b = diameter). Apparent material properties calculated for L3-
L4 bodies and L5-L6 cores included apparent strength (peak
load/area), apparent modulus ([stiffness × height] / area), and
apparent toughness (AUC / [area × height]).

Statistics

For biochemistry, bone turnover markers, and densitometry
data, homogeneity of group variances was assessed by
Levene’s test. Datasets with nonsignificant Levene’s test were
evaluated by one-way homoscedastic ANOVA. For datasets
with significance by Levene’s test, a heteroscedastic ANOVA
was used. ANOVAs with a significant F test were followed by
Dunnett’s test comparing each group to the Veh control group.
Correlations between bone mass and strength were first
assessed via multivariate tests of regression line equality. If
significant group effects for regression line slopes or inter-
cepts were observed, Pearson’s correlation test was applied
to evaluate each group versus Veh controls. If no group dif-
ferences were determined, Pearson’s correlation test was

applied on all groups combined. Statistics were performed
using SAS system for Windows, Version V8.2 and V9.2.

Results

General health and clinical observations

The success of OVX surgery was confirmed by lack of ovaries
at necropsy, reduced uterus weight, and lower serum estradiol
compared with sham controls (data not shown). One sham
group animal was excluded based on uterine atrophy at nec-
ropsy suggesting natural menopause, and another sham ani-
mal was euthanized at week 55 due to poor and deteriorating
health, potentially related to kidney disease. One Veh animal
developed diabetes and died at week 50. One animal from the
ABL0.2 group was euthanized on day 7 of treatment due to
poor and deteriorating health that was evident during the pre-
treatment period. There were no clinical observations related
to abaloparatide and no abaloparatide-related changes in food
consumption or body weight. Abaloparatide had no adverse
effects on gross pathology, organ weights, or histopathology
or on clinical chemistry, coagulation, hematology, or urinaly-
sis parameters (data not shown). Radiographic assessments
indicated no abaloparatide-related abnormalities that might
indicate localized proliferative changes (data not shown).

Clinical chemistry

Abaloparatide had no significant effects on serum levels of
calcium, phosphorus, endogenous PTH, 1,25(OH)2D, or cre-
atinine (Supplemental Table S3) compared with Veh controls.

Biochemical markers of bone turnover

The bone formation markers serum P1NP and BSAP were
significantly higher in Veh versus sham controls at all post-
OVX time points, as were the resorption markers serum CTX
and urine NTX, consistent with OVX-induced increases in
bone remodeling (Supplemental Table S4). Abaloparatide
led to greater serum P1NP levels relative to Veh controls, with
effects reaching statistical significance at months 3, 7.5, and
12 for the 0.2-μg/kg dose, whereas the two higher doses did
not show significance. There were no statistically significant
effects of abaloparatide on serum BSAP, serum CTX, or urine
NTX at any time point (Supplemental Table S4).

Bone histomorphometry

After 25 total months of OVX, including 16 months of treat-
ment, most histomorphometry endpoints for L2, femoral neck,
and femoral diaphysis showed no significant differences
among groups (Fig. 1 and Supplemental Tables S5, S6, and
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S7). L2 showed significantly greater trabecular osteoblast sur-
face per bone surface (Tb.Ob.S/BS) and mineralizing surface
per bone surface (Tb.MS/BS) in Veh versus sham controls,
consistent with OVX-induced increases in bone remodeling
(Supplemental Table S5). L2 wall thickness (W.Th) was sig-
nificantly higher in Veh versus sham controls, and L2 W.Th
was significantly higher in all abaloparatide groups versus Veh
(Fig. 1a). L2 formation period (FP) was significantly higher in
the ABL0.2 and ABL1 groups versus Veh controls (Fig. 1b),
driven by increased W.Th without an increase in adjusted
apposition rate (Aj.AR) (Supplemental Table S5). L2

osteoclast surface per bone surface (Oc.S/BS) and eroded sur-
face per bone surface (ES/BS) were similar in each
abaloparatide group versus Veh controls (Fig. 1c, d).

Trabecular bone parameters at the femoral neck showed few
significant differences between groups. Ob.S/BS and W.Th
were significantly greater in Veh versus sham controls, and
the ABL1 group had significantly greater single-labeled surface
per bone surface (sLS/BS) (P < 0.05 versus Veh controls;
Supplemental Table S6). Femoral neck Oc.S/BS, ES/BS, and
bone formation rate per bone surface (BFR/BS) were similar in
abaloparatide versus Veh groups (Supplemental Table S6).

Fig. 1 Histomorphometry for L2
vertebra trabecular bone (a–d)
and femoral diaphysis cortical
bone (e–h) in the 16-month study.
Data were obtained after
16 months of treatment and are
presented as means ± SEM, n =
14–16/group. *P < 0.05 versus
Veh controls
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Cortical histomorphometry at the femoral diaphysis indi-
cated that single and/or double Haversian fluorochrome labels
were evident in every animal from each group. Likewise, sin-
gle and/or double endocortical and periosteal labels were ev-
ident in all animals in the ABL1 and ABL5 groups. No single
or double endocortical labels were observed for seven Sham
animals, one Veh animal, and two ABL0.2 animals, and no
periosteal labels were observed in seven Sham animals, one
Veh animal, and one ABL0.2 animal; for these cases, a min-
eral apposition rate (MAR) value of 0.2 μm/day was imputed.
Significantly greater endocortical labeled surface and
endocortical BFR/BS was observed in the femoral diaphysis
of Veh controls versus sham controls (Fig. 1e, f). The femoral
diaphysis of Veh controls also showed significantly greater
Haversian labeled surface (H.L.Pm/H.Pm), higher MAR
(H.MAR), and higher BFR (H.BFR/BS) versus sham controls
(Supplemental Table S7). The ABL5 group had significantly
greater femoral diaphysis endocortical labeled surface and
higher endocortical BFR/BS compared with the Veh group
(Fig. 1e, f). The abaloparatide groups showed no differences
in the resorption parameters endocortical eroded surface or
cortical porosity compared with Veh controls (Fig. 1g, h).

In vivo DXA

In vivo DXA of the whole body and specific axial and appen-
dicular sites indicated that animals from the four combined
OVX groups lost significant BMD between the start (month
− 9) and end (month 0) of the bone depletion period, as com-
pared with sham controls (Fig. 2). Similar trends in BMD
were observed in Sham animals and Veh controls during the
treatment period. The ABL1 and ABL5 groups showed sig-
nificantly greater increases in whole body aBMD, starting as
early as treatment month 4 (P < 0.05 versus Veh; Fig. 2a).
Each abaloparatide dose significantly increased L1-4 aBMD
as early as treatment month 4 (P < 0.05 versus Veh; Fig. 2b).
The ABL5 group showed significantly increased cortical
aBMC in the proximal tibia at month 16 (Fig. 2c). aBMD of
the proximal femur, femoral neck, and trochanter was signif-
icantly increased in the ABL1 and ABL5 groups (P < 0.05
versus Veh; Fig. 2d–f).

pQCT

pQCT indicated that animals from the four combined OVX
groups experienced significant bone loss at the proximal tibia
during the bone depletion period, as compared with sham
controls (Fig. 3). The Veh group exhibited some recovery of
tibial bone loss during the treatment period (Fig. 3a–c, g–h).
Abaloparatide at 1 and 5 μg/kg fully reversed OVX-induced
deficits in proximal tibial total volumetric BMC (vBMC) and
vBMD (Fig. 3a, b). All abaloparatide doses also caused sig-
nificant gains in the cortical/subcortical compartment,

including increased cortical/subcortical area and BMD
(Fig. 3c, d). pQCT of the proximal tibial diaphysis revealed
significant cortical bone gains with abaloparatide:
Abaloparatide at 5 μg/kg increased endocortical bone apposi-
tion, as shown by significantly lower endocortical circumfer-
ence versus Veh controls (Fig. 3e), and abaloparatide at 5 μg/
kg also increased cortical thickness and vBMC (P < 0.05 ver-
sus Veh; Fig. 3g, h). Abaloparatide did not influence cortical
vBMD of the proximal tibial diaphysis or the distal radial
diaphysis at month 16 (Supplemental Table S8), nor did
abaloparatide influence the percentage change in cortical
vBMD from month 0 to month 16 at these sites (data not
shown). Ex vivo pQCT analyses also suggested that
abaloparatide had no significant effects on cortical vBMD of
the femoral diaphysis (Supplemental Table S8).

Micro-CT

Month 16 micro-CT of the distal femoral metaphysis and the
T12 cortical shell indicated lower cortical vBMD in Veh ver-
sus sham controls, whereas cortical vBMD in the three
abaloparatide groups was similar to Veh controls
(Supplemental Table S8). Cortical vBMD of humeral beams
was also similar in the abaloparatide and Veh groups
(Table S8), as was cortical porosity. Humeral beam cortical
porosity as a percentage of cortical volume was 2.30 ± 0.27
(mean ± SEM) for the Sham group, 3.75 ± 0.42 for the Veh
group (P < 0.05 versus Sham), 3.85 ± 0.42 for the ABL0.2
group (NS versus Veh), 3.45 ± 0.22 for the ABL1 group (NS
versus Veh), and 3.54 ± 0.40 for the ABL5 group (NS versus
Veh). Micro-CT of L6 cancellous cores showed lower vBMC
and lower bone volume per total volume (BV/TV) in Veh
versus sham controls, while the ABL1 and ABL5 groups
had greater vBMC and BV/TV compared with Veh (Fig. 4a,
b). Abaloparatide also dose-dependently reversed the delete-
rious OVX-related increase in L6 structural model index
(SMI) (Fig. 4c). Representative micro-CT reconstructions of
L6 cores for the OVX-Veh and ABL1 groups (Fig. 4d) also
depict the denser and more robust trabecular architecture as-
sociated with abaloparatide administration.

Bone biomechanics

There were no significant differences between the Veh and
other groups for biomechanical parameters of the femoral di-
aphysis, femoral neck, and humeral beams (Supplemental
Tables S9–11). Peak and yield load values for L3-L4 vertebral
bodies and L5-L6 cancellous cores were significantly lower in
Veh versus sham controls (Fig. 5a–d). The Veh group also had
significantly lower values for L3-L4 energy (Supplemental
Table S12) and L5-L6 core stiffness (Fig. 5e) compared with
sham controls, whereas these parameters were similar in the
abaloparatide and Veh groups. The ABL5 group had
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significantly greater L3-L4 peak load, and the ABL1 and
ABL5 groups had significantly greater L5-L6 cancellous core
peak load, yield load, stiffness, and energy (all P < 0.05 versus
Veh; Fig. 5). Linear regression analyses were performed to
assess relationships between bone mass and bone strength,
which are considered to represent measures of bone quality.
Significant positive relationships were observed for L3-L4
peak load versus QCT-derived total vBMC for all five groups,
with r2 values ranging from 0.55 to 0.83. For these regres-
sions, slopes were significantly steeper for the sham, ABL1,
and ABL5 groups versus Veh controls, indicating greater L3-
L4 strength than might be expected from bone mass (Fig. 5g).
For all other bone mass-strength relationships, similar regres-
sion lines were observed for each of the five groups, which
enabled calculations of overall r2 values for all groups com-
bined. L5-L6 core peak load correlated positively with ex vivo
QCT vBMC (Fig. 5h), with an overall r2 of 0.87 (P < 0.05).

Femoral shaft peak load correlated positively with femoral
shaft cortical vBMC, with an overall r2 of 0.85, and femoral
neck peak load correlated positively with femoral neck
aBMC, with an overall r2 of 0.54 (both P < 0.05) (Fig. 6).

Discussion

This study demonstrated that abaloparatide, a selective
PTH1 receptor agonist, stimulated bone formation and in-
creased bone mass in osteopenic OVX cynos relative to Veh
controls. After 16 months of treatment, vertebral bone
strength was significantly higher in the two highest-dose
abaloparatide groups versus Veh controls, while the
strength of cortical beams was similar in the abaloparatide
groups and the Veh controls. Relationships between bone
mass and strength were maintained or enhanced by

Fig. 2 Changes in aBMD by
in vivo DXA in 16-month study.
Month − 9 represents the time of
sham or OVX surgery, and month
0 marks the beginning of treat-
ment. Data represent means ±
SEM, n = 14–16/group. *P < 0.05
versus Veh control group.
^P < 0.05 for sham controls ver-
sus the four combined OVX
groups at month − 9
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abaloparatide across all doses, indicating preserved or im-
proved bone quality. Abaloparatide did not increase serum
calcium, bone resorption parameters, or cortical porosity

and did not reduce cortical BMD, which is a potentially
novel set of findings in nonhuman primates receiving
long-term daily s.c. administration of PTHR1 agonists.

Fig. 3 Changes in pQCT
parameters at the proximal tibia in
16-month study. Month − 9 re-
flects the time of sham or OVX
surgery, and month 0 reflects the
beginning of the 16-month treat-
ment period. Data represent
means ± SEM, n = 14–16/group.
*P < 0.05 versus Veh control
group. ^P < 0.05 for sham con-
trols versus the four combined
OVX groups at month − 9
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pQCT and DXA indicated abaloparatide increased bone
mass and density at cortical and trabecular sites.
Abaloparatide administration was associated with significant-
ly higher trabecular bone volume and strength in L6 cancel-
lous cores, suggesting responsiveness of cancellous bone to
abaloparatide anabolism. Higher endocortical bone formation
in the femur and QCT-based evidence for bone apposition at
the endocortical surface of the femur suggest that long bone
endocortices also respond anabolically to abaloparatide.
Higher L2 wall thickness in abaloparatide-treated animals
suggests that abaloparatide may promote the over-filling of
resorption spaces, which could contribute to treatment-
related gains in bone volume and BMD. There was no evi-
dence in this study for abaloparatide-related increases in bone
resorption, with the abaloparatide groups and Veh controls
exhibiting similar values for trabecular eroded surface and
osteoclast surface in L2 and the femoral neck, similar
endocortical eroded surface in the femoral diaphysis, and no
differences in cortical porosity or biochemical markers of
bone resorption.

The lack of observed effects of abaloparatide on cortical
porosity and other bone resorption parameters in these cynos
is consistent with OVX rat data showing no increases in bone
resorption parameters with high doses of abaloparatide over a
12-month treatment period [5]. Such findings may be note-
worthy because intermittent PTH therapy with full-length
PTH or teriparatide was shown to increase bone resorption
in OVX rats [23] and in nonhuman primates [10, 11].
Increased bone resorption with intermittent PTH or
teriparatide therapy can be associated with transient hypercal-
cemia [7, 13, 24, 25], and the current studies showed no

effects of abaloparatide on serum calcium, similar to previous
findings from abaloparatide-treated cynos [18]. A study in
postmenopausal women with osteoporosis showed that
abaloparatide transiently increased serum calcium and in-
creased bone resorption markers, though these responses were
less pronounced compared with the active comparator
teriparatide [2, 3]. Teriparatide was previously shown to in-
crease serum 1,25(OH)2D and suppressed endogenous PTH in
OVX cynos [26], and such responses were not observed with
abaloparatide treatment in this OVX cyno study.

Increased bone resorption with intermittent PTH can in-
crease cortical porosity [7–11] and endocortical bone resorp-
tion [9, 10], which may explain PTH-induced reductions in
cortical BMD observed in preclinical [9–11] and clinical stud-
ies [12, 13]. In the current study, abaloparatide had no appar-
ent effects on endocortical eroded surface at the femoral di-
aphysis or on cortical porosity of the femoral or humeral di-
aphysis. The lack of increased porosity may explain why
abaloparatide did not reduce cortical vBMD at any of six sites
analyzed. Recent clinical data from iliac crest bone biopsies
showed significantly greater cortical porosity in postmeno-
pausal women treated with abaloparatide or teriparatide com-
pared with placebo controls [27]. Those iliac crest analyses
also showed that the abaloparatide group (but not the
teriparatide group) had significantly lower trabecular eroded
surface values compared with placebo, a difference that was
not observed in the current OVX cyno study. Reasons for
these apparent discrepancies may relate to differences in spe-
cies, the nature of estrogen deficiency (OVX in cynos versus
natural menopause in human subjects), and/or to differences
in the anatomical sites for bone histomorphometry analyses.

Fig. 4 Micro-CT results for L6
cancellous cores in 16-month
study. a Volumetric BMC
(vBMC). b Bone volume per total
volume (BV/TV). c Structural
model index (SMI). Data repre-
sent means ± SEM, n = 14–16/
group. *P < 0.05 versus Veh con-
trols. d Micro-CT reconstructions
of L6 cancellous cores for the Veh
group and the ABL5 group, based
on samples with vBMC and BV/
TV values closest to their group’s
median values
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Fig. 5 a–f Destructive
biomechanical testing data for L3-
L4 vertebral bodies and L5-L6
cancellous cores in 16-month
study. Data represent means ±
SEM, n = 14–16/group. *P < 0.05
versus Veh controls. g Linear re-
gressions for L3-L4 vertebral
body peak load versus vBMC; r2

values were Sham = 0.73, Veh =
0.75, ABL0.2 = 0.55, ABL1 =
0.79, ABL5 = 0.83 (all P < 0.05).
Asterisk: Regression lines for the
Sham, ABL1, and ABL5 groups
had significantly steeper slopes
than Veh controls (P < 0.05). H.
L5-L6 core peak load versus
vBMC; r2 value represent all
groups combined, P < 0.05

Fig. 6 Linear regressions for a
femoral shaft peak load versus
ex vivo vBMC and b femoral
neck peak load versus in vivo
(terminal) femoral neck aBMC. r2

values represent all groups com-
bined. Both r2 values were sig-
nificant (P < 0.05)
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While the abaloparatide groups from this cyno study
showed no evidence of increased cortical porosity or reduced
cortical vBMD, they nonetheless exhibited increased
endocortical bone formation, reduced endocortical circumfer-
ence, and increased cortical thickness. These findings suggest
that increased bone formation with abaloparatide can improve
cortical geometry without concomitant intracortical bone loss,
which may represent a desirable pharmacodynamic profile. It
has been a long-standing clinical goal to minimize the pro-
resorptive effects of intermittent PTH therapy while maintain-
ing its anabolic (bone-forming) effects, which has the poten-
tial tomagnify BMDgains. Some [12, 28] but not all clinical
investigational approaches [29, 30] delivered on this goal
by co-administering an antiresorptive agent. Abaloparatide
as a monotherapy appears capable of increasing bone for-
mation with limited effects on resorption, which may have
favorable implications for improving bone mass and
strength. Mechanistically, studies with cultured bone cells
showed that abaloparatide caused less sustained increases
in pro-resorptive cytokines compared with teriparatide,
whereas both agents caused similar changes in factors that
regulate bone formation [31].

The main purpose of the current study was to assess the
effects of abaloparatide on bone strength and bone quality.
The abaloparatide 1 and 5 μg/kg groups exhibited significant-
ly greater lumbar vertebral strength versus Veh controls,
which can be largely explained by increased vertebral bone
mass and volume. Teriparatide and PTH(1–84) have also been
shown to increase vertebral strength in OVX monkeys [32,
33]. Similar to previous findings in OVX cynos treated with
teriparatide [8], abaloparatide had no significant effects on
long bone bending strength, whereas PTH(1–84) reduced sev-
eral long bone bending strength parameters in OVX rhesus
monkeys [9]. Abaloparatide had no significant effects on fem-
oral neck strength, similar to previous findings with PTH(1–
84) in OVX rhesus monkeys [10]. Teriparatide was previously
shown to increase femoral neck strength when administered
for 18 months to acutely ovariectomized (nonosteopenic)
cynos [11], whereas in the current study, abaloparatide admin-
istration was delayed until the femoral neck had established
osteopenia and lasted for 16 months.

An important bone quality finding was that abaloparatide
administration maintained biomechanical properties of pris-
matic humeral beams and also maintained the estimated ma-
terial properties of the femoral diaphysis. Those findings in-
dicate that abaloparatide had no untoward effects on bone
material properties at these sites. Bone quality was also
assessed by analyzing bone mass-strength relationships,
which are usually positive and linear in the absence of treat-
ment [6, 22]. Treatments that impair matrix quality can create
biomechanically unfavorable shifts in bone mass-strength re-
lationships [6, 34]. Abaloparatide maintained positive linear
relationships between bone mass and strength at all sites

examined, including the vertebrae, femoral diaphysis, and
femoral neck. For L3-L4 vertebrae, abaloparatide caused a
biomechanically favorable shift in the relationship between
BMC and peak load, with a steeper slope indicating greater
strength than would be predicted by the bone mass.
Explanations for this shift are unclear and could relate in part
to improved trabecular architecture; micro-CT of L6 cancel-
lous cores showed that abaloparatide significantly reduced
SMI, indicating a shift towards more robust plate-like trabec-
ular architecture. SMI is associated with vertebral strength
[35], and this relationship is partially independent of BMD
[36], suggesting improved SMI may indicate an improvement
in bone quality.

Strengths of this study include wide ranges of
abaloparatide doses, longitudinal assessments of bone mass
and geometry at sites prone to fracture in humans, micro-
CT-based analyses of microarchitecture and porosity, and a
prolonged post-OVX bone depletion period that allowed sig-
nificant cortical and trabecular bone deterioration prior to
treatment initiation. Study limitations include the absence of
interim histomorphometry that may have identified earlier ef-
fects of OVX and/or abaloparatide, including possible in-
creases in bone formation or bone resorption that were no
longer evident at necropsy. Indeed, a previous OVX cyno
study showed that interim iliac crest biopsy samples collected
after 6 months of abaloparatide treatment exhibited higher
trabecular bone formation compared with Veh controls,
whereas bone resorption parameters were similar between
the groups [16]. An active comparator such as teriparatide
would also have been helpful for understanding pharmacody-
namic differences between teriparatide and abaloparatide,
though some insights may be revealed over time based on
recent clinical trials comparing the two agents [2, 3]. Finally,
several abaloparatide-related findings described in the current
preclinical report appear to differ from those observed in the
pivotal abaloparatide phase 3 fracture trial [3, 27]; these dif-
ferences include certain cortical porosity and eroded surface
findings, as mentioned above, as well as the observation that
abaloparatide did not significantly increase long bone strength
in the OVX cynos, whereas abaloparatide significantly re-
duced nonvertebral fractures clinically [3].

In summary, abaloparatide administration was associat-
ed with significantly greater bone formation, bone volume,
bone density, and bone strength in osteopenic OVX cynos
while having no apparent effects on bone resorption pa-
rameters. Bone quality was preserved at purely cortical
sites and was maintained or improved at trabecular-rich
sites such as the femoral neck and vertebrae. These find-
ings are consistent with evidence of reduced fracture risk
with abaloparatide in postmenopausal women with osteo-
porosis [3], while also suggesting that gains in BMD in
abaloparatide-treated patients reflect site-specific improve-
ments in bone strength.
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