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Full Length Article 

Anti-sclerostin antibodies and abaloparatide have additive effects when 
used as a countermeasure against disuse osteopenia in female rats 

Mikkel Bo Brent a,b,*, Annemarie Brüel a,1, Jesper Skovhus Thomsen a,1 

a Department of Biomedicine, Aarhus University, Aarhus, Denmark 
b Department of Orthopedic Surgery, Aalborg University Hospital, Aalborg, Denmark   
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A B S T R A C T   

Prolonged disuse and substantial mechanical unloading are particularly damaging to skeletal integrity. Pre-
clinical studies in rodents and clinical studies have highlighted the need for potent bone anabolic drugs to 
counteract disuse-induced osteopenia. The aim of present study was to compare the efficacy of romosozumab 
(Scl-Ab) and abaloparatide (ABL), alone or in combination, to prevent botulinum toxin (BTX) induced bone loss 
in a rat model. Eighty female Wistar rats were divided into the following six groups: 1. Baseline (n = 12); 2. 
Control (Ctrl) (n = 12); 3. BTX (n = 12); 4. BTX + Scl-Ab (n = 16); 5. BTX + ABL (n = 12); and 6. BTX + Scl-Ab +
ABL (n = 16). Disuse was achieved by injecting 4 IU BTX into the hind limb musculature at study start. Scl-Ab 
(25 mg/kg) was injected s.c. twice weekly, while ABL (80 μg/kg) was injected s.c. five days a week for four 
weeks. Hind limb disuse dramatically decreased muscle mass and skeletal integrity and deteriorated the cortical 
morphology and trabecular microstructure. Treatment with Scl-Ab alone prevented most of the adverse cortical 
and trabecular effects of disuse, while ABL monotherapy mainly attenuated the disuse-induced loss of femoral 
areal bone mineral density (aBMD). Moreover, the combination of Scl-Ab and ABL not only counteracted most of 
the negative skeletal effects of unloading, but also increased aBMD (+10% and +20%), epiphyseal trabecular 
bone volume fraction (BV/TV) (+25% and +73%), and metaphyseal bone strength (+18% and +30%) signifi-
cantly above that of Scl-Ab or ABL monotherapy, respectively. The potent and additive osteoanabolic effect of 
Scl-Ab and ABL, when given in combination, is highly intriguing and underlines that an osteoanabolic bone gain 
can be maximized by utilizing two pharmaceuticals targeting different cellular signaling pathways. From a 
clinical perspective, a combination treatment may be warranted in patients where the osteoanabolic effect of 
either monotherapy is not sufficient, or if a dose-reduction is required due to adverse effects.   

1. Introduction 

Osteoporosis is a skeletal disease characterized by reduced bone 
mineral density and susceptibility to fragility fractures [1]. The disease 
manifests as the consequence of increased bone resorption relative to 
bone formation, thus resulting in a net bone loss. Multiple non- 
modifiable and potentially modifiable risk factors are associated with 
osteoporosis [2,3]. Of potentially modifiable risk factors for osteopo-
rosis, skeletal loading is particularly important. The earliest studies of 
disuse in paralyzed dogs and subsequent clinical studies in paralyzed 
patients emerged around the beginning of the last century [4–6]. These 
early landmark studies highlighted the importance of mechanical 
loading for maintaining skeletal integrity and marked the beginning of 

meticulous research efforts into the nature of disuse and the pharma-
ceutical countermeasures against it. 

Our understanding of the underlying cellular and molecular mech-
anisms responsible for disuse-induced bone loss has been propelled by 
the discovery of the Wnt signaling pathway and its role in bone. The Wnt 
signaling pathway and its relevance for bone homeostasis is very com-
plex and has been described in detail elsewhere [7,8]. In brief, when 
Wnt ligands interact with the dual receptor complex involving the 
Frizzled (FZD) receptor and low-density lipoprotein receptor-related 
protein (LRP)-5 or -6 expressed on osteoblasts, an intracellular 
signaling cascade is initiated, resulting in activation and transcription of 
target genes important for osteoblast differentiation and proliferation as 
well as for bone formation. Wnt signaling can be antagonized by 
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inhibitors such as sclerostin secreted from osteocytes, which prevents 
the formation of the Wnt-FZD-LRP5 complex by competitive binding to 
LRP5 and internalization of the LRP5/6 co-receptor [9]. 

Mounting evidence from preclinical and clinical studies has 
demonstrated that unloading and disuse results in heavy upregulation of 
SOST and increased serum sclerostin levels [10–12]. In contrast, scle-
rostin levels are dramatically reduced by mechanical loading and weight 
bearing [13]. Thus, anti-sclerostin antibodies are a potential 

pharmaceutical countermeasure against disuse-induced bone loss. 
Romosozumab is a humanized monoclonal antibody targeting scle-

rostin that has demonstrated promising efficacy to attenuate disuse- 
induced bone loss in rodent studies [14–16]. Although romosozumab 
is effective as monotherapy, a substantially greater bone formation 
response may be achieved by combining its effect with that of another 
potent bone anabolic agent such as teriparatide or abaloparatide. Both 
intermittent teriparatide and abaloparatide are potent stimulators of net 
bone formation and act through the parathyroid hormone 1 receptor 
(PTH1R) expressed on osteoblasts [17,18]. However, their osteoana-
bolic effect is blunted in SOST overexpressing mice [19] and in hind limb 
unloaded rats [20,21], thus suggesting that their bone-forming capacity 
could be enhanced by concomitant treatment with anti-sclerostin 
antibodies. 

We hypothesize that the combination of pharmaceutical counter-
measures utilizing two different cellular signaling pathways, anti- 
sclerostin antibodies and PTH1R-stimulation, results in substantially 
increased bone formation compared with either treatment alone. From a 
clinical perspective, an additive skeletal effect of anti-sclerostin anti-
bodies and abaloparatide is particularly intriguing, since it may justify a 
dose reduction to benefit patients experiencing dose-dependent adverse 
effects or reduce treatment costs. 

The present study aimed to investigate whether romosozumab and 
abaloparatide in combination elicit an additive osteoanabolic effect that 
is superior to either treatment alone in the prevention of disuse-induced 
bone loss originating from injections with botulinum toxin (BTX) in rats. 

2. Material and methods 

2.1. Animals and study design 

Eighty female 12–13-week-old Wistar rats were purchased from 
Janvier Labs (Le Genest-Saint-Isle, France). Upon arrival, the rats were 
allowed one week of acclimatizing before study start and were then 
stratified by body weight into six groups: 1. Baseline (n = 12); 2. Control 

Fig. 1. A) Illustration of a rat femur with the volumes 
of interest (VOIs) at the femoral mid-diaphysis and 
distal metaphysis and epiphysis used for micro 
computed tomography analysis. B–D) Bone histo-
morphometry at the tibial proximal metaphysis. B) 
Dynamic bone histomorphometry to assess bone 
remodeling. Bar = 150 μm. C) Section stained for 
tartrate-resistant acid phosphatase (TRAP) and 
counterstained with aniline blue to detect osteoclasts 
(white arrows). Bar = 50 μm. D) Masson-Goldner 
trichrome-stained section for osteoblasts (white ar-
rows) and osteoid. Bar = 50 μm. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   

Table 1 
The number of animals allocated to each group, body weight (BW), and wet 
weight and whole muscle cross-sectional area of the right rectus femoris muscle, 
and femoral length from rats subjected to hind limb disuse and treated with 
romosozumab (Scl-Ab) or abaloparatide (ABL) for four weeks. Data are pre-
sented as mean ± SD.   

Baseline Ctrl BTX BTX +
Scl-Ab 

BTX +
ABL 

BTX +
Scl-Ab +
ABL 

Animals 
(n) 

12 12 12 16 12 16 

Start BW 
(g) 

250 ±
9.37 

248 ±
9.35 

249 ±
9.41 

250 ±
6.39 

247 ±
8.02 

247 ±
6.87 

Final BW 
(g) 

250 ±
9.37 

270 ±
11.4 

247a ±

13.9 
249a ±

8.68 
244a ±

11.9 
250a ±

7.74  

Rectus femoris muscle 
Wet 

weight 
(mg) 

680 ±
49.4 

790 ±
65.5 

240a ±

27.7 
231a ±

22.3 
223a ±

22.1 
232a ±

39.9 

CSA 
(mm2) 

51.3 ±
5.70 

52.4 
± 5.96 

20.4a 

± 3.78 
21.4a 

± 4.61 
18.8a 

± 2.45 
19.5a ±

4.05  

Femoral bone 
Length 

(mm) 
32.5 ±
0.71 

33.9 
± 0.54 

33.9 ±
0.73 

34.0 ±
0.67 

34.2 ±
0.68 

34.2 ±
0.41  

a p < 0.05 vs. Ctrl. 
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(Ctrl) (n = 12), 3. BTX (n = 12), 4. BTX + romosozumab (Scl-Ab) (n =
16), 5. BTX + abaloparatide (ABL) (n = 12), and BTX + Scl-Ab + ABL (n 
= 16). At study start, the rats were 13–14 weeks old with a mean body 
weight of 237 ± 11.1 g. Chemical nerve denervation by BTX was used to 
induce disuse as proposed by Chappard et al. [22]. Animals assigned to 
the BTX-groups were intramuscularly injected with 4 IU of BTX type A 
(Botox, Allergan, Dublin, Ireland) distributed into their right quadriceps, 
hamstring, and calf muscles to induce disuse, as previously described in 
detail [23]. Throughout the study, all rats had unrestricted access to 
pelleted chow (1324 maintenance diet for rats and mice; Altromin, Lage, 
Germany) and tap water and were housed groupwise (n = 4/cage) at 
20 ◦C with a 12:12 h light/dark cycle. 

The anti-sclerostin antibody romosozumab was purchased from 
Amgen (Amgen Inc., Thousand Oaks, CA, USA) and injected s.c. twice 
weekly (25 mg/kg) [14]. Because romosozumab is a humanized 
monoclonal antibody, and therefore immunogenic to rats, the Scl-Ab 
groups were powered to allow the exclusion of rats that developed 
anti-drug antibodies (ADA) and an attenuated pharmacological 
response. The parathyroid hormone-related protein (PTHrP) analog 
abaloparatide was purchased from Bachem (H-8334, Bachem AG, 
Bubendorf, Switzerland) and injected s.c. five times a week (80 μg/kg) 
[24]. Treatment with Scl-Ab and abaloparatide commenced on the first 
day of the study, where disuse was induced by BTX injections, and 

continued until sacrifice. 
Tetracycline double labels (20 mg/kg, T3383, Sigma-Aldrich, St. 

Louis, MO, USA) and alizarin double labels (20 mg/kg, A3882, Sigma- 
Aldrich, St. Louis, MO, USA) were injected to assess bone remodeling 
in week 0–1 and week 2–3, respectively. 

To assess the physiological effect of hind limb injections with BTX, 
six rats from each group were evaluated using the gait ability score 
developed by Warner et al. [25] The score ranges from 0 (completely 
disabled) to 2 (normal) and assesses five different items of motor func-
tion. In brief, the gait ability score includes the following assessments: 
Hindlimb abduction during tail suspension, toe extension during sitting, 
use of right leg during leveled walking, use of right leg during two- 
legged stance, and use of right leg during climbing resulting in a total 
score from 0 to 10 [23]. 

After four weeks of disuse and treatment, the animals were sacrificed 
under anesthesia with 3% isoflurane (IsoFlo Vet, Orion Pharma Animal 
Health, Nivå, Denmark). 

Animal handling and injections were conducted unblinded to group 
allocation. Investigators were blinded for group allocation for the 
assessment of bone remodeling indices by dynamic bone histo-
morphometry and quantification of bone cells, whereas the remaining 
analyses were performed unblinded. However, all laboratory procedures 
were conducted across group allocations in order to minimize any 

Fig. 2. A) Gait ability score, B) areal bone mineral 
density (aBMD), and C) bone mineral content (BMC) 
from rats subjected to hind limb disuse and treated 
with romosozumab (Scl-Ab) or abaloparatide (ABL) 
alone or in combination for four weeks. The gait 
ability decreased dramatically in all botulinum toxin 
(BTX) injected rats and started to recover after 14 
days. Data are presented as mean ± SD. a: p < 0.05 
vs. Ctrl. b: p < 0.05 vs. BTX. c: p < 0.05 vs. BTX + Scl- 
Ab. d: p < 0.05 vs. BTX + ABL.   
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impact of experimental bias. 
All animal procedures were approved by the Danish Animal 

Inspectorate (2018-15-0201-01436). The animal welfare was assessed 
daily by veterinarians, animal caretakers, or study investigators. 

2.2. Tissue extraction 

Immediately after sacrifice, the right hind limb was removed, and the 
rectus femoris muscle, femur, and tibia were carefully isolated. The wet 
weight of the rectus femoris muscle was determined using a digital scale 
(Mettler AT250, Columbus, OH, USA) before being immersion-fixed in 
0.1 M sodium phosphate-buffered formaldehyde (4% formaldehyde, pH 
7.0). 

The right femoral bone length was measured using a digital caliper 
and stored in Ringer's solution at − 20 ◦C. The right tibia was immersion- 
fixed in 0.1 M sodium phosphate-buffered formaldehyde (4% formal-
dehyde, pH 7.0) for 48 h and then stored in 70% ethanol. 

2.3. Rectus femoris muscle 

The right rectus femoris muscle was halved at the midpoint and 
placed on a flat-bed image scanner (Perfection 3200 Photo; Seiko Epson, 
Nagano, Japan) to determine the whole muscle cross-sectional area 
(CSA) as previously described [23]. In brief, the scanning was conducted 
at 300 dots per inch (DPI), images were analyzed in Adobe Photoshop 
2020 (San Jose, California, USA) using the inbuilt ruler and measure 
tools, and the muscles CSA were delineated using the Lasso Tool. 

2.4. Dual-energy X-ray absorptiometry (DXA) 

Areal bone mineral density (aBMD) and bone mineral content (BMC) 
of the entire femur were determined by DXA (pDEXA Sabre XL; Norland 
Stratec, Pforzheim, Germany) at a resolution of 0.5 mm × 0.5 mm and a 
scan speed of 10.0 mm/s. 

Fig. 3. Femoral mid-diaphyseal cortical morphology of rats subjected to hind limb disuse and treated with romosozumab (Scl-Ab) or abaloparatide (ABL) alone or in 
combination for four weeks. A) Cortical thickness (Ct.Th). B) Bone area (B.Ar). C) Marrow area (Ma.Ar). D) Tissue area (T.Ar). E) Bone area/tissue area (BA/TA). 
Data are presented as mean ± SD. a: p < 0.05 vs. Ctrl. b: p < 0.05 vs. BTX. c: p < 0.05 vs. BTX + Scl-Ab. d: p < 0.05 vs. BTX + ABL. 
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2.5. Micro computed tomography (μCT) 

The femoral bone morphology and trabecular microstructure were 
assessed using a desktop μCT scanner (Scanco μCT 35, Scanco Medical 
AG, Wangen-Brüttisellen, Switzerland). The femoral mid-diaphysis, 
distal femoral metaphysis, and distal femoral epiphysis were scanned 
using 1000 projections/180◦, an isotropic voxel size of 10 μm, an X-ray 

tube voltage of 70 kVp, a current of 114 μA, and an integration time of 
800 ms. Beam hardening effects were reduced using a 0.5 mm aluminum 
filter. 

The femoral mid-diaphysis was analyzed using two 2320-μm-high 
volumes of interest (VOIs) centered on the femoral mid-point. One was 
demarked at the periosteal surface and was used to determine cortical 
morphology. The other was demarked at the endocortical surface and 
was used to quantify the amount of trabecular bone in the mid- 
diaphyseal marrow cavity (Fig. 1). 

The trabecular bone at the distal femoral epiphysis was analyzed 
using an approximately 1500-μm-high VOI containing trabecular bone 
only. The epiphyseal VOI started where the lateral and medial condyle 
fused to one coherent structure and ended where the growth plate first 
appeared. The distal femoral metaphysis was analyzed using a 2200-μm- 
high VOI starting 1500 μm above the most distal part of the growth plate 
to exclude primary spongiosa (Fig. 1). All 3D data were low-pass filtered 
using a Gaussian filter (σ = 0.8 and support = 1) and segmented with a 
fixed global threshold of 520 mg HA/cm3. 

The μCT-based assessment of the bone microstructure was performed 
in accordance with the current guidelines [26]. 

2.6. Mechanical testing 

Bone strength of the femoral mid-diaphysis, femoral neck, and distal 
femoral metaphysis was determined using a materials-testing machine 
(5566; Instron, High Wycombe, UK) as previously described in detail 
[27]. In brief, the 3-point bending test of the femoral mid-diaphysis was 
conducted by placing the bone on two supporting bars and vertical load 
was applied using a rounded bar until a complete fracture materialized. 
Then the proximal part of the femur was placed in a custom-made fix-
ation device to expose the femoral neck for mechanical testing. The 
vertebral body of L4 was compression tested after vertebral discs and 
processi were carefully removed. For all the mechanical tests, vertical 
load was applied with a constant deflection rate of 2 mm/min. Bone 
strength was considered as the maximum force achieved at any point 
during mechanical testing and was determined from the load- 
displacement data. 

2.7. Bone specimens and microscopy 

A 200-μm-thick cross-sectional slice of the right femoral mid- 
diaphysis was sawed (EXAKT Apparatebau, Norderstedt, Germany), 

Fig. 4. 3D reconstructions of μCT data of the entire right femur from one rat 
injected with saline (Control); botulinum toxin (BTX); or BTX, romosozumab 
(Scl-Ab), and abaloparatide (ABL) for four weeks. Cortical bone is presented in 
semi-transparent red, allowing the appearance of the underlying trabecular 
bone to be visualized. The amount of trabecular bone in the marrow cavity was 
high in a few of the animals treated with the combination of Scl-Ab and ABL. 
However, it should be emphasized the majority of the rats treated with Scl-Ab 
did not develop such pronounced trabecular bone at the femoral mid-diaphysis. 
μCT voxel size: 10 μm. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Table 2 
Femoral trabecular microstructural parameters from rats subjected to hind limb disuse and treated with romosozumab (Scl-Ab) or abaloparatide (ABL) for four weeks. 
Bone volume/tissue volume (BV/TV), tissue mineral density (TMD), volumetric bone mineral density (vBMD), connectivity density (CD), and structure model index 
(SMI). Data are presented as mean ± SD.   

Baseline Ctrl BTX BTX + Scl-Ab BTX + ABL BTX + Scl-Ab + ABL 

Mid-diaphyseal marrow cavity 
BV/TV (%) 1.17 ± 1.25 1.42 ± 1.57 0.75 ± 0.73 0.68 ± 1.14 1.18 ± 1.61 2.39 ± 3.47  

Epiphysis 
TMD (mg/cm3) 869 ± 8.47 887 ± 10.6 876 ± 8.27 890a,b ± 10.7 881c ± 7.89 907a,b,d ± 14.4 
vBMD (mg/cm3) 412 ± 27.3 443 ± 30.8 372a ± 26.1 550a,b ± 63.1 420b,c ± 40.8 654a,b,c,d ± 56.0 
CD (mm− 3) 117 ± 18.8 97.5 ± 10.3 110 ± 13.2 73.4a,b ± 14.6 101c ± 16.1 89.6b ± 11.5 
SMI − 0.44 ± 0.18 − 0.69 ± 0.29 − 0.07 ± 0.22 − 1.85b ± 0.91 − 0.45 ± 0.37c − 4.74a,b,d ± 1.82  

Metaphysis 
TMD (mg/cm3) 877 ± 13.7 901 ± 12.7 899 ± 17.2 890 ± 19.0 884 ± 18.5 897 ± 18.9 
vBMD (mg/cm3) 386 ± 82.3 433 ± 57.8 395 ± 79.2 428 ± 94.6 401 ± 84.5 578a,b,c,d ± 87.3 
CD (mm− 3) 213 ± 38.5 230 ± 38.5 268 ± 64.1 98.2a,b ± 16.6 140c ± 21.2 109a,b ± 16.0 
SMI 0.19 ± 1.00 − 0.19 ± 0.69 0.43 ± 1.01 0.66 ± 0.93 0.64 ± 0.91 − 1.73b,c,d ± 1.77  

a p < 0.05 vs. Ctrl. 
b p < 0.05 vs. BTX. 
c p < 0.05 vs. BTX + Scl-Ab. 
d p < 0.05 vs. BTX + ABL. 
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mounted with Pertex on a glass slide, and used for dynamic bone his-
tomorphometry. The proximal tibia was either embedded undecalcified 
in methyl methacrylate (MMA) or decalcified using formic acid and 
embedded in paraffin. The undecalcified samples were cut into 7-μm- 
thick frontal sections and left unstained and used for dynamic bone 
histomorphometry, stained for tartrate-resistant acid phosphatase 
(TRAP) and counterstained with aniline blue to detect osteoclasts, or 
Masson-Goldner trichrome-stained for osteoblast and osteoid identifi-
cation (Fig. 1). 

Light and fluorescence microscopy were conducted using a Nikon 
Eclipse i80 upright microscope (Nikon Solutions, Tokyo, Japan), able to 
project live images to a computer. The stereological software Visio-
pharm (v. 2020.09, Visiopharm, Hørsholm, Denmark) was used to 

quantify fluorochrome labels and bone cells at a final magnification of 
×1190. Dynamic bone histomorphometry and bone cell quantifications 
were conducted in accordance with the guiding principles of the ASBMR 
Histomorphometry Nomenclature Committee [28]. 

2.8. Dynamic bone histomorphometry 

Dynamic bone histomorphometry was used to assess bone remodel-
ing at week 0–1 and week 2–3. At the femoral mid-diaphysis, a stellar 
grid with 24-radiating arms was used to quantify the amount of fluo-
rochrome labels at the periosteal and endocortical surfaces. The distance 
between two consecutive tetracycline or two alizarin labels was 
measured at the mid-point between two labels. At the proximal tibial 

Fig. 5. Trabecular microstructure at the (A–D) femoral distal epiphysis and (E–H) metaphysis of rats subjected to hind limb disuse and treated with romosozumab 
(Scl-Ab) or abaloparatide (ABL) alone or in combination for four weeks. I) Representative 3D reconstructions of the distal femoral metaphysis and epiphysis (100 μm 
thick slices). Bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular spacing (Tb.Sp). Data are presented as 
mean ± SD. a: p < 0.05 vs. Ctrl. b: p < 0.05 vs. BTX. c: p < 0.05 vs. BTX + Scl-Ab. d: p < 0.05 vs. BTX + ABL. 
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metaphysis, trabecular fluorochrome labels were quantified using a 
3000-μm-high region of interest (ROI) placed 1500 μm below the growth 
plate, excluding primary spongiosa and cortical bone. The fields of view 
were sampled with a randomly orientated line grid superimposed on the 
fields of view and covered at least 40% of the ROI. 

Dynamic bone histomorphometry was used to estimate mineralizing 
surface, mineral apposition rate, and bone formation rate. Mineralizing 
surface was calculated as the number of intersections with double labels 
plus half the number of intersections with single labels divided by the 
total number of intersections with an intact bone surface. Mineral 
apposition rate was calculated as the average distance between double 
labels divided by the inter-labeling period of seven days. Bone formation 
rate was calculated as mineralizing surface × mineral apposition [28]. If 
double labels were absent, then an imputed value of zero was used for 
mineral apposition. 

2.9. Quantification of osteoclasts, osteoid, and osteoblasts 

The sections stained for TRAP were used to quantify the amount of 
osteoclast-covered bone surface. Osteoclasts were defined as TRAP- 
positive multinucleated cells residing on an intact bone surface. The 
Masson-Goldner trichrome-stained sections were used to quantify the 
amount of osteoid and osteoblast-covered surfaces. Bone cells and 
osteoid were quantified using a 3000-μm-high ROI placed 1500 μm 
below the growth plate, and the fields of view were sampled with a 
randomly orientated line grid superimposed on the fields of view that 
covered at least 40% of the ROI. 

2.10. Statistical analysis 

Differences between means of the groups were assessed using a one- 
way analysis of variance (ANOVA) followed by a post-hoc Holm-Sidak 
test, if the data approximately followed a normal distribution. Other-
wise, a non-parametric one-way ANOVA on ranks followed by a post-hoc 
Dunn's test was used. Equality of variance was assessed using the Brown- 
Forsythe test. The one-way ANOVA included the groups Ctrl, BTX, BTX 
+ Scl-Ab, BTX + ABL, and BTX + Scl-Ab + ABL. Data are presented as 
mean ± SD, and results were considered statistically significant if the p- 
value was less than 0.05. The statistical analyses were performed in 
GraphPad Prism 9.1.1 (Systat Software, Chicago, IL, USA). 

An a priori sample size calculation (power = 0.8) showed that it is 
possible to demonstrate a difference of 12% in mechanical strength of 

the femoral mid-diaphysis between groups with 12 animals in each 
group [29]. Although the two groups treated with Scl-Ab were over-
powered to allow the exclusion of animals developing ADA or attenu-
ated pharmacological response, we included all animals in the statistical 
analyses to give the most accurate representation of its osteoanabolic 
effect in rats [30]. Moreover, up to 18% of post-menopausal women in 
the phase 2 and 3 studies developed ADA after their first injection with 
Scl-Ab [31]. The inclusion of all animals treated with Scl-Ab despite 
ADA status may therefore more closely resemble the use of Scl-Ab in a 
clinical setting. 

3. Results 

3.1. Body weight and gait ability 

After four weeks of disuse, the body weight of BTX-injected rats was 
significantly lower (− 8%, p < 0.001) than that of Ctrl rats (Table 1). The 
BTX-injections resulted in a pervasive and rapidly developing muscle 
paralysis that completely disabled normal hind limb locomotion. How-
ever, the gait ability improved after two weeks, although the normal 
motor function was not restored when the study ended after four weeks 
(Fig. 2). 

3.2. Muscles mass and cross-sectional area 

All BTX-injected rats had significantly lower rectus femoris muscle 
mass (− 71%, p < 0.001) and whole muscle CSA (− 62%, p < 0.001) 
than the rats in the Ctrl group, underlining the detrimental effects of 
disuse on muscle tissue. Treatment with Scl-Ab and ABL alone, or in 
combination, did not affect muscle mass or CSA compared with non- 
treated disuse rats (Table 1). 

3.3. DXA 

Compared with normal ambulating rats, disuse significantly reduced 
femoral aBMD (− 10%, p < 0.001) and BMC (− 12%, p < 0.001). 
Treatment with Scl-Ab alone and in combination with ABL not only 
prevented the disuse-induced loss of aBMD and BMC but significantly 
increased aBMD (+17%, p = 0.025 and 29%, p < 0.001) above that of 
Ctrl rats, respectively. Interestingly, the combination of Scl-Ab and ABL 
significantly increased aBMD and BMC (+10%, p < 0.001 and +20%, p 
< 0.001) above that of treatment with Scl-Ab and ABL alone, 

Fig. 6. Bone fracture strength of the (A) femoral mid-diaphysis, (B) femoral neck, and (C) distal femoral metaphysis of rats subjected to hind limb disuse and treated 
with romosozumab (Scl-Ab) or abaloparatide (ABL) alone or in combination for four weeks. Data are presented as mean ± SD. a: p < 0.05 vs. Ctrl. b: p < 0.05 vs. BTX. 
c: p < 0.05 vs. BTX + Scl-Ab. d: p < 0.05 vs. BTX + ABL. 
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respectively. Finally, ABL significantly increased aBMD (+7%, p =
0.010) compared with BTX, but not to a level significantly above that of 
Ctrl rats (Fig. 2). 

These findings suggest that Scl-Ab combined with ABL is superior to 
either treatment alone in promoting increased aBMD and BMC in disuse- 
challenged rats. In addition, the osteoanabolic effect of Scl-Ab and ABL 
is additive when the treatment is combined. 

3.4. μCT 

3.4.1. Femoral mid-diaphysis 
At the femoral mid-diaphysis, disuse significantly reduced bone area 

(B.Ar) (− 7%, p = 0.036), but not cortical thickness (Ct.Th), marrow area 
(Ma.Ar), tissue area (T.Ar), or bone area/tissue area (BA/TA). Treatment 
with Scl-Ab significantly increased Ct.Th (+14%, p < 0.001), B.Ar 
(+12%, p < 0.001), and BA/TA (+9%, p < 0.001) compared with BTX, 
whereas treatment with ABL did not. In addition, monotherapy with Scl- 

Ab significantly decreased Ma.Ar (− 16%, p = 0.002) compared with 
Ctrl. Scl-Ab and ABL in combination completely prevented the disuse- 
induced reduction in B.Ar. The increased Ct.Th (+13%, p < 0.001), B. 
Ar (+11%, p < 0.001), and BA/TA (+10%, p < 0.001) induced by 
treatment with Scl-Ab + ABL were significantly above that of Ctrl rats. 
Moreover, the increased B.Ar (+7%, p < 0.001 and + 16%, p = 0.017) 
was significantly above that of rats treated with Scl-Ab or ABL alone, 
respectively (Fig. 3). 

These findings suggest the combination of Scl-Ab and ABL 
completely prevents mid-diaphyseal bone loss from disuse and that the 
treatment combination provides an additive osteoanabolic effect. 

In two rats treated with Scl-Ab + ABL, a distinct and substantial 
amount of trabecular bone was found in the femoral diaphyseal marrow 
cavity. The intramedullary trabecular bone was so pronounced that it 
extended from the femoral neck to the distal metaphysis (Fig. 4). A trend 
towards increased intramedullary trabecular bone volume/tissue vol-
ume (BV/TV) was found in rats treated with Scl-Ab + ABL compared 

Fig. 7. A–D) Cortical dynamic bone histomorphometry at the femoral mid-diaphysis of rats subjected to hind limb disuse and treated with romosozumab (Scl-Ab) or 
abaloparatide (ABL) alone or in combination for four weeks. Periosteal surface (Ps), endocortical surface (Ec), mineralizing surface (MS/BS), mineral apposition rate 
(MAR), and bone formation rate (BFR/BS). Data are presented as mean ± SD. a: p < 0.05 vs. Ctrl. b: p < 0.05 vs. BTX. c: p < 0.05 vs. BTX + Scl-Ab. d: p < 0.05 vs. BTX 
+ ABL. 
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with BTX, although not reaching the level of significance due to sub-
stantial variations (Table 2). 

The pronounced intramedullary trabecular bone formation seen in a 
few of the animals suggests that these rats are “super responders” and 
highly susceptible to treatment with the combination of Scl-Ab and ABL. 

3.4.2. Distal femoral epiphysis 
Disuse significantly reduced BV/TV (− 19%, p = 0.003) and volu-

metric bone mineral density (vBMD) (− 16%, p = 0.002) compared with 
ambulating Ctrl rats. No significant differences were found for trabec-
ular thickness (Tb.Th), trabecular number (Tb.N), trabecular spacing 
(Tb.Sp), or connectivity density (CD) between BTX and Ctrl rats. 
Treatment with Scl-Ab alone significantly increased BV/TV (+59%, p < 
0.001), Tb.Th (+65%, p < 0.001), tissue mineral density (TMD) (+2%, 
p < 0.001), and vBMD (48%, p < 0.001), while Tb.Sp (− 12%, p =
0.005) and connectivity density (CD) (− 33%, p < 0.001) were 
decreased compared with BTX rats. In addition, Scl-Ab significantly 
increased BV/TV (+30%, p < 0.001) and Tb.Th (+42%, p < 0.001) 
above that of Ctrl rats. Treatment with ABL alone significantly increased 
vBMD (+13%, p = 0.032) compared with BTX, but did not affect any 
other trabecular microstructural parameter assessed. Scl-Ab in combi-
nation with ABL completely prevented the disuse-induced trabecular 
deterioration and significantly increased bone BV/TV (+62%, p < 
0.001), Tb.Th (+58%, p < 0.001), Tb.N (+32%, p < 0.001), TMD 
(+2%, p < 0.001), and vBMD (+48%, p < 0.001) above that of Ctrl rats. 
Moreover, Scl-Ab + ABL significantly decreased trabecular spacing 
(− 26%, p < 0.001), CD (− 8%, p = 0.018), and structure model index 
(SMI) (− 587%, p < 0.001) compared with BTX rats. Finally, the com-
bination of Scl-Ab and ABL significantly increased BV/TV (+25%, p < 
0.001 and + 73%, p < 0.001) and vBMD (+19%, p < 0.001 and + 56%, 
p < 0.001) above that obtained with Scl-Ab or ABL alone, respectively 
(Fig. 5 and Table 2). 

These findings suggest that the combination of Scl-Ab and ABL 
completely prevents the disuse-induced trabecular deterioration at the 
distal femoral epiphysis. In addition, the combined treatment resulted in 
effects on BV/TV and vBMD that were additive. 

3.4.3. Distal femoral metaphysis 
Disuse did not deteriorate trabecular microstructure at the distal 

femoral metaphysis. Treatment with Scl-Ab significantly increased Tb. 
Th (+57%, p = 0.002) and decreased Tb.N (− 25%, p < 0.001) and CD 
(− 57%, p < 0.001) compared with Ctrl rats. Aside from a significantly 
reduced Tb.N (− 18%, p = 0.020) compared with Ctrl, treatment with 
ABL did not affect any other trabecular microstructural parameter 
assessed. The combination of Scl-Ab and ABL significantly increased BV/ 
TV (+47%, p < 0.001), Tb.Th (+81%, p < 0.001), and vBMD (+33%, p 
< 0.001) and reduced CD (− 53%, p < 0.001) compared with Ctrl. In 
addition, Scl-Ab + ABL increased BV/TV (+47%, p < 0.001 and +62%, 
p < 0.001) to a level significantly above that obtained by treatment with 
Scl-Ab or ABL as monotherapy, respectively (Fig. 5 and Table 2). 

These findings suggest that Scl-Ab in combination with ABL is su-
perior to either treatment alone. In addition, the effect of Scl-Ab and ABL 
on distal femoral metaphyseal BV/TV was additive. 

3.5. Mechanical testing 

Compared with Ctrl rats, disuse significantly reduced femoral neck 
(− 29%, p = 0.011) and distal femoral metaphyseal bone strength 
(− 22%, p = 0.001). 

Monotherapy with Scl-Ab significantly increased bone strength at 
the mid-diaphysis (+17%, p = 0.004), neck (+51%, p < 0.001), and 
distal metaphysis (+27%, p < 0.001) compared with BTX, whereas ABL 
did not. Scl-Ab and ABL in combination significantly increased bone 
strength at all skeletal sites compared with BTX; +25% (p < 0.001) at 
the mid-diaphysis, +53% (p < 0.001) at the neck, and +49% (p < 
0.001) at the distal metaphysis. Moreover, mid-diaphyseal (+14%, p =
0.007) and distal metaphyseal (+17%, p = 0.007) bone strength were 
significantly above that of Ctrl rats. Furthermore, the distal metaphyseal 
bone strength (+18%, p = 0.002 and +30%, p < 0.001) was signifi-
cantly above that obtained with either Scl-Ab or ABL as monotherapy, 
respectively (Fig. 6). 

These findings suggest treatment with Scl-Ab in combination with 
ABL completely prevents the disuse-induced reduction in bone strength 
at the distal femoral metaphysis and femoral neck and that the effects of 
Scl-Ab and ABL on distal femoral metaphyseal bone strength are 
additive. 

3.6. Dynamic bone histomorphometry 

3.6.1. Cortical bone 
At the periosteal surface of the femoral mid-diaphysis, disuse 

significantly reduced mineralizing surface (MS/BS) (− 40%, p < 0.001 
and − 67%, p < 0.001) and bone formation rate (BFR/BS) (− 38%, p =
0.006 and − 68%, p < 0.001) at week 0–1 and week 2–3, respectively. 
Scl-Ab monotherapy significantly increased MS/BS (+61%, p < 0.001 
and +204%, p < 0.001), mineral apposition rate (MAR) (+24%, p =
0.024 and +28%, p = 0.002), and BFR/BS (+104%, p < 0.001 and 
+278%, p < 0.001) compared with BTX rats at week 0–1 and 2–3, 
respectively. In contrast, ABL monotherapy had no effect on the peri-
osteal surface. Scl-Ab and ABL in combination significantly increased 
MS/BS (+51%, p < 0.001 and +176%, p < 0.001), MAR (+37%, p =
0.024 and +29%, p < 0.001), and BFR/BS (+114%, p < 0.001 and 
+254%, p < 0.001) compared with BTX at week 0–1 and 2–3, respec-
tively (Fig. 7 and Table 3). 

At the endocortical surface of the femoral mid-diaphysis, disuse had 
no effect on the bone remodeling indices at any time point. Scl-Ab 
monotherapy significantly increased MS/BS (+173%, p < 0.001 and 
+435%, p < 0.001), MAR (+97%, p = 0.001 and +57%, p = 0.010), and 

Table 3 
Dynamic bone histomorphometry at the femoral mid-diaphysis and tibial 
proximal metaphysis from rats subjected to hind limb disuse and treated with 
romosozumab (Scl-Ab) or abaloparatide (ABL) for four weeks. Periosteal surface 
(Ps), Endocortical surface (Ec), mineralizing surface (MS/BS), mineral apposi-
tion rate (MAR), and bone formation rate (BFR/BS). Data are presented as mean 
± SD.   

Ctrl BTX BTX +
Scl-Ab 

BTX +
ABL 

BTX + Scl- 
Ab + ABL 

Cortical bone: week 0–1 
Ps.MS/BS (%) 88.8 ±

9.10 
53.1a ±

12.4 
85.7b ±

7.09 
63.7a,c ±

13.5 
80.3b,d ±

10.8 
Ps.MAR (μm/ 

d) 
1.90 ±
0.30 

2.03 ±
0.39 

2.51a,b ±

0.28 
2.09 ±
0.37 

2.79a,b,d ±

0.62 
Ps.BFR/BS 

(μm3/μm2/ 
d) 

1.70 ±
0.40 

1.06a ±

0.24 
2.16a,b ±

0.34 
1.35c ±

0.44 
2.27a,b,d ±

0.67 

Ec.MS/BS (%) 30.1 ±
13.1 

28.8 ±
8.99 

82.0a,b ±

12.5 
44.6c ±

13.3 
90.1a,b,d ±

8.66 
Ec.MAR (μm/ 

d) 
1.03 ±
0.88 

0.84 ±
0.90 

2.03a,b ±

0.37 
1.38c ±

0.58 
2.74a,b,c,d ±

0.35 
Ec.BFR/BS 

(μm3/μm2/ 
d) 

0.37 ±
0.42 

0.25 ±
0.29 

1.69a,b ±

0.47 
0.66b,c ±

0.38 
2.47a,b,c,d ±

0.38  

Trabecular bone: week 0–1 
MS/BS (%) 27.9 ±

3.19 
17.4a ±

4.25 
33.7a,b ±

6.66 
30.5b ±

4.45 
36.9a,b,d ±

4.88 
MAR (μm/d) 0.97 ±

0.12 
0.70a ±

0.25 
1.63a,b ±

0.23 
1.24a,b,c 

± 0.19 
1.94a,b,c,d ±

0.27 
BFR/BS (μm3/ 

μm2/d) 
0.27 ±
0.03 

0.12a ±

0.05 
0.56a,b ±

0.09 
0.37a,b,c 

± 0.06 
0.71a,b,c,d ±

0.09  

a p < 0.05 vs. Ctrl. 
b p < 0.05 vs. BTX. 
c p < 0.05 vs. BTX + Scl-Ab. 
d p < 0.05 vs. BTX + ABL. 
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BFR/BS (+357%, p < 0.001 and +728%, p < 0.001) compared with Ctrl 
at week 0–1 and 2–3, respectively. ABL monotherapy significantly 
increased MAR (+86%, p < 0.001), and BFR/BS (+550%, p = 0.042) at 
week 2–3, compared with ambulating Ctrl rats. The combination of Scl- 
Ab and ABL significantly increased MS/BS (+200%, p < 0.001 and 
+494%, p < 0.001), MAR (+166%, p < 0.001 and +130%, p < 0.001), 
and BFR/BS (+568%, p < 0.001 and +1267%, p < 0.001) compared 
with Ctrl rats at week 0–1 and 2–3, respectively. In addition, the com-
bination treatment also increased MS/BS (+71%, p = 0.008) and BFR/ 
BS (+110%, p = 0.019) significantly above that obtained with ABL and 
significantly increased MAR (+47%, p < 0.001) above that obtained 
with Scl-Ab at week 2–3 (Fig. 7 and Table 3). 

These findings suggest that BTX-induced disuse mainly manifests at 
the periosteal surface in rats and that the effect is most pronounced early 
in the study. The combination of Scl-Ab and ABL substantially increased 
remodeling indices to a level above that obtained by either treatment 
alone. Moreover, the effects of the two treatments on the dynamical 
histomorphometric parameters on endocortical cortical bone are 
additive. 

3.6.2. Trabecular bone 
At the tibial proximal metaphysis, disuse significantly decreased MS/ 

BS (− 38%, p < 0.001), MAR (− 28%, p = 0.011), and BFR/BS (− 56%, p 
< 0.001) compared with Ctrl rats at week 0–1. In contrast, disuse had no 
significant effect at week 2–3. 

Scl-Ab significantly increased MS/BS (+21%, p = 0.018 and +95%, 
p < 0.001), MAR (+68%, p < 0.001 and +59%, p < 0.001), and BFR/ 
BS (+100%, p < 0.001 and +204%, p < 0.001) above that of Ctrl rats at 
week 0–1 and 2–3, respectively. Likewise, treatment with ABL signifi-
cantly increased MAR (+28%, p = 0.011 and +46%, p < 0.001) and 
BFR/BS (+37%, p = 0.001 and +143%, p < 0.001) above the level of 
Ctrl rats at week 0–1 and 2–3, respectively. ABL also significantly 
increased MS/BS (+68%, p < 0.001) compared with Ctrl at week 2–3, 
but not at week 0–1. The combination of Scl-Ab and ABL significantly 
increased MS/BS (+32%, p = 0.001 and +129%, p < 0.001), MAR 
(+100%, p < 0.001 and +82%, p < 0.001), and BFR/BS (+163%, p < 
0.001 and +317%, p < 0.001) compared with Ctrl at week 0–1 and 2–3, 
respectively. Moreover, the indices of bone remodeling were signifi-
cantly higher compared with those obtained by Scl-Ab or ABL mono-
therapy at week 0–1 and 2–3 (Fig. 8 and Table 3). 

These findings suggest the skeletal effect of disuse on bone remod-
eling indices is most pronounced early in the study and that the com-
bination of Scl-Ab and ABL is superior to either treatment alone. 

Fig. 8. Histomorphometry of proximal tibial bone of rats subjected to hindlimb disuse and treated with romosozumab (Scl-Ab) or abaloparatide (ABL) alone or in 
combination for four weeks. A–C) Dynamic bone histomorphometry. (D–E) Osteoclasts-covered (Oc.S/BS), osteoid-covered (OS/BS), and osteoblast-covered surfaces 
(Ob.S/BS). (G) Fluorochrome labels used to assess bone remodeling with dynamic bone histomorphometry (yellow: tetracycline and red: alizarin). Data are presented 
as mean ± SD. Bar = 100 μm. a: p < 0.05 vs. Ctrl. b: p < 0.05 vs. BTX. c: p < 0.05 vs. BTX + Scl-Ab. d: p < 0.05 vs. BTX + ABL. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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3.7. Osteoclasts, osteoid, and osteoblasts 

At the proximal tibial metaphysis, disuse did not result in any sig-
nificant differences in osteoclast-covered surfaces (Oc.S/BS), osteoid- 
covered surfaces (OS/BS), or osteoblast-covered surfaces (Ob.S/BS) 
compared with Ctrl. Only treatment with Scl-Ab and ABL in combination 
significantly decreased the amount of Oc.S/BS (− 35%, p = 0.005) 
compared with BTX. 

Treatment with Scl-Ab alone or in combination with ABL signifi-
cantly increased both OS/BS (+813%, p < 0.001 and +720%, p < 
0.001) and Ob.S/BS (+620%, p < 0.001 and +775%, p < 0.001) 
compared with Ctrl rats, respectively. In contrast, treatment with ABL 
alone did not affect the amount of OS/BS, Ob.S/BS, or Oc.S/BS (Fig. 8). 

These findings suggest that Scl-Ab alone and in combination with 
ABL is effective measures to increase the amount of osteoid and 
osteoblast-covered surfaces in disuse-challenged rats. 

4. Discussion 

The purpose of the present study was to investigate whether treat-
ment with romosozumab and abaloparatide in combination elicits an 
additive osteoanabolic effect in disuse osteopenic rats and whether the 
combination treatment is superior to either treatment alone. 

As expected, BTX-injections resulted in a loss of gait ability and 
normal motor function accompanied by detrimental musculoskeletal 
effects. Hence, muscle mass, aBMD, bone strength, and bone remodeling 
were severely reduced by the hind limb disuse. The pervasive muscu-
loskeletal effects of injections with BTX were largely in accordance with 
previous studies by us and others [24,27,31–34]. Since the impact of the 
disuse-induced loss of bone is substantial, pharmaceutical countermea-
sures must be equally powerful to prevent it. 

Previous studies have demonstrated that SOST is heavily upregulated 
and circulating sclerostin levels are substantially increased in response 
to mechanical unloading [10–12]. Therefore, sclerostin is an obvious 
pharmaceutical target and has previously been investigated in rats 
subjected to disuse induced by spinal cord injury [14] or tail suspension 
[15]. The study by Zhao et al. found that eight weeks of Scl-Ab (25 mg/ 
kg/week) treatment completely prevented disuse-induced reduction of 
aBMD, trabecular microstructure, and bone formation [14]. All these 
findings were confirmed by the present study. In addition, we found that 
the morphological and microstructural improvements induced by 
treatment with Scl-Ab also translated to substantially increased bone 
strength. Interestingly, the present study suggests that the pervasive and 
substantial disuse induced bone loss can be completely prevented by 
only four weeks of treatment with Scl-Ab in rats. 

The skeletal effects of monotherapy with abaloparatide were less 
pronounced than that obtained by monotherapy with Scl-Ab. Abalo-
paratide attenuated the disuse-induced loss of aBMD and substantially 
increased endocortical and trabecular bone remodeling, but did not 
increase bone strength. These results mostly agree with previous find-
ings in both intact and disuse-challenged rodents [20,24,35–37]. 

Ominsky et al. compared the effect of Scl-Ab and teriparatide, which 
is structurally and functionally similar to abaloparatide [17,24,35], and 
found that the effect of Scl-Ab was significantly greater than that of 
teriparatide on vertebral vBMD and bone formation in intact rats [30]. 
Similar findings in favor of Scl-Ab have also been reported in a Phase IIb 
clinical study, where post-menopausal women were treated with either 
teriparatide (20 μg daily) or Scl-Ab (210 mg monthly) for 12 months 
[38]. 

Even though teriparatide and abaloparatide are similar, have 42% 
amino acid sequence homology, and share the same surface receptor 
(PTH1R) on osteoblasts, important preclinical and clinical differences 
exist [17]. Teriparatide has receptor preferability towards the R0- 
conformation of PTH1R, while abaloparatide has the highest affinity for 
the RG-conformation [39]. When teriparatide interacts with the R0- 
conformation of PTH1R, it results in a prolonged increase in 

intracellular cyclic adenosine monophosphate (cAMP), which contrasts 
with the more short-lived and rapid increase in cAMP by the interaction 
of abaloparatide with the RG-conformation [24,39]. A more transient 
and swifter cAMP increase has been suggested to reduce mRNA 
expression of the pro-osteoclastogenic receptor activator of nuclear 
factor kappa-В ligand (RANKL) thereby reducing the calcium mobilizing 
potential of abaloparatide compared with that of teriparatide [40,41]. 
The large pivotal multi-center clinical Phase III study ACTIVE demon-
strated that treatment with abaloparatide significantly decreased the 
risk of hypercalcemia compared with teriparatide. In addition, aBMD 
was significantly higher in patients treated with abaloparatide 
compared to that obtained with teriparatide, except at the lumbar spine 
[42]. 

To our knowledge, abaloparatide has not previously been used in 
combination with Scl-Ab to prevent disuse-induced bone loss or treat 
any other bone-related diseases, while the related teriparatide has pre-
viously been combined with Scl-Ab to promote fracture healing in rats 
[43]. In the present study, we found that utilizing two different cellular 
signaling pathways was superior to either treatment alone to counteract 
disuse-induced bone loss, and an additive effect was elicited. Moreover, 
the combination of Scl-Ab and abaloparatide even increased aBMD, 
cortical morphology, trabecular microstructure, bone strength, and 
bone remodeling indices significantly above that of normal ambulating 
control rats. These findings and the additive effect underline the 
osteoanabolic potency of Scl-Ab in combination with abaloparatide. 

It is tempting to speculate on the underlying mechanism behind the 
additive effect found when Scl-Ab is combined with abaloparatide. As 
circulating sclerostin levels are increased during disuse [10–12], and the 
osteoanabolic effect of abaloparatide is attenuated by hind limb 
unloading [20], it is fair to surmise that the additive effect of Scl-Ab and 
abaloparatide in combination is the result of diminished sclerostin levels 
that provides a disuse-counterbalanced optimal environment to abalo-
paratide to promote bone gain. Although Scl-Ab and abaloparatide 
mainly exert their osteoanabolic effects through different mechanisms 
(e.g., PTH1R stimulation or sclerostin neutralization mediated by anti-
bodies), there might be a partial pathway overlap [44]. Studies in mice 
have demonstrated that bone anabolism from treatment with teripara-
tide and sclerostin inhibition partially overlap, because both loss or gain 
of function mutations of the SOST gene coding for sclerostin signifi-
cantly reduces teriparatide-induced bone anabolism [19,45]. Never-
theless, the outcome of the present study indicates that if a functional 
overlap exists it does not prevent the two bone anabolic agents from 
having additive effect on bone density in hind limb unloaded rats. It is 
important to emphasize that the pathway overlap studies were con-
ducted with teriparatide and in mice. Future studies are warranted to 
elucidate whether such pathway overlaps with sclerostin inhibition also 
occurs with abaloparatide treatment and are not limited to mice only. 

Surprisingly, a few of the rats treated with Scl-Ab and abaloparatide 
in combination developed pronounced and widespread trabecular bone 
in the femoral diaphyseal marrow space (Fig. 3). Their skeletal pheno-
type indicates that these rats were “super responders” to the Scl-Ab and 
abaloparatide co-treatment. Pharmaceutical “super responders” is not a 
well-described phenomenon in bone research, but has previously been 
reported in relation to monoclonal antibody therapy for psoriasis or 
asthma [46,47]. “Super responders” might be a rare phenomenon in bone 
research, which is underlined by the few rats that exhibited the pro-
nounced phenotype and by no study was found by a literature search in 
PubMed using the keywords “super responder” and “bone”. However, it 
is important to recognize that individual differences in treatment sus-
ceptibility exist and that such differences might be important to monitor 
in order to optimize treatment efficacy and dose when using Scl-Ab and 
abaloparatide in combination. 

The present study has some limitations. The dose of Scl-Ab and 
abaloparatide was selected in order to maximize bone gain and are 
different from those used in a clinical setting. The twice weekly dose of 
Scl-Ab 25 mg/kg was based on a previous tail suspension study in rats 
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[15]. By comparison, patients treated with Scl-Ab (romosozumab) are 
recommended a monthly dose of 210 mg [48]. Furthermore, the Scl-Ab 
used in the present study was the commercially available romosozumab, 
which is a humanized form of anti-sclerostin. Although the efficacy of 
Scl-Ab was promising, both alone and in combination with abalopara-
tide, ADA might have attenuated the pharmacological response [30]. 
ADA were not measured because all animals treated with Scl-Ab 
responded as expected. Others have previously used romosozumab in 
rats and demonstrated ADA are present in approximately 25% of the 
animals after 4 weeks of treatment (personal communication with Dr. 
Rogely Waite Boyce, Amgen Research) [30]. Another limitation is that 
the dose of abaloparatide (80 μg/kg/day) was relatively high compared 
to that used in a clinical setting (80 μg/day), but this dose was based on a 
previous study of BTX-immobilized rats [24]. The dose of Scl-Ab (25 
mg/kg twice weekly) was based on a previous tail suspension study in 
rats using the same dose and demonstrating Scl-Ab prevents disuse- 
induced skeletal deterioration [15]. In a clinical setting, Scl-Ab is 
administered at a dose of 210 mg/month. Although it is difficult to 
directly compare doses used in laboratory animals to those used in a 
clinical setting, human equivalent doses (HEDs) can be estimated, which 
is adjusted for the differences in surface area and metabolic rate between 
rodents and humans [49]. HEDs for abaloparatide and Scl-Ab used in the 
present study are 13 μg/kg/day and 4 mg/kg twice weekly, respectively. 

In conclusion, treatment with Scl-Ab alone and in combination with 
abaloparatide prevented disuse-induced skeletal deterioration. More-
over, the combination of Scl-Ab and abaloparatide was superior to either 
treatment as monotherapy. The effect of the pharmaceuticals on aBMD, 
cortical morphology, trabecular microstructure, bone strength, and 
bone formation was additive. Consequently, the combination of Scl-Ab 
and abaloparatide appear to be a well-suited alternative for the treat-
ment of very severe osteoporosis, where a maximized bone gain is 
warranted. 
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