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Zoledronic acid prevents disuse osteopenia and augments gene 
expression of osteoclastic differentiation markers in mice
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Introduction

In mice, many different approaches have been used 
to study disuse osteopenia, e.g. plaster casting1, tail 
suspension2, and sciatic neurectomy3. The present study 
uses the botulinum toxin (BTX) model, where injection 
of BTX into the hind limb musculature inhibits release of 
acetylcholine containing vesicles from the neuromuscular 
endplate and thereby effectively paralyzes the limb4-6. Our 
lab, as well as others, have extensively investigated the BTX 
model, and consistently found that the loss of both cortical 
and trabecular bone reaches a maximum as early as three 
weeks after the injection of BTX4,7-10. Consequently, initiation 
of bone resorption is rapid and markers of osteoclastic 
activity are increased already after a week of disuse10-12. 

Antiresorptive drugs are the mainstay for treating 
osteoporotic patients and the most frequently used are 
nitrogen-containing bisphosphonates (BPs)13. When 
internalized in the body, BPs accumulate in the skeleton due to 
their high affinity for hydroxyapatite, and are rapidly cleared 
systemically by renal filtration. During bone resorption, 
osteoclasts take up BPs by endocytosis and accumulate them 
intracellularly14. As the intracellular concentration of BPs 
rises, the enzyme farnesyl pyrophosphate synthase (FPPS) 
is inhibited. FPPS produces farnesyl pyrophosphate, which 
is important for prenylation, i.e. protein lipid modification, 
of lipid-anchored, membrane-attached signaling molecules. 
Ultimately, loss of prenylation causes disruption of the ruffled 
border, the cytoskeleton, and intracellular signals leading to 
inhibition and apoptosis of the bone-resorbing osteoclasts14.

The newest BP, zoledronic acid (Zol), is a high affinity BP 
that is administered intravenously. In osteoporotic patients, 
Zol has to be injected only once yearly compared to prior 
formulations such as e.g. alendronate, which is administered 
orally on a weekly basis13. We hypothesize that a single 
injection of Zol prevents BTX-induced disuse osteopenia by 
inhibiting the associated osteoclastic bone resorption. 

It has been speculated that BPs not only affect mature 
bone resorbing osteoclasts, but also directly influence 
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osteoclastogenesis15-17. The speculations are based on in vitro 
studies, in which BPs are added to cell cultures. However, 
this approach does not resemble the in vivo environment, 
where BPs binds hydroxyapatite with high affinity and is 
rapidly cleared systemically by renal filtration. In order to 
investigate whether the differentiation of osteoclasts is 
affected by BPs in vivo, we hypothesize that gene expression 
of markers of osteoclastic differentiation are augmented 
when disuse-induced bone resorption is disrupted by Zol. 
Higher expression of markers of osteoclastic differentiation 
during disuse would suggest that mechanosensation of the 
osteocytic network, production of pro-osteoclastic factors, 
such as RANKL, and differentiation of osteoclasts are not 
inhibited by Zol. Accordingly, the aim of the study was to 
prevent disuse-induced osteopenia with Zol and investigate 
markers of osteoclastic differentiation in 16-week-old 
female C57BL/6J mice. The methods used were DEXA, µCT, 
mechanical testing, dynamic bone histomorphometry, and 
RT-qPCR.

Materials and methods

Animals

Forty-eight C57BL/6J female mice (Taconic) with a mean 
body weight of 22.5±1.1 g were housed at 20°C with a 12/12 
h light/dark cycle. The animals had free access to tap water 
and standard mice chow (1324, Altromin).

One week prior to study start, the animals were 
randomized according to their bodyweight (BW) into four 
groups (n=12): Base, Ctrl, BTX, and BTX+Zol. At the age of 16 
weeks, the mice in the BTX and BTX+Zol groups were injected 
i.m. with 20 IU BTX (Botox, Allergan) per kg BW, distributed 
equally into the quadriceps muscle and calf muscles of the 
right hind limb. The Ctrl group was injected i.m. with saline 
using the same regimen as the BTX injections. Furthermore, 
the BTX+Zol group had a one-time s.c. injection with 100 µg 
Zol (Zoledronic Acid, Actavis) per kg BW. The dosage used is 
comparable to that used when treating osteoporosis, which 
corresponds to 71.4 µg Zol per kg BW in a “standard” human 
with a BW of 70 kg. The Ctrl, BTX, and BTX+Zol groups were 
injected i.p. with 20 mg alizarin, 20 mg calcein, and 20 mg 
tetracycline per kg BW 12, 8, and 4 days before euthanasia, 
respectively. The Base group was euthanized at study start 
to serve as baseline.

The treatment lasted for three weeks after which the mice 
were euthanized by anesthesia with 4% isoflurane (IsoFlo 
Vet, Orion Pharma Animal Health) and removal of the heart. 
No mice died or were euthanized prematurely.

Immediately after euthanasia, the distal part of the right 
tibia was isolated, carefully cleaned from soft tissue, snap-
frozen in liquid nitrogen and stored at -80oC. The right 
rectus femoris muscle was isolated and the wet weight 
determined using an electronic scale. The right femur was 
isolated, carefully cleaned from soft tissue, and stored in 
Ringer’s solution at -20oC. The experiment complied with 
the EU Directive 2010/63/EU for animal experiment, and all 

procedures were approved by the Danish Animal Experiments 
Inspectorate. 

Dual Energy X-Ray Absorptiometry (DEXA)

The length of the femur was measured with a digital sliding 
caliper, and thereafter placed in a DEXA scanner (Sabre XL, 
Norland Stratec) and scanned with a pixel size of 0.1 mm. 
The analysis included: Bone mineral content (BMC) and areal 
bone mineral density (aBMD) for the whole femur. Quality 
assurance was performed by scans of the two solid-state 
phantoms provided with the scanner.

Micro Computed Tomography (µCT)

The mid-diaphysis and distal part of the femur was scanned 
in a desktop µCT scanner (Scanco µCT 35, Scanco Medical 
AG). The mid-diaphysis was scanned with an isotropic voxel 
size of 7 µm, X-ray voltage of 55 kV and current of 145 µA, 
and an integration time of 300 ms, while the distal part of 
the femur was scanned with an isotropic voxel size of 3.5 
µm, X-ray voltage of 55 kV and current of 145 µA, and an 
integration time of 800 ms.

The femoral mid-diaphysis was analyzed by semi 
automatically drawing an 819-µm-high volume of interest 
(VOI), including cortical bone only, with the software 
provided with µCT scanner (version 6.5, Scanco Medical 
AG) (Figure 1). The data sets were segmented with a fixed 
threshold filter (556 mg HA/cm3). The analysis included: 
cortical area (Ct.Ar), tissue area (Tt.Ar), cortical area 

Figure 1. Depicting the analyzed volumes of interest (VOI) from 
the µCT scans. The green area represents the VOI analyzed at 
the femoral mid-diaphysis, the blue area represents the VOI 
analyzed at the distal femoral metaphysis, and the red area 
represents the VOI analyzed at the distal femoral epiphysis.
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fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th), marrow 
area (Ma.Ar), polar moment of inertia (J), and tissue 
mineral density (TMD).

The distal femoral metaphysis was analyzed by semi 
automatically drawing a 1-mm-high VOI including trabecular 
bone, but excluding cortical bone, placed 0.2 mm proximal 
to the growth plate (Figure 1). The data sets were low-
pass filtered using a Gaussian filter (σ=1, support=2) and 
segmented with a fixed threshold filter (454 mg HA/
cm3). The distal femoral epiphysis was analyzed by semi 
automatically drawing a VOI placed distal to the growth plate 
and including all trabecular bone until the intercondylar fossa 
(Figure 1). The 3D data sets were low-pass filtered using 
a Gaussian filter (σ=1, support= 2) and segmented with a 
fixed threshold filter (546 mg HA/cm3). The minimum point 
between the marrow and the bone peak in the attenuation 
histograms were automatically determined for the VOIs 
using IPL (version 5.11, Scanco Medical AG) and the median 
of these thresholds was used as threshold for the respective 
VOI. The analysis included: trabecular bone volume fraction 
(BV/TV), trabecular thickness (Tb.Th), trabecular number 
(Tb.N), trabecular separation (Tb.Sp), connectivity density 
(Conn.D), structure model index (SMI), and tissue mineral 
density (TMD).

The analyzes followed the current guidelines18. Quality 
assurance was performed by weekly (density) and monthly 
(geometry) scans of the solid-state calibration phantom 
provided with the scanner.

Mechanical testing

The femur was placed on a custom-made testing jig, 
supporting the proximal and distal part of the shaft. The 
distance between the two supporting rods was 7.1 mm. Load 
was applied with a third rod in an anterior-posterior direction 
at the midpoint of the femur at a constant deflection rate of 
2 mm/min until fracture using a materials testing machine 
(5566, Instron). Subsequently, the proximal part of the femur 
was placed in another custom-made fixation jig supporting 
the shaft under the neck. Load was applied to the top of the 
femoral head with a constant deflection rate of 2 mm/min 
until fracture of the femoral neck19. The analysis included: 
Fracture strength and maximum stiffness.

Dynamic bone histomorphometry

After mechanical testing, the distal part of the femur 
were immersion-fixed in 0.1 M sodium phosphate 
buffered formaldehyde (4% formaldehyde, pH 7.0) for 
48 h, dehydrated in ethanol, embedded undecalcified in 
methylmetacrylate, and 7-µm-thick sections were cut using 
a hard tissue microtome (RM 2065, Leica). Sections were 
mounted unstained on microscope slides and placed in a 
microscope (Eclipse 80i, Nikon) equipped for fluorescence 
microscopy. The newCAST stereology system (Version 
6.4.1.2240, Visiopharm) was used to count intersections 
with fluorochrome labels. Briefly, a region of interest (ROI), 

excluding cortical bone, was placed at the distal femoral 
epiphysis. Furthermore, a 1000-µm-high ROI, excluding 
cortical bone and primary spongiosa, was placed 200 
µm proximal to growth plate covering the distal femoral 
metaphysis. At a final magnification of ×580, a line grid 
was superimposed onto fields of view that covered 100% 
of the ROI. The line grid was used to count intersections 
and distances between the fluorochrome labels. The 
analysis included: Mineralizing surfaces (MS/BS), mineral 
apposition rate (MAR), and bone formation rate (BFR/BS). 

Reverse transcription real-time quantitative polymerase 
chain reaction (RT-qPCR)

Six tibiae from each group were used for RT-qPCR. The 
distal half part of the tibia including bone marrow was ground 
in a 1.5 ml microcentrifuge tube with a micropestle (VWR) at 
-80°C. Lysis buffer from a PureLink RNA Mini kit (Ambion) 
was added, and the pulverized bone was homogenized 
with a rotor/stator homogenizer (VDI 12, VWR). RNA was 
isolated and purified with the PureLink RNA Mini kit. RNA 
quality was checked by running 1 µg of total RNA on an 
agarose gel. 1 µg of total RNA was transcribed into cDNA 
using qScript cDNA SuperMix (Quanta Biosciences). cDNA 
was diluted 1:5 with DEPC-treated water and 2 µl diluted 
cDNA was used in each reaction. PerfeCTa qPCR FastMix II 
(Quanta Biosciences) and TaqMan Gene Expression Assays 
(LifeTechnologies) were used with the following amplification 
protocol; hot start 95°C for 30 s followed by 40 cycles of 
amplification and quantification at 95°C for 3 s and 60°C 
for 30 s on a LightCycler 480 (Version 1.5, Roche). The 
studied genes were Bglap (osteocalcin) (Mm03413826_
mH), Ctsk (cathepsin K) (Mm00484039_m1), Opg 
(Osteoprotegerin) (Mm01205928_m1), Rankl (Receptor 
activator of nuclear factor κ-β ligand) (Mm00441906_m1), 
Nfatc1 (Nuclear factor of activated T-cells, cytoplasmic 1) 
(Mm00479445_m1), and Dcstamp (Dendrocyte expressed 
seven transmembrane protein) (Mm04209236_m1). Each 
sample was run in triplicates, and normalized to the reference 
genes B2m (beta-2 microglobulin) (Mm00437762_m1) 
and Gapdh (glyceraldehyde-3-phosphate dehydrogenase) 
(Mm99999915_g1). Data is presented as −ΔCt (− (Ct

target
 − 

Ct
reference

)).

Statistics

Data are given as mean ± SD. Differences between the 
groups were analyzed by a parametric one-way ANOVA, 
whenever normal distribution requirements were met or 
otherwise by a non-parametric Kruskal-Wallis test. When 
significant variance was found, multiple comparisons 
between the groups were performed with the Student-
Newman-Keuls test. Results were defined as statistically 
significant, if the two-tailed p<0.05. The statistical analyzes 
and graph drawing was performed using SigmaPlot (Version 
13.0, Systat Software). 
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Results

Animals

The BTX-injected mice lost BW from study start to 
euthanasia (Table 1). Injection of BTX had a profound atrophic 
effect on the rectus femoris muscle compared to the Base 
and Ctrl groups (Table 1). Neither BTX nor Zol treatment 
affected the length of the femur (Table 1).

Dual Energy X-Ray Absorptiometry (DEXA)

The BTX-injections caused a lower BMC and aBMD of the 
entire femur compared to the Base and Ctrl groups, however, 

this bone loss was prevented by treatment with Zol (Table 2).

Micro Computed Tomography (µCT)

At the femoral mid-diaphysis, BTX resulted in a smaller 
Ct.Ar, Ct.Ar/Tt.Ar, and Ct.Th caused by endosteal bone 
resorption, as the Ma.Ar of the immobilized femora was 
larger than that of the Base and Ctrl groups (Table 3). 
Consequently, the BTX-induced loss of cortical bone led to 
a lower J compared to the Base and Ctrl groups (Table 3). 
Treatment with Zol was able to counteract the deteriorating 
effects of BTX on cortical bone at the femoral mid-diaphysis 
(Table 3).

At both the distal femoral metaphysis and epiphysis, 
injection of BTX caused a lower BV/TV, Tb.Th, Tb.N, and TMD 
and a higher Tb.Sp compared to the Base and Ctrl groups 
(Figures 2, 3, and Table 4). Furthermore, at the distal femoral 
epiphysis, BTX reshaped the trabecular network into a more 
rod-like structure as indicated by the higher SMI compared 
to the Base and Ctrl groups (Table 4). In general, treatment 
with Zol prevented the BTX-induced loss of trabecular bone 
and microstructure. 

Mechanical testing

At both the femoral mid-diaphysis and neck, BTX-injections 
resulted in substantial lower facture strength and maximum 
stiffness than the Base and/or Ctrl group (Figure 4). Zol 
completely prevented the mechanical deterioration inflicted 
by BTX (Figure 4).

Table 1. Bodyweight (BW) at study start and euthanasia, rectus femoris muscle mass, and length of the femur.

BW at study start (g) BW at euthanasia (g)
Change in BW from study 
start to euthanasia (%)

Rectus femoris 
muscle mass (mg)

Femur length (mm)

Base − 22.7 ± 1.2 − 65.5 ± 8.6 15.41 ± 0.25

Ctrl 22.2 ± 1.0 22.2 ± 1.4 0.1 ± 3.4 66.5 ± 8.3 15.56 ± 0.24

BTX 22.2 ± 0.9 20.5 ± 0.7 a,b −7.5 ± 2.6 b 34.8 ± 3.8 a,b 15.44 ± 0.26

BTX+Zol 22.9 ± 1.4 21.2 ± 1.2 a,b,c −7.1 ± 4.4 b 33.8 ± 4.1 a,b 15.51 ± 0.32

16-week-old C57BL/6J female mice immobilized with botulinum toxin (BTX) and treated with zoledronic acid (Zol) compared with baseline 
(Base) and control (Ctrl) mice. a denotes a significant difference (p<0.05) from Base, b denotes a significant difference (p<0.05) from Ctrl, and 
c denotes a significant difference (p<0.05) from BTX. Mean ± SD.

Table 2. Dual Energy X-ray Absorptiometry (DEXA) of the entire 
femur.

BMC (mg) aBMD (mg/cm2 of HA)

 Base 15.3 ± 1.1 48.7 ± 2.1

 Ctrl 16.5 ± 1.2 a 50.2 ± 2.3

 BTX 11.2 ± 0.5 a,b 39.4 ± 1.0 a,b

 BTX+Zol 16.0 ± 1.1 c 49.5 ± 1.8 c

16-week-old C57BL/6J female mice immobilized with botulinum 
toxin (BTX) and treated with zoledronic acid (Zol) compared with 
baseline (Base) and control (Ctrl) mice. Bone mineral content 
(BMC), areal bone mineral density (aBMD), and hydroxyapatite 
(HA). a denotes a significant difference (p<0.05) from Base,  
b denotes a significant difference (p<0.05) from Ctrl, and c denotes 
a significant difference (p<0.05) from BTX. Mean ± SD.

Table 3. Micro Computed Tomography (µCT) of the femoral mid-diaphysis.

Ct.Ar (mm2) Tt.Ar (mm2) Ct.Ar/Tt.Ar (%) Ct.Th (µm) Ma.Ar (mm2) J (mm4) TMD (mg/cm3 of HA)

 Base 0.73 ± 0.03 1.71 ± 0.08 43.0 ± 2.0 160 ± 6 0.97 ± 0.07 0.33 ± 0.03 1145 ± 10

 Ctrl 0.77 ± 0.04 1.72 ± 0.07 44.6 ± 1.8 171 ± 8 a 0.95 ± 0.05 0.35 ± 0.03 1163 ± 11 a

 BTX 0.65 ± 0.03 a,b 1.68 ± 0.07 38.9 ± 1.3 a.b 146 ± 5 a,b 1.03 ± 0.05 a,b 0.30 ± 0.03 a,b 1156 ± 7 a

 BTX+Zol 0.75 ± 0.03 c 1.69 ± 0.06 44.5 ± 1.3 c 169 ± 5 a,c 0.94 ± 0.04 c 0.33 ± 0.03 c 1165 ± 11 a

16-week-old C57BL/6J female mice immobilized with botulinum toxin (BTX) and treated with zoledronic acid (Zol) compared with baseline 
(Base) and control (Ctrl) mice. Cortical area (Ct.Ar), tissue area (Tt.At), cortical area fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th), marrow 
area (Ma.Ar), polar moment of inertia (J), tissue mineral density (TMD), and hydroxyapatite (HA). a denotes a significant difference (p<0.05) 
from Base, b denotes a significant difference (p<0.05) from Ctrl, and c denotes a significant difference (p<0.05) from BTX. Mean ± SD.
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Figure 2. 16-week-old C57BL/6J female mice immobilized with botulinum toxin (BTX) and treated with zoledronic acid (Zol) compared 
with baseline (Base) and control (Ctrl) mice. Trabecular bone volume fraction (BV/TV) and trabecular thickness (Tb.Th) obtained by µCT 
at the distal femoral metaphysis and epiphysis. a denotes a significant difference (p<0.05) from Base, b denotes a significant difference 
(p<0.05) from Ctrl, and c denotes a significant difference (p<0.05) from BTX. Mean ± SD.

Figure 3. 16-week-old C57BL/6J female mice immobilized with botulinum toxin (BTX) and treated with zoledronic acid (Zol) compared 
with baseline (Base) and control (Ctrl) mice. 3D images of the distal femoral metaphysis and epiphysis. Samples were chosen based upon 
the mean values of the groups. The distal femoral metaphysis and epiphysis are not scaled relatively to each other.
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Table 4. Micro Computed tomography (µCT) of the distal femoral metaphysis and epiphysis.

Tb.N (1/mm) Tb.Sp (µm) Conn.D (1/mm3) SMI (−) TMD (mg/cm3 of HA)

Distal femoral metaphysis

 Base 3.56 ± 0.19 281 ± 15 187 ± 39 2.12 ± 0.18 874 ± 13

 Ctrl 3.30 ± 0.25 a 304 ± 23 a 135 ± 30 a 2.26 ± 0.24 891 ± 10 a

 BTX 3.00 ± 0.25 a,b 331 ± 27 a,b 112 ± 35 a 2.34 ± 0.16 a 844 ± 10 a,b

 BTX+Zol 3.49 ± 0.26 c 287 ± 20 c 153 ± 46 1.70 ± 0.19 a,b,c 908 ± 7 a,b,c

Distal femoral epiphysis

Base 5.75 ± 0.85 195 ± 23 291 ± 36 0.32 ± 0.10 971 ± 8

 Ctrl 5.32 ± 0.41 212 ± 16 206 ± 35 a 0.22 ± 0.24 987 ± 10 a

 BTX 4.62 ± 0.53 a,b 228 ± 21 a,b 305 ± 51 b 1.16 ± 0.14 a,b 925 ± 13 a,b

 BTX+Zol 5.65 ± 0.48 c 199 ± 16 c 218 ± 22 a,c 0.20 ± 0.12 c 989 ± 10 a,c

16-week-old C57BL/6J female mice immobilized with botulinum toxin (BTX) and treated with zoledronic acid (Zol) compared with baseline 
(Base) and control (Ctrl) mice. Trabecular number (Tb.N), trabecular spacing (Tb.Sp), connectivity density (Conn.D), structure model index 
(SMI), tissue mineral density (TMD), and hydroxyapatite (HA). a denotes a significant difference (p<0.05) from Base, b denotes a significant 
difference (p<0.05) from Ctrl, and c denotes a significant difference (p<0.05) from BTX. Mean ± SD.

Figure 4. 16-week-old C57BL/6J female mice immobilized with botulinum toxin (BTX) and treated with zoledronic acid (Zol) compared 
with baseline (Base) and control (Ctrl) mice. Fracture strength and maximum stiffness acquired by mechanically testing the femoral 
mid-diaphysis and neck. a denotes a significant difference (p<0.05) from Base, b denotes a significant difference (p<0.05) from Ctrl, and 
c denotes a significant difference (p<0.05) from BTX. Mean ± SD.
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Dynamic bone histomorphometry

At the distal femoral metaphysis, during day 9-13 of the 
study, the injection of BTX resulted in a lower BFR/BS due to 
a lower MS/BS, compared to the Ctrl group (Table 5). During 
day 13-17, the BFR/BS of the BTX group was similar to that 
of the Ctrl group. Treatment with Zol lowered bone formation 
compared to both the BTX and Ctrl groups (Table 5).

At the distal femoral epiphysis, during day 9-13 of the 
study, BFR/BS was not influenced by BTX, as the MS/
BS was lower and MAR higher, compared to the Ctrl group 
(Table 5). During day 13-17, BFR/BS in the BTX group was 
higher than in the Ctrl group, which was propelled by a higher 
MAR. Similar to the distal femoral metaphysis, Zol strongly 
suppressed bone formation compared to both the BTX and 
Ctrl groups at the femoral epiphysis (Table 5).

Reverse transcription real-time quantitative polymerase 
chain reaction (RT-qPCR)

At the distal part of the tibia at the time of euthanasia, 
Bglap was higher expressed in the BTX group than in the 
Base and Ctrl groups (Figure 5). Notably, and in agreement 
with dynamic bone histomorphometry, treatment with Zol 
suppressed the expression of Bglap compared to the Base, 
Ctrl, and BTX groups. Both the BTX and BTX+Zol groups 
had a higher Rankl/Opg ratio compared to the Base and 
Ctrl groups. Interestingly, Ctsk, Nfatc1, and Dcstamp was 
all higher expressed in the BTX+Zol group than in the Base, 
Ctrl, and BTX groups (Figure 5), even though Zol treatment 
effectively prevented BTX-induced bone resorption. 

Discussion

A single injection of Zol effectively prevented BTX-induced 
disuse osteopenia. Furthermore, gene expression markers 

of osteoclastic differentiation and activity were increased in 
the Zol treated group, indicating that, in vivo, Zol only affect 
mature bone resorbing osteoclasts.

Zoledronic acid effectively prevents disuse osteopenia

The present study agrees with previous pre-clinical 
studies, were Zol consistently has been shown to either inhibit 
or prevent bone loss in different conditions, e.g. ovariectomy-
induced osteopenia, immobilization, inflammation, and 
lactation20-23. We found that Zol prevented the BTX-induced 
loss of cortical and trabecular bone. Interestingly, at the 
distal femoral metaphysis, Zol increased BV/TV and resulted 
in a more plate-like trabecular network. We have previously 
shown that the age-related bone loss is much more evident 
at the distal femoral metaphysis than at the distal femoral 
epiphysis in C57BL/6 mice, which indicates that bone 
turnover is much higher at the distal femoral metaphysis24. 
Therefore, a possible explanation for the increase in BV/TV 
at the distal femoral metaphysis is that it contains a larger 
remodeling space, which is refilled after the injection of Zol 
due to coupling between osteoclasts and osteoblasts25.

It has been speculated that Zol increases differentiation 
and activity of osteoblasts, but the findings are conflicting26-28. 
We found no indications that Zol increases osteoblastic 
activity using either dynamic bone histomorphometry or 
gene expression. However, our analyses were primarily 
performed on bone in which bone formation is remodeling-
based. Remodeling is initiated by bone resorption followed 
by bone formation, and as bone resorption is inhibited by 
Zol, remodeling-based bone formation is therefore inhibited 
too. Consequently, the hypothesized Zol-induced increase 
in bone formation might be evident at periosteal surfaces 
where modeling-based bone formation takes place, which 
is uncoupled from bone resorption. In the present study, we 

Table 5. Dynamic bone histomorphometry of the distal femoral metaphysis and epiphysis.

Day 9−13 Day 13−17

MS/BS (%) MAR (µm/d)
BFR/BS 

(µm3/µm2/d)
MS/BS (%) MAR (µm/d)

BFR/BS 
(µm3/µm2/d)

Distal femoral metaphysis

Base − − − − − −
Ctrl 48.7 ± 9.3 1.91 ± 0.35 0.92 ± 0.17 54.9 ± 8.1 2.07 ± 0.29 1.13 ± 0.20

BTX 33.3 ± 4.8 b 2.17 ± 0.26 0.72 ± 0.15 b 47.3 ± 3.6 b 2.33 ± 0.27 b 1.10 ± 0.14

BTX+Zol 32.3 ± 6.6 b 1.09 ± 0.19 b,c 0.35 ± 0.10 b,c 29.7 ± 8.0 b,c 1.40 ± 0.18 b,c 0.42 ± 0.13 b,c

Distal femoral epiphysis

Base − − − − − −
Ctrl 63.3 ± 11.6 1.17 ± 0.15 0.74 ± 0.15 57.6 ± 11.9 1.18 ± 0.17 0.67 ± 0.13

BTX 49.1 ± 7.5 b 1.49 ± 0.16 b 0.73 ± 0.13 62.0 ± 6.4 1.69 ± 0.18 b 1.04 ± 0.14 b

BTX+Zol 20.1 ± 7.1 b,c 0.75 ± 0.23 b,c 0.15 ± 0.07 b,c 17.6 ± 3.9 b,c 1.20 ± 0.32 c 0.21 ± 0.06 b,c

16-week-old C57BL/6J female mice immobilized with botulinum toxin (BTX) and treated with zoledronic acid (Zol) compared with baseline 
(Base) and control (Ctrl) mice. Mineralizing surfaces (MS/BS), mineral apposition rate (MAR), and bone formation rate (BFR/BS). b denotes a 
significant difference (p<0.05) from Ctrl and c denotes a significant (p<0.05) difference from BTX. Mean ± SD.
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observed a trend towards decreased Tt.Ar at the femoral mid-
diaphysis in the BTX-injected mice, which Zol treatment did 
not influence. Moreover, we have previously shown that Zol 
does not influence a BTX-induced lower periosteal BFR/BS in 
growing rats21. Taken together, Zol does not seem to directly 

influence osteoblastic activity and bone formation during 
disuse. However, disuse is associated with an increased 
secretion of sclerostin from osteocytes thereby inhibiting 
osteoblastic activity29. Therefore, an alternative or a partly 
explanation for the Zol-induced lower bone formation might 

Figure 5. 16-week-old C57BL/6J female mice immobilized with botulinum toxin (BTX) and treated with zoledronic acid (Zol) compared 
with baseline (Base) and control (Ctrl) mice. Relative gene expression of Bglap (osteocalcin), Ctsk (cathepsin K), Rankl/Opg-ratio (Receptor 
activator of nuclear factor κ-β ligand/Osteoprotegerin-ratio), Nfatc1 (Nuclear factor of activated T-cells, cytoplasmic 1), and Dcstamp 
(Dendrocyte expressed seven transmembrane protein) obtained from the distal part of the tibia. Mean ± SD. a denotes a significant 
difference (p<0.05) from Base, b denotes a significant difference (p<0.05) from Ctrl, and c denotes a significant difference (p<0.05) from 
BTX. Mean ± SD.
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be that while disuse-induced bone resorption is inhibited 
by Zol, the osteocytic sclerostin production is continuously 
increased and accounts for the reduction in bone formation. 
Accordingly, sclerostin has been shown to be elevated in anti-
RANKL antibody treated OPG-/- mice and in Zol treated post-
menopausal osteoporosis30,31. We have previously found 
that it is difficult to detect disuse-induced differences in Sost 
(sclerostin) gene expression with the method at hand, and we 
have therefore refrained from investigating Sost expression 
in the present study10.

Paretic stroke patients are at increased risk of developing 
osteoporosis and are as a consequence experiencing fragility 
fractures32,33. It has been shown that a single infusion of 
Zol prevents the stroke-associated bone loss in both pre-
clinical and clinical studies34,35. However, the indication for 
BP treatment of children with cerebral palsy and disabling 
neuromuscular diseases is less clear, although these patients 
are also at increased risk of sustaining fragility fractures36. 
This is especially due to unknown long-term effects and safety 
of BP treatment37. Currently, clinical studies are performed 
to validate Zol efficacy and safety in children38. The present 
study showed that Zol is effective in preventing disuse-
induced bone loss in growing mice and, therefore, supports 
future clinical studies in children with disabling diseases.

Zoledronic acid does not affect osteoclastogenesis during 
disuse

BPs have been suggested to directly influence 
osteoclastogenesis, but these suggestions are based on 
in vitro studies15-17. Therefore, we decided to investigate 
how osteoclastogenesis is affected by Zol during disuse in 
mice. We hypothesized that gene expression of markers of 
osteoclastic differentiation are augmented when disuse-
induced bone resorption is inhibited by Zol as osteoclasts are 
furiously produced in an attempt to resorb bone. The present 
study showed that the expression of Nfatc1 and Dcstamp, 
which are markers of osteoclastic differentiation39,40, are 
increased during disuse in Zol treated mice. This suggests 
that osteoclastogenesis takes place in the presence of in vivo 
relevant concentrations of Zol. Accordingly, a previous report 
states that Zol increases the number of pre-mature, none 
bone-attached osteoclasts in intact mice41. Furthermore, 
the osteocytic network is believed to be the prime source 
of osteoclast-maturing factors during disuse42-44. Since 
osteoclastic differentiation takes place in Zol treated mice, 
this indicates that mechanosensation of the osteocytic 
network is intact, and that the osteocytes desperately 
attempt to induce bone resorption in response to disuse. 

During disuse, Zol seems to increase the amount of mature 
osteoclasts based on the expression of Ctsk, which is an mRNA 
translated into the bone degrading protease cathepsin K and 
represents an enzyme of the bone resorbing osteoclast45. 
However, Zol prevented BTX-induced disuse osteopenia and 
the higher expression of Ctsk might indicate that an increased 
number of mature osteoclasts attempts to resorb bone, but 
are inhibited when tasting the bone matrix. Therefore, the 

higher Ctsk expression should be viewed as a marker of the 
impressive and tireless mechano-adaptiveness of bone that 
was obstructed by Zol in the present study. In accordance, 
previous studies have shown that BP treatment increases the 
numbers of osteoclasts attached to the bone surface during 
conditions that involve increased bone resorption, although 
bone resorption is inhibited46,47. However, the current findings 
are preliminary and calls for further studies.

Limitations and future perspective

Immunohistochemically, osteoclasts are usually identified 
as TRAP+ or CTSK+ multinucleated cells located in a resorption 
pit. Unfortunately, in the present study we were not able to 
produce antibody-stained histological slides of sufficient 
quality to reliably estimate osteoclastic morphology and 
numbers. The signal-to-noise ratio between osteoclasts and 
non-osteoclastic bone-attached cells was simply too poor. 
Moreover, as Zol inhibits osteoclastic resorption it is unlikely 
that osteoclasts are found in a resorption pit in Zol treated 
bone. Therefore, we have omitted any histological data 
regarding osteoclasts in the current paper.

In order to confirm our findings, it would be interesting 
to estimate the number of osteoclast progenitors in the 
bone marrow by e.g. flow cytometry. Furthermore, in vivo 
µCT would be able to ascertain whether Zol inhibits bone 
resorption efficiently by estimating resorbing bone surfaces 
and thereby quantify osteoclastic activity.

It is not straightforward to interpret the significance of 
the increase in gene expression of osteoclast differentiation 
markers during Zol treated disuse osteopenia. However, 
altered homeostasis of osteoclast differentiation and related 
cytokines might be a piece in the puzzle as to how BPs affect 
other cells in the bone marrow, e.g. adipocytes and osteoblasts 
as earlier suggested48. Specifically, it is speculated whether 
the hematopoietic and mesenchymal stem cell niche affect 
each other. This might eventually explain how manipulation 
of osteoclasts with BPs affect the mesenchymal stem cell 
linage, i.e. adipocytes and osteoblasts. However, further 
research is needed to establish any causal relationships.

Conclusion

BTX-induced disuse resulted in a profound bone loss 
that was evident at both cortical and trabecular bone sites. 
Treatment with Zol prevented the disuse induced bone 
loss. Moreover, Zol increased gene expression markers of 
osteoclastic differentiation and activity, suggesting that 
mechanosensation of the osteocytic network, production of 
pro-osteoclastic factors, and differentiation of osteoclasts 
are unaffected by Zol. However, the current findings are 
preliminary and calls for further studies.
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