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A B S T R A C T

Glucocorticoid treatment, a major cause of drug-induced osteoporosis and fractures, is widely used to treat
inflammatory conditions and diseases. By contrast, mechanical loading increases bone mass and decreases
fracture risk. With these relationships in mind, we investigated whether mechanical loading interacts with GC
treatment in bone. Three-month-old female C57BL/6 mice were treated with high-dose prednisolone (15mg/
60 day pellets/mouse) or vehicle for two weeks. During the treatment, right tibiae were subjected to short
periods of cyclic compressive loading three times weekly, while left tibiae were used as physiologically loaded
controls. The bones were analyzed using peripheral quantitative computed tomography, histomorphometry,
real-time PCR, three-point bending and Fourier transform infrared micro-spectroscopy. Loading alone increased
trabecular volumetric bone mineral density (vBMD), cortical thickness, cortical area, osteoblast-associated gene
expression, osteocyte- and osteoclast number, and bone strength. Prednisolone alone decreased cortical area and
thickness and osteoblast-associated gene expression. Importantly, prednisolone treatment decreased the load-
induced increase in trabecular vBMD by 57% (p < 0.001) and expression of osteoblast-associated genes, while
completely abolishing the load-induced increase in cortical area, cortical thickness, number of osteocytes and
osteoclasts, and bone strength. When combined, loading and prednisolone decreased the collagen content. In
conclusion, high-dose prednisolone treatment strongly inhibits the loading-induced increase in trabecular BMD,
and abolishes the loading-induced increase in cortical bone mass. This phenomenon could be due to pre-
dnisolone inhibition of osteoblast differentiation and function.

1. Introduction

Glucocorticoid (GC) treatment, a major cause of drug-induced os-
teoporosis and fractures, is widely used to treat inflammatory condi-
tions and diseases such as arthritis, allergies and inflammatory bowel
disease. In GC-treated patients, long-term GC treatment increases
fracture risk by increasing bone resorption and decreasing bone for-
mation. However, the risk of fracture is increased even before osteo-
porosis is established [1]. This phenomenon indicates that, in addition
to reducing bone mass, GCs deteriorate bone quality in general. In rats,
GCs decreases bone mineral density (BMD), decreasing the strength of
cortical bone [2]. The mouse is a good model for GC-induced osteo-
porosis because, like humans, mice display a greater axial than ap-
pendicular bone loss with similar mechanisms (such as decreased bone
mineralization and bone turnover) [3]. Several mouse models target

both cell type and mechanism-specific pathways to further identify
mechanisms influencing bone size and quality as a result of GC treat-
ment [3–8].

Several clinical and experimental animal studies have demonstrated
that load-bearing activities can increase bone formation [9]. When
bones are habitually stimulated through mechanical loading, osteo-
blasts are activated to form bone where needed and osteoclasts are
activated to remove bone where not needed [10]. Sensing mechanical
stimulus, osteocytes coordinate osteoblasts and osteoclasts in a site-
specific manner. Mechanical loading also stimulates osteocyte viability
by inhibiting osteocyte apoptosis in vitro [8,11] and in vivo [12].

In studies of osteocytic cell lines, mechanical loading (fluid flow
sheer stress/pulsating fluid flow) inhibited GC-induced apoptosis
[8,13]. In a rat study, mechanical loading (vibration) partly inhibited
GC-induced loss of trabecular bone [14]. In patients treated with GCs,
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mechanical loading (resistance training, treadmill exercise or jumps)
can prevent GC-induced vertebral osteoporosis [15] and, at least partly,
restore BMD of the whole body, femur neck, lumbar vertebra and radius
[16–18]. We hypothesized that loading can counteract the detrimental
effects in mouse bone of high-dose prednisolone, the most commonly
used GC for treatment of inflammatory disease. Therefore, we in-
vestigated the effect of prednisolone on bone with and without me-
chanical loading.

2. Material and methods

2.1. Animals

Three-month-old female C57BL/6J mice were housed in a standard
animal facility under controlled temperature (22 °C) and photoperiod
(12 h of light, 12 h of dark) and a fed pellet diet ad libitum. All animal
experiments complied with the ARRIVE guidelines and had been ap-
proved by the local Ethical Committees for Animal Research. The mice
(n=8–9 in each experimental group) were treated with high-dose
prednisolone based on a previous study [5] (15mg/60 day pellets/
mouse, corresponding to a calculated dose of 11mg/kg/day) or vehicle.
The pellets were inserted under isoflurane anesthesia in conjunction
with the first loading session to remain during the full two weeks of the
experiment (Fig. 1). The mice showed signs of polyuria (wet bedding
and increased water consumption) when prednisolone treatment was
combined with anesthesia and loading and were therefore given saline
injections in conjunction with the loading regimen.

2.2. Mechanical strain measurement during dynamic axial loading

The magnitude of longitudinal mechanical strain applied to the tibia
during loading was established ex vivo in 5 three-month-old female
C57BL/6J mice as previously described [19,20]. In short, strains were
measured using a single element strain gauge (EA-06-015DJ-120,
Vishay Measurement Group, PA, USA) at the medial aspect of the tibia
at 37% of its length from the proximal end across a range of peak
compressive loads between 7 and 18 N (Supplemental Fig. 1). From the
data, a peak strain corresponding to 3091 με was reached at 13 N.

2.3. In vivo loading of the tibia

While under inhalation anesthesia with isoflurane (Forene; Abbot
Scandinavia, Solna, Sweden), the right tibiae were axially loaded on 3
alternate days per week for 2 weeks (5 days in total) for 40 cycles/day
with a trapezoid waveform, with 10 s rest between cycles. The loads
were applied using a 3100 ElectroForce® Test Instrument (Bose
Corporation, MN, USA). The left tibia was used as a non-loaded control
to allow side-to-side comparisons for the effects of loading on (re)
modeling, as previously validated [21,22]. All mice were allowed
normal cage activity in between the loading sessions. The mice were
euthanized and their tibias were dissected free of soft tissue and divided
into three groups for analysis. They were i) frozen and stored at −20 °C
for pQCT and mechanical testing, or ii) added to RNAlater (Qiagen AB,
Sollentuna, Sweden) before RNA preparation and real-time qPCR ana-
lysis, or iii) fixed for 48 h in Burkhardt's fixative, stored in 70% ethanol,
decalcified and embedded in paraffin for Fourier transform infrared
spectroscopy (FTIR) and histological analyses.

2.4. Peripheral quantitative computed tomography (pQCT)

Computer tomography scans were performed ex vivo with the PQCT
XCT RESEARCH M (version 4.5B; Norland), operating at a voxel size of
70 μm as described previously [23]. Trabecular BMD was determined ex
vivo with a metaphyseal pQCT scan of the proximal tibia. The scans
were performed in the metaphysis at a distance from the growth plate
corresponding to approximately 2.6% of the total length of the tibiae.
The trabecular bone region was defined as the inner 45% of the total
cross-sectional area. Bone lengths were measured ex vivo with a slide
caliper. Cortical bone parameters were analyzed in the mid-diaphyseal
region of the tibiae. One 0.5mm thick scan/region/bone was used for
the analyses. N= 9 for vehicle-treated and N=8 for prednisolone-
treated mice.

2.5. Quantitative real-time PCR analysis

Whole mouse tibiae were homogenized in QIAzol Lysis Reagent
(Qiagen, Hilden, Germany) with a Polytrone homogenizer. Total RNA
was isolated with the RNeasy Plus Mini kit (Qiagen) according to the
manufacturer's protocol, followed by quantification using an ND-1000
NanoDrop spectrophotometer (Thermo Fisher Scientific). cDNA was
prepared using Super Script III kit (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer's protocol. RT-qPCR was performed with
5 ng cDNA amplified in doublets using the iQ-SYBR Green Supermix
and CFX96 Real time System (Bio-Rad Laboratories AB, Solna, Sweden)
in 10 μl containing 300 nM forward and reverse primers (Table 1)
(CyberGene AB, Solna, Sweden) under the following conditions: 95 °C
(3min) plus 40 cycles with denaturation at 95 °C (5 s), annealing (for
temperature, see Supplementary Table 1) and elongation at 72 °C (10 s).
Melting curves were generated using the following conditions: 95 °C
(10 s) followed by an increase of 0.5 °C every 5 s from 65 °C to 95 °C. All
gene expression ΔCq data was adjusted against htpr and then normal-
ized to non-loaded control. Statistical analysis was performed on the
ΔCq-values and graphs depict the normalized ΔΔCq-values.

2.6. Histomorphometric analyses of osteocytes and osteoclasts

Tibiae were demineralized, embedded in paraffin and sectioned at
5 μm. Osteocyte and osteoclast counts were performed using transverse
cross-sections in the proximal region of the tibia using an OsteoMeasure
computerized histomorphometry system (OsteoMetrics, Atlanta, GA) in
at least three non-consecutive paraffin sections. Osteocytes were
counted on the entire cross-sections and osteocyte lacunae containing a
nucleus were defined as living osteocytes and empty osteocyte lacunae
were defined as dead osteocytes. Osteoclasts were defined as large ca-
thepsin K stained cells residing on the endocortical bone surface and
were counted on the endosteum in the cranio-lateral site of the sections
(400 μm×400 μm square, Fig. 4F) where osteoclasts appear in re-
sponse to load. The investigators were blinded to the experimental
groups.

2.7. Three-point bending

The three-point bending of the tibia (span length 5.5 mm, loading
speed 0.155mm/min) was performed with an Instron testing machine
(Instron 3366, Instron Corp., Norwood, MA, USA). Based on the

Fig. 1. Timeline of experiments. 15mg/60 day pre-
dnisolone pellets (corresponding to a calculated dose of
11mg/kg/day) or vehicle were inserted under isoflurane
anesthesia in conjunction with the first loading session. The
mice were loaded for three sessions per week for two
weeks.
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recorded load-deformation curves, the biomechanical parameters were
obtained (Bluehill 2 software version 2.6 Instron Corp., Norwood, MA,
USA) and processed using custom-made Excel macros. Stiffness was
calculated from the slope of the linear part of the load deformation
curve. F(max) and F(yield) were obtained as the maximal loading force
and the force at the point of yield.

2.8. FTIR analysis

In order to analyze the collagen content, Fourier transform infrared
(FTIR) micro-spectroscopy was performed on sections from the same
bones that were used for histomorphometric analyses of osteocytes
above. We have previously used demineralized bone for FTIR [24]. Five
micrometer cross-sections were placed on BaF2 windows and the par-
affin was then removed. The infrared microscopy beamline D7 at MAX
IV Laboratory, Lund University was used, which combines a Hyperion
3000 microscope and a Bruker IFS66/v FTIR spectrometer. Measure-
ments were conducted in transmission mode, using spectral resolution
of 4 cm−1 and 64 repeated scans together with a focal plane array (FPA)
detector that covered 341×341 μm divided into 128× 128 elements.
Data was collected in the wavenumber range of 4000–800 cm−1. Areal
measurements were conducted of the posterio-lateral quadrant of two
sections from each sample. All IR spectrums were analyzed with
custom-made Matlab scripts (v. 7.11.0, The MathWorks, Inc., MA)
[25,26] using pre-established methods.

The Amide I (1585 to 1720 cm−1) peak area was determined as well
as the collagen maturity (degree of immature to mature collagen cross-
links), which was estimated from the intensity ratio of the sub-bands at
1660 cm−1 and 1690 cm−1 [27]. The region of interest was located in
the center of the posteriolateral quadrant of the bone (Fig. 5A).

2.9. Statistical analyses

The ΔCq-values were used for the statistical analyses of the ΔCq
results, after removal of outliers identified by ROUT (Q-1%) test using
GraphPad Prism 7. A paired t-test was used to evaluate the effect of
loading (non-loaded vs loaded) in both groups and an independent t-
test was used to evaluate the effect of treatment (vehicle vs pre-
dnisolone). A two-way repeated measure ANOVA analysis was used to
evaluate the interaction (loading response in vehicle-treated vs pre-
dnisolone-treated groups). A change was considered significant when
p < 0.05.

3. Results

3.1. Prednisolone treatment diminishes the osteogenic effects of mechanical
loading

There was no difference in bodyweight between the vehicle- and
prednisolone-treated mice at the start or end of the experiment. In co-
herence with previous studies, mechanical loading increased both

cancellous (trabecular vBMD +39.0%, p < 0.001) and cortical bone
(Fig. 2 and Table 1; cortical area +11.7%, p < 0.001; cortical thick-
ness +9.1%, p < 0.01 and periosteal circumference +3.3%,
p < 0.001), as measured by pQCT. This resulted in increased diaphy-
seal cortical bone moment of inertia (+14.2%, p < 0.001) and mo-
ment of resistance (+8.7%, p < 0.05) as measured by pQCT (Table 1).
Prednisolone alone had no effect on trabecular volumetric BMD (vBMD)
in control (non-loaded, no extra external load) bones compared with
vehicle controls (Fig. 2A). However, prednisolone alone decreased
cortical area (−8%, p < 0.05), cortical thickness (−7%, p < 0.05),
cortical content (−10%, p < 0.01) and polar moment of inertia
(−14%, p < 0.05) (Fig. 2 and Table 1) compared to vehicle-treated
bones. Prednisolone inhibited the load-induced increase in trabecular
volumetric BMD by 57% (p < 0.001). Importantly, prednisolone
blocked the load-induced increase in cortical area (−81.7%,
p < 0.05), thickness (−77.4%, p < 0.05) and periosteal perimeter
(−87.3%, p < 0.01) (Fig. 2 and Table 1).

3.2. Prednisolone treatment diminishes the osteogenic effects of loading
mainly by inhibiting the expression of osteoblast-associated genes

Loading alone increased a number of osteoblast-associated genes,
e.g. runt-related transcription factor (runx2), osterix (osx), collagen 1a1
(col 1), osteopontin (opn), bone sialoprotein and dentin matrix protein
1 (dmp-1), the latter being expressed in both late osteoblasts and early
osteocytes (Fig. 3 and Table 2). By contrast, the expression of opg and
the ratio opg/rankl was not altered by loading in placebo-treated tibiae
(Table 2). Loading alone did not affect the late osteocyte-associate
genes matrix extracellular phosphoglycoprotein (mepe) and sost, or the
osteoclast-associated gene tartrate-resistant acid phosphatase (trap)
(Fig. 3 and Table 2). By contrast, loading increased the osteoclast-as-
sociated gene cathepsin K (Fig. 2). Prednisolone alone significantly
decreased the mRNA of osteoblast-associated (osx, col1α1, ocn and opg)
and osteocyte-associated (dmp1) genes, with the exception of runx2,
alp, opn, bsp, sost and rankl. The osteoclast associated genes cathepsin K
and trap were not affected by prednisolone alone in any direction in
non-loaded tibiae (Fig. 3 and Table 2). Prednisolone treatment pre-
vented the stimulatory effect of loading on bsp, rankl and cathepsin K
(Fig. 3 and Table 2) and decreased the expression of mepe when com-
bined with load. In addition, the loading-related increase in the os-
teoblast-associated genes runx2, opn and dmp1 was absent in the pre-
dnisolone-treated animals although the interaction term did not reach
significance.

3.3. Prednisolone treatment abolishes the loading-induced increase in viable
osteocytes and osteoclasts

Because osteocytes are involved in both loading- and GC-mediated
effects on bone, we were interested in quantifying the total number of
living and dead osteocytes during the treatment period. Apoptosis is
commonly quantified using TUNEL (Terminal deoxynucleotidyl

Table 1
Prednisolone treatment reduces the anabolic effects of loading.

Vehicle Prednisolone

Non-loaded Loaded Non-loaded Loaded

Cortical bone mineral content (mg/mm) 0.87 ± 0.02 1.00 ± 0.02⁎⁎⁎ 0.78 ± 0.02## 0.80 ± 0.02⁎,###,§§§

Periosteal perimeter (mm) 4.48 ± 0.03 4.63 ± 0.03⁎⁎⁎ 4.39 ± 0.03# 4.41 ± 0.03###,§§

Endocortical perimeter (mm) 3.21 ± 0.03 3.24 ± 0.03 3.20 ± 0.02 3.20 ± 0.02
Moment of inertia (mm4) 0.32 ± 0.01 0.37 ± 0.01⁎⁎ 0.27 ± 0.01## 0.28 ± 0.01###,§§§

Moment of resistance (mm3) 0.27 ± 0.01 0.29 ± 0.01⁎ 0.24 ± 0.01# 0.24 ± 0.01###,§

pQCT analysis of cortical bone. Mean ± SEM are shown. *p < 0.05, **p < 0.01 and ***p < 0.001 for loaded vs non-loaded control tibiae of the same treatment.
#p < 0.05, ##p < 0.01 and ###p < 0.001 for prednisolone-treated vs vehicle-treated tibiae of the same loading regimen. §p < 0.05, §§p < 0.01 and
§§§p < 0.001 for the loading response in vehicle vs the loading response in prednisolone-treated tibiae. N=9 for vehicle and N=8 for prednisolone-treated mice.

I. Bergström et al. Bone 112 (2018) 10–18

12



transferase dUTP nick end labeling) or caspase assays. A limitation of
these assays is that they only detect the cells undergoing apoptosis at
the time of death. We were interested in quantifying the total number of
osteocyte cell deaths during the treatment period. Therefore, we

counted osteocyte lacunae containing nuclear staining as living osteo-
cytes, and empty osteocyte lacunae as indices for dead osteocytes.
Loading significantly increased the total number of osteocytes by 26%
in vehicle-treated bones (Fig. 4A). This was mainly attributed to a 25%
increase in the number of viable osteocytes (p < 0.05) (Fig. 4B).
Loading did not alter the number of dead osteocytes (Fig. 4C). Pre-
dnisolone alone did not affect osteocyte number or viability in control
(non-loaded) bones compared with vehicle (Fig. 4). However, the load-
induced increase in total osteocyte number and viability was abolished
by concurrent prednisolone treatment (Fig. 4). Neither loading nor
prednisolone altered the number of dead osteocytes in loaded or non-
loaded bones.

It has been suggested that prednisolone increase bone resorption
and that loading inhibits osteoclast formation. Therefore, we counted
the number of osteoclasts using cathepsin K immunohistochemistry. We
found that loading alone increased the number of osteoclasts in the
cranio-lateral region of endosteal bone. Prednisolone alone did not alter
the number of osteoclasts but inhibited the load-induced increase in
osteoclast number.

3.4. Prednisolone treatment inhibited the load-induced increase in bone
strength

Loading alone increased maximal force (+17.6%, p < 0.05) and
force at yield (+32.9%, p < 0.05), but not stiffness (Fig. 5). Although
prednisolone alone did not affect bone strength, the load-induced in-
crease in both maximal force and force at yield were inhibited in the
presence of prednisolone. By contrast, loading could enhance stiffness
in the presence of prednisolone.

3.5. Prednisolone treatment has no major effects on collagen content or
maturity

There was no effect of loading or prednisolone alone on collagen
content (Amide I) or maturity (XLS) as measured by FTIR analysis
(Fig. 6). However, prednisolone reduced the collagen content in the
presence of loading (p < 0.05).

4. Discussion

Long-term GC treatment results in GC-induced osteoporosis; how-
ever, osteoporosis can be mitigated by increased bone formation, a
process that can be induced by mechanical loading. With these re-
lationships in mind, we investigated whether mechanical loading in-
teracts with GC treatment in bone. To test this hypothesis, we used well-
established protocols for axial mechanical loading [19–22] and GC
treatment (i.e. prednisolone) [5]. We found that mechanical loading
alone increased trabecular BMD, but prednisolone treatment alone did
not alter trabecular BMD in control tibiae without the external me-
chanical loading. Using the same mouse strain as we did, a recent study
also found that prednisolone treatment did not alter trabecular bone,
specifically femoral bone [28]. However, other studies using the same
mouse strain found that prednisolone treatment significantly decreased
trabecular bone in vertebrae [5,29]. These uneven findings suggest that
prednisolone effects for trabecular bone may be site- and/or mouse
strain-specific. We found that prednisolone inhibited the loading-in-
duced increase of trabecular volumetric BMD by 57%, revealing that
the loading response is less efficient in trabecular bone in the presence
of prednisolone. We used a supra-pharmacological dose of pre-
dnisolone, but it is possible that mechanical loading could increase
trabecular bone more if the prednisolone dose was lower (Fig. 2).

In addition to enhancing trabecular BMD, mechanical loading in-
creased cortical area and thickness. By contrast, prednisolone treatment
alone decreased cortical area and thickness on cortical bone. This is
consistent with findings showing GC-induced adverse effects (decreased
cortical thickness and area) in cortical bone [2,29,30]. Although the

Fig. 2. Prednisolone treatment reduces the cancellous and abolishes the cortical
osteogenic effects of mechanical loading. pQCT analyses of [A] trabecular vo-
lumetric bone mineral density (Tb. vBMD), [B] cortical cross-sectional area
(Ct.Ar) and [C] cortical thickness (Ct.Th) of non-loaded (black boxes) and
loaded (grey boxes) tibiae of vehicle- and prednisolone-treated (15 mg/60 day
pellets) mice. *p < 0.05 and ***p < 0.001 for loaded vs non-loaded control
tibiae of the same treatment is shown. ##p < 0.01 and ###p < 0.001 for
prednisolone-treated vs vehicle-treated tibiae of the same loading regimen.
§§p < 0.01 and §§§p < 0.001 for the loading response in vehicle-treated vs the
loading response in prednisolone-treated tibiae. Mean ± 95% confidence in-
terval is shown. N=9 for vehicle-treated and N=8 for prednisolone-treated
mice.
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Fig. 3. Prednisolone treatment abolishes the loading-induced increase in osteoblast and early, but not late, osteocyte or osteoclast genes. The relative gene expression
(normalized ΔΔCq) of osteoblast [A] runt-related transcription factor (runx2) and [B] bone sialoprotein (bsp), osteocyte [C] matrix extracellular phosphoglycoprotein
(mepe), [D] sost, osteoclast [E] cathepsin K and house-keeping [F] hypoxanthine-guanine phosphoribosyl-transferase (htpr) genes in non-loaded (black boxes) and
loaded (grey boxes) tibiae of placebo- and prednisolone-treated (15mg pellets) mice is shown. The expression of each gene in the non-loaded vehicle sample was set
to 1. *p < 0.05 and **p < 0.01 for loaded vs non-loaded control tibiae of the same treatment. #p < 0.05 and ##p < 0.01 for prednisolone-treated vs vehicle-
treated tibiae of the same loading regimen. §p < 0.05 for the loading response in vehicle vs the loading response in prednisolone-treated tibiae (interaction).
Mean ± 95% confidence interval is shown. N=5–8 for vehicle and N=5–7 for prednisolone treated tibiae.

Table 2
Gene expression analysis of bone cell-associated genes

Vehicle Prednisolone

Non-loaded Loaded Non-loaded Loaded

osx 1 (0.61–1.65) 2.20 (1.82–2.65)** 0.22 (0.21–0.24)### 0.43 (0.19–0.96)###

col1α1 1 (0.58–1.72) 2.68 (1.59–4.50)** 0.08 (0.03–0.19) ### 0.23 (0.15–0.35)* ###

alp 1 (0.40–2.49) 1.79 (0.56–5.71) 0.51 (0.30–0.88) 1.10 (0.60–2.02)*
ocn 1 (0.55–1.82) 1.29 (0.82–2.03) 0.01 (0.01–0.2)### 0.02 (0.01–0.05)** ###

opn 1 (0.47–2.24) 1.38 (2.03–2.79)* 1.12 (0.55–2.26) 1.42 (0.77–2.70)
dmp1 1 (0.52–1.94) 1.75 (1.26–2.42)* 0.43 (0.30–0.61) ## 0.62 (0.42–0.91) ##

opg 1 (0.64–1.56) 2.12(1.28+3.53) 0.39 (021–0.74) # 1.37 (0.82–2.28)**
opg/rankl 1 (0.89–1.13) 1.44(1.34–1.54) 0.96 (078–1.17) 1.34 (1.23–1.46)
rankl 1 (0.63-1.59) 2.07 (1.44–2.96)** 1.39 (0.79–2.45) 1.31 (1.02–1.68)§

trap 1 (0.71-1.42) 1.25 (0.86–1.80) 0.87 (0.65–1.19) 0.71 (0.46–1.10)#

Mean ± CI are shown. *p < 0.05 and **p < 0.01 for loaded vs non-loaded control tibiae of the same treatment. #p < 0.05, ##p < 0.01 and ###p < 0.001 for
prednisolone‑treated vs vehicle-treated tibiae of the same loading regimen. N=6–8 for vehicle and N=5–7 for prednisolone‑treated mice. Osterix (osx), collagen
type 1α1 (col1α), alkaline phosphatase (alp), osteocalcin (ocn), osteopontin (opn), dentin matrix protein 1 (dmp1), osteoprotegerin (opg), receptor activator of nuclear
factor kappa-B ligand (rankl), and tartrate resistant acid phosphatase (trap).
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strain used was at a level that normally induces woven bone formation
[31,32], prednisolone treatment abolished the bone-forming effects
(increased cortical thickness and area) of mechanical loading in cortical
bone. Consistently, prednisolone treatment also inhibited the load-in-
duced increase in force at yield and maximal force. Because cortical
bone is the main contributor to bone strength of the appendicular
skeleton [33], our results indicate that loading may not increase bone
strength in the presence of high-dose prednisolone.

Consistent with previous studies, loading increased the expression
of osteoblast-associated genes [34–36]; however, prednisolone de-
creased or abolished the gene expression of load-responsive markers of
osteoblast differentiation and function [4,5,7,37,38]. Thus, we believe
prednisolone inhibits the bone-forming effects of loading by inhibiting

osteoblast maturation and activity.
We found that Cathepsin K gene expression and osteoclast number

were altered in response to load and prednisolone treatment in the same
manner. Interestingly, most osteoclasts were located at the cranio-lat-
eral endosteal site of the loaded vehicle-treated bones where strain is
zero during loading. We speculate that when the periosteal cir-
cumference is increased in response to load, osteoclasts are recruited to
increase the endosteal circumference in order to reduce energy
spending while still remaining optimal bone strength. Further studies
are needed to confirm this possibility.

Loading and prednisolone alone did not alter the expression of os-
teocyte-associated genes (mepe and sost). This is consistent with pre-
vious findings that sost and its protein sclerostin, are downregulated

Fig. 4. Prednisolone treatment abolishes the loading-induced increase in total number of osteocytes. [A] The total number of osteocytes (lacunae with or without
osteocytes), [B] number of viable osteocytes (lacunae with osteocytes), [C] number of dead osteocytes (empty lacunae) and [E] number of osteoclasts (Oc.N) in non-
loaded (black boxes) and loaded (grey boxes) tibiae of placebo- and prednisolone-treated (15mg pellets) mice are shown. Representative images of [D] viable (left)
and dead (right, empty osteocyte lacunae) osteocytes and [F] the 400 μm by 400 μm region of interest for the osteoclast measurements are shown. *p < 0.01 for
loaded vs non-loaded control tibiae of the same treatment. #p < 0.05 and ##p < 0.01 for prednisolone-treated vs vehicle-treated tibiae of the same loading
regimen. §p < 0.05 and §§p < 0.01 for the loading response in vehicle-treated vs the loading response in prednisolone-treated tibiae. Mean ± 95% confidence
interval is shown. N=5 for vehicle and prednisolone-treated mice.
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earlier (within hours to a few days for the gene and protein respec-
tively), and then normalized following repetitive loading [40–43].
Loading alone increased the total number of osteocytes, mainly due to
an increase in the number of viable osteocytes, a phenomenon that was
inhibited by prednisolone. However, neither loading nor prednisolone
altered osteocyte death. This is consistent with a previous finding that
osteocyte autophagy and apoptosis are late events (15–56 days) in the

osteocyte response to GC treatment [45], indicating that our study
during 14 days may be too short to find significant changes in osteocyte
death. Together with the gene expression data for dmp1, these findings

Fig. 5. Prednisolone inhibits the load-induced increase in bone strength. Three-
point-bending analysis of [A] stiffness, [B] force at yield, F(yield) and [C] force
at maximal force, F(max) of non-loaded (black boxes) and loaded (grey boxes)
tibiae of placebo- and prednisolone-treated (15mg/60 day pellets) mice.
*p < 0.05 for loaded vs non-loaded control tibiae of the same treatment.
##p < 0.01 for prednisolone-treated vs vehicle-treated tibiae of the same
loading regimen. Mean ± 95% confidence interval is shown. N=9 for vehicle-
treated and N=8 for prednisolone-treated mice.

Fig. 6. Prednisolone treatment has no major effects on collagen content or
maturity.
FTIR analysis showing [A] regions of interest, [B] collagen content (Amide I)
and [C] collagen maturity (XLS). Mean ± 95% confidence interval is shown.
N=8 for vehicle and N=6 for prednisolone-treated mice. *p < 0.05 for
loaded vs non-loaded control tibiae of the same treatment.
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imply that the number of osteocytes is increased in conjunction with
increased bone formation in response to load, and that this response is
inhibited by prednisolone.

Loading enhanced bone strength (maximal force at break), but not
collagen content or maturity. This indicates that the overall bone
composition (collagen content) was not altered by loading alone, but
that the increased bone strength was a structural effect based on the
increased bone size. GC treatment alone did not affect bone strength. By
contrast, Lane et al. showed that GC treatment results in osteocyte
apoptosis, leading to a weakening of the bone material properties
around the osteocyte lacunae, and later in decreased bone strength
[29]. These uneven findings could, at least in part, be explained by the
use of different techniques. We used FTIR to look at the overall al-
terations in collagen content in the caudal region of the most strain-
responsive region of the tibiae, whereas Lane et al. used Raman micro-
spectroscopy to study the bone surrounding individual osteocytes [29].
In addition, our study was a two-week experiment, while the study by
Lane et al. was performed during a three-week period, which could also
account for the differences between our findings.

Interestingly, the collagen content was reduced and stiffness was
increased when prednisolone treatment was combined with loading,
indicating that the bone material properties were altered when pre-
dnisolone was combined with loading.

We may have limited our possibilities to detect osteocyte cell death
as a result of prednisolone treatment by using a mouse strain that is not
sensitive to GC treatment [46], and by treating the mice for only two
weeks. Another limitation of this study is that whole bone was used for
the preparation of cDNA and thus trabecular and cortical bone were not
separated. The presence of bone marrow, and the mix of cortical and
trabecular bone, could have disguised small alterations in gene ex-
pression.

There are currently few options to cure manifest osteoporosis.
Therefore, it is desirable to find a bone protecting co-treatment for
patients from the start of prednisolone treatment in order to inhibit
development of osteoporosis. A strength of this study is that we in-
vestigated whether loading could prevent the deleterious bone effects of
prednisolone before they were manifested in the tissue. Further studies
may show whether pre-treatment with prednisolone has the same or
more severe effects on loading and osteocyte cell death than concurrent
prednisolone treatment. Also, it remains to be shown whether increased
loading before the start of GC treatment could prevent some of the
deleterious effects of GC treatment. It is possible that if a more sensitive
mouse strain had been used, the effects of prednisolone would have
been more severe. However, we have shown that prednisolone treat-
ment can also inhibit the loading response in C57BL/6 mice, and we are
now able to delineate the mechanisms further by using genetically
modified mice.

In conclusion, the load-induced trabecular bone formation is re-
duced and the load-induced cortical bone formation is abolished by
concurrent high-dose prednisolone treatment. This phenomenon could
be due to prednisolone inhibition of osteoblast differentiation and
function.
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