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KEYWORDS Abstract Objective: Glucocorticoids (GCs) are commonly prescribed as treatment for
Animal model; chronic inflammatory diseases. Prolonged use of GCs is a common cause of atraumatic osteo-
Bone loss; necrosis (ON) and secondary osteoporosis. Currently, there is no effective treatment for this
Glucocorticoids; disease; therefore, a reliable animal model would be useful to study both the pathology and
Osteonecrosis novel treatment strategies for patients with the disease. The aim of this study was to establish
a validated, reproducible model of GC-induced ON and bone loss in two different mouse strains
(BALB/c and C57BL/6).
Methods: Seven-week-old male BALB/c (n = 32) and male C57BL/6 mice (n = 32) were ran-
domised into placebo or GC groups and treated with daily 4 mg/L oral dexamethasone in
drinking water for 90 days. Study outcome measures included histologic assessment of ON
of the distal femur, bone mass and mechanical strength of tibia and lumbar vertebral body,
osteoclast number, biochemical measure of bone formation and bone marrow fat quantita-
tion.
Results: GC-induced ON lesions were observed in the distal femur in 47% of the male BALB/c
mice and 25% of the male C57BL/6 mice. GC treatment decreased the trabecular bone volume
and serum pro-collagen type 1N-protease (P1NP) in BALB/c mice compared with the placebo
(p < 0.05) and reduced tibial bone strength in both BALB/c and C57BL/6 mice. GC-treated
BALB/c mice had significantly greater marrow fat levels compared to the placebo group.
Conclusion: GC-induced ON was more prevalent in the male BALB/c mice compared to the
male C57BL/6 mice. GC treatment significantly reduced bone mass, bone formation measured
by P1NP, bone strength and increased marrow fat levels in male BALB/c mice. Therefore, the

* Corresponding author. Present address: 4625 2nd Avenue Suite 2000 Sacramento, CA, 95817, United States
E-mail address: nelane@ucdavis.edu (N.E. Lane).

https://doi.org/10.1016/j.jot.2018.07.001
2214-031X/© 2018 The Authors. Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking Orthopaedic Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:nelane@ucdavis.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jot.2018.07.001&domain=pdf
https://doi.org/10.1016/j.jot.2018.07.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/2214031X
http://ees.elsevier.com/jot
https://doi.org/10.1016/j.jot.2018.07.001
https://doi.org/10.1016/j.jot.2018.07.001

92

K. Shidara et al.

use of male BALB/c mice strain is recommended for both diagnostic and therapeutic studies
for the prevention and treatment of ON and bone loss following prolonged treatment with

GCs.

The Translational Potential of this Article: GCs are commonly used to treat patients with
various chronic inflammatory diseases, and this is associated with both the development of
ON and bone loss. Our study confirmed that the BALB/c mouse strain treated for 90 days with
GC may be useful for developing novel treatments for ON.

© 2018 The Authors. Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking
Orthopaedic Society. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Glucocorticoids (GCs) are commonly used for the treatment
of various chronic inflammatory diseases including rheuma-
toid arthritis, systemic lupus erythematosus and systemic
vasculitis [1]. However, long-term GC use is the common
cause of GC-induced avascular osteonecrosis (ON) and GC-
induced secondary osteoporosis [2]. It has been reported
that between 5 and 40% of patients treated with long-term
GC develop ON [3], and between 30 and 50% of patients
develop GC-induced secondary osteoporosis [4]. In addition,
GC-induced ON of the femoral head increases the risk of
fractures and may lead to femoral head collapse, which often
requires surgical treatments including total hip arthroplasty,
bone grafting and osteotomy [2,5—7]. Therefore, preclinical
models of GC-induced ON that resemble the human pathol-
ogy are useful for the development of novel and effective
treatment modalities for patients with the disease.

There have been considerable studies on the likely
mechanisms of GC-induced ON, including the increased
number of enlarged adipose cells and fat emboli [8],
intravascular thrombi formation [9], reduced microcircu-
lation [10], osteocyte apoptosis [11] and GC suppression of
genes involved in perilacunar remodelling [12]. Other
studies suggest that GC-induced ON impairs bone marrow
blood flow by increased intravascular coagulation and
extravascular fat deposition [13]. Previous studies have
reported on the adverse effects of GCs on bone quality
including reduced bone density [2], bone mass [4] and bone
strength [14]. Furthermore, it has been shown that GC ef-
fects on bone quality and bone strength may be attributed
to reduced bone vascularity, blood flow and the amount of
water within bone [15].

Previously described GC-induced animal models of ON
have reported inconsistent results on the incidence of ON
[16,17] and GC effects on bone [18,19]. Therefore, the
objective of this study was to establish a validated,
reproducible animal model to assess both GC-induced ON
and the development of bone loss in two different strains of
male mice.

Materials and methods
Animals

Seven-week-old male BALB/c (n = 32) and C57BL/6
(n = 32) mice were randomised into either the GC group or

the placebo group. We treated both mouse strains with oral
dexamethasone (4 mg/L, Sigma—Aldrich, St. Louis, MO) in
drinking water for 90 days. The GC-treated BALB/c and
C57BL/6 mice received stock solutions of 5.3 mL of 79 mg
sulfamethoxazole and 16 mg trimethoprim in 400 mL
drinking water per body kilogramme every 24 hours from
Day 45 to prevent infections due to prolonged GC treat-
ment. The placebo mice received fresh drinking water. At
the end of the study, mice were euthanised using CO,.

Ethics statement: All the animals were treated in
accordance with United States Department of Agriculture
(USDA) animal care guidelines with the approval of the UC
Davis Committee on Animal Research.

Micro-CT

A micro-CT (VivaCT 40; Scanco Medical, Bassersdorf,
Switzerland) with an isotropic resolution of 10.5 um, an X-
ray source voltage of 70 kVp and a current of 145 pA was
used to scan the right distal femur and the fourth lumbar
vertebral body (LVB 4). For the distal femur, 200 slices were
evaluated starting approximately 0.2 mm from the proximal
end of the growth plate including a total metaphysis tissue
volume of 2 mm? for each specimen. The scans for the LVB 4
were initiated in the sagittal plane of the vertebral body
and covered the entire cortical and trabecular bone. For
each specimen, 200 slices were evaluated in the sagittal
plane, and to compensate for growth plate irregularities in
the axial plane, the secondary spongiosa was selected for
analysis. A matching cube three-dimensional segmentation
algorithm was used to separate mineralised bone from the
bone marrow for grayscale images of the structure of
mineralised tissue. Three-dimensional trabecular structural
parameters were measured directly and methods used for
calculation have been previously described [20]. A nor-
malised index bone volume fraction (BV/TV) was used to
compare samples of varying sizes. The methods for used for
trabecular thickness (Tb.Th), trabecular separation (Tb.Sp)
and trabecular number (Tb.N) have been previously
described [20—22].

Histology for osteonecrosis

Both the right and left femurs were fixed in 10% formalin for
48 hours. The specimens were decalcified in 5% ethylene
diamine tetra acetic acid (pH 7.2), and the solution was
changed every 2 days until complete decalcification. The
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samples were processed and embedded in paraffin. Five-
micron thick sagittal sections were stained with haema-
toxylin and eosin and evaluated for ON pathology by bright
field microscopy at 20x magnification. Using the criteria by
Yang et al, ON was detected in the distal femoral epiphysis
(DFE) and required the presence of all three features in the
DFE: empty lacunae, pyknotic osteocyte nuclei in the bone
trabeculae and bone marrow and stromal necrosis [23—26].
ON was evaluated by three independent blind observers
(GM, DK, DIL).

Bone marrow fat quantitation

In each mouse, both distal femoral epiphyses were sur-
veyed to establish the general level of marrow fat. A single
representative field that represented the general appear-
ance of the epiphyses was selected from one of the two
epiphyses. Marrow fat was identified as sharply delineated
spaces within the bone marrow cavity. The total area of the
field was traced. Marrow fat areas and total area of the
field were traced with Osteomeasure (Osteometrics, Inc.;
Decatur, GA). Field total area was 0.70 + 0.11 mm?. Fat
volume/total volume was calculated for each mouse as
100 x (fat area/total area) [27].

Biomechanical testing

Mechanical properties of the tibia were determined by
loading the left tibia to failure in three-point bending [28].
Tests were conducted in the posterior-to-anterior direction
with a constant displacement rate of 0.05 mm/s, using a
servo-hydraulic material testing machine (858 Mini Bionix Il;
MTS Systems, Eden Prairie, MN). Each tibia was loaded with
the medial side of the bone in tension and the lateral side in
compression. Load-displacement curves were analysed
using MATLAB software (version R2008b; The Mathworks
Inc., Natick, MA) to determine vyield load, failure load,
stiffness, work to fracture and post-yield displacement
[29].

Whole-bone mechanical properties of the intact fifth
lumbar vertebral body (LVB 5) were measured by com-
pressing the vertebral body with a 3-mm diameter plate
attached to a servo-hydraulic material testing machine (858
Mini Bionix IlI; MTS Systems, Eden Prairie, MN). In these
compression tests, the cranial and caudal endplates of the
caudal vertebrae were not altered before testing.
Compression tests were conducted at a displacement rate
of 0.05 mm/s [30].

Serum pro-collagen type 1N terminal
propeptide level

Serum samples were collected at the time of sacrifice and
stored at —80°C. Serum levels of pro-collagen type 1N
terminal propeptide (P1NP) were measured using the Rat/
Mouse P1NP EIA kit (Diagnostic Systems, Fountain Hills, AZ,
USA). The assays were performed as recommended by the
manufacturer, and all samples were assayed in duplicate.
The coefficients of variations for interassay and intraassay
measurements were <10% for all assays and are similar to
the manufacturers’ references [31,32].

Tartrate-resistant acid phosphatase assay

Tartrate-resistant acid phosphatase (TRAP) staining of the
distal femoral epiphyses was performed on a random sam-
ple from each of the treatment groups. The paraffin sec-
tions were stained for TRAP using the Sigma Acid
Phosphatase Leukocyte Kit in accordance with the manu-
facturer’s instructions. TRAP+ cells were defined by mul-
tinucleation and were considered mature osteoclasts when
there were greater than three nuclei per cell and identified
by a dark purple or red colour. The entire surface area of
the epiphyses was examined with 20x magnification [33].

Statistical analysis

The group means and standard deviations were calculated
for all outcome variables. The nonparametric
Mann—Whitney U test was used to determine pairwise
comparisons between the placebo and GC-treated groups
within each strain. Differences were considered significant
at p < 0.05 (GraphPad Prism version 6.00 for Windows,
GraphPad Software, La Jolla, CA).

Results
Body weight

The body weights of GC-treated BALB/c and C57BL/6 mice
were significantly lower compared to placebo from Day 7 to
Day 90 (Figure 1, p < 0.05).

Trabecular bone mass and microarchitecture

In the GC-treated BALB/c mice, the trabecular BV/TV and
Th.Th of the right distal femur were significantly lower
compared to the placebo group (Figure 2, p < 0.05). In this
mouse strain, there was reduced Tb.N and increased Tb.Sp
in the GC-treated mice compared to the placebo. We did
not find any significant changes for trabecular bone mass or
microarchitecture in the GC-treated C57BL/6 mice
compared to the placebo group (Figure 2). Analysis of the
fourth lumbar vertebral body (LVB 4) found that in the GC-
treated BALB/c mice, the trabecular BV/TV, Tb.N and
Th.Th were significantly reduced, and Tbh.Sp was signifi-
cantly increased compared to the placebo group (Figure 3,
p < 0.05). There were no significant changes in any of the
trabecular bone mass or microarchitecture parameters in
GC-treated C57BL/6 mice compared to the placebo group
(Figure 3).

Osteonecrosis histopathology

GC-induced ON lesions were observed in the DFE in 47% of
the BALB/c mice and 25% of the C57BL/6 mice (Table 1).
ON lesions were not observed in the placebo group. His-
topathologic evaluation of the DFE in BALB/c mice showed
less trabecular bone with empty osteocyte lacunae and
pyknotic osteocyte nuclei (Table 1) with few osteoblasts
lining the trabecular bone surfaces (Figure 4). Further-
more, an increased number of enlarged adipocytes,
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Figure 2

Body weight from baseline of BALB/c and C57BL/6 mice. The body weight of GC-treated animals was significantly

Distal Femur Th.N

T T

1Imm

BALBIc C57BLI6

Distal Femur Th.Sp

T T

300 4

200

100 -

04

BALBIc C57BLI6

Effect of GC treatment on bone structures of the distal femoral metaphysis by micro-CT in BALB/c and C57BL/6

mice. Data are presented as mean + SD, *p < 0.05 versus PL within the same strain.

BV/TV = bone volume fraction; GC = glucocorticoid; PL =

placebo; SD =

standard deviation; Tb.N = trabecular number;

Tb.Th = trabecular thickness; Tb.Sp = trabecular separation; black = placebo, white = GC-treated groups.

excessive adipocytes in the bone marrow, -cartilage
degradation and presence of fibrin thrombi in the blood
vessels were also observed. In the GC-treated mice, there
was a decrease in the number of haematopoietic cells in
the medullary space of the DFE (Figure 4). We did not
observe any such changes in the placebo group in which
there were few empty lacunae and smaller adipocytes
(Figure 4).

Bone marrow fat quantitation

In the GC-treated BALB/c mice, bone marrow fat was
significantly increased compared to the placebo group
(p < 0.05). We also observed significant changes in bone
marrow fat in the GC-treated C57BL/6 mice compared to

the placebo group (p < 0.05). Also, there appeared to be a
greater percentage of marrow fat in GC-treated BALB/c
compared to GC-treated C57BL/6 mice.

Biomechanical testing

In the GC-treated BALB/c and C57BL/6 mice, the maximum
load, work to fracture and whole bone stiffness of tibia
were significantly reduced compared to the respective
placebo groups (Figure 5A, p < 0.05). In the GC-treated
C57BL/6 mice, maximum load of the LVB 5 was signifi-
cantly reduced compared to the placebo group (Figure 5B).
We did not observe significant changes in the maximal load
of the LVB 5 in the GC-treated BALB/c mice compared to
the placebo group.
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Effect of GC treatment on trabecular bone structure in the lumbar vertebrae assessed by micro-CT. Data are

presented as mean =+ SD, *p < 0.05 versus PL within the same strain.
BV/TV = bone volume fraction; GC = glucocorticoid; PL = placebo; SD = standard deviation; Tb.N = trabecular number,
Tb.Th = trabecular thickness, Tb.Sp = trabecular separation; black = placebo; white = GC-treated groups.

Table 1  The total incidence of osteonecrosis of the distal

femoral epiphysis in BALB/c and C57BL/6 male mice.

Mouse Empty Pyknotic Necrosis of  Total

strain osteocyte nuclei marrow and incidence
lacunae of ghost stromal of ON

osteocytes elements
BALB/c  13/18% 13/18 9/18 0.47
C57BL/6 9/15 8/15 5/15 0.25

ON = osteonecrosis.
@ Data values are given as number of mice/total number of
mice.

Serum P1NP level

At Day 90, serum P1NP levels of GC-treated BALB/c mice
were significantly reduced compared to the placebo group
(Figure 6, p < 0.05). We did not observe significant changes
in serum P1NP in the GC-treated C57BL/6 mice compared to
the placebo group.

TRAP assay
There were no significant differences in the TRAP+ cell

count for osteoclast number in the GC-treated BALB/c and
C57BL/6 mice compared to their respective placebo groups.

Discussion

In this study, we examined the susceptibility of GC-induced
ON and bone loss by treating seven-week-old male BALB/c

and C57BL/6 mice with oral dexamethasone. Prolonged
treatment of GC for 90 days induced trabecular bone loss in
the BALB/c mice but not in C57BL/6. Maximum load
measured at the trabecular bone site of the tibia was
decreased in both the BALB/c and C57BL/6 mice. Moreover,
we observed the incidence of ON of 47% and 25% in the GC-
treated BALB/c mice and C57BL/6 mice, respectively. The
study results suggest that the male BALB/c mouse strain is a
model for osteoporosis and ON following prolonged expo-
sure to GCs.

Various animal studies have been performed to induce
GC-induced ON and have reported variable results for the
incidence of ON and development of bone loss. Rabbits
have been used to try to develop a GC-induced ON model by
treating the animals with varied doses and treatment in-
tervals of intramuscular GC injections and have reported
inconsistent results for the incidence of ON following GC
treatment [16,17]. Previous studies have used rabbit
models to study the GC effects on bone after 4 weeks of
treatment and reported significant decreases in bone min-
eral density and in the bone microarchitecture parameters
of the GC-treated group compared to the control group
[34]. Since the focus of the present study was to assess
development of bone loss over a prolonged treatment
period for clinical relevance in patients with chronic in-
flammatory disease receiving treatment with GCs, we used
a mouse model to assess the incidence of ON and devel-
opment of bone loss over a longer treatment period of 90
days.

Rats have also been used to try to develop a GC-induced
ON model by treating the animals with intramuscular in-
jections of methylprednisolone doses for varied time
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Figure 4 Representative histopathological sections of the distal femoral epiphysis in BALB/c mice treated with placebo (PL)
or dexamethasone (GC). In PL-treated group, no ON lesions were found, with a few marrow fat cells and some sinusoids being
observed in bone marrow. In GC-treated mice, most of the bone marrow space were either occupied by fat (blue arrows),
developed necrotic bone marrow (green arrows) and trabeculae necrosis, which was characterised by empty lacunae (black ar-
rows), pyknotic nuclei of osteocytes (yellow arrows) and surrounded by necrotic fat debris. haematoxylin and eosin staining;

original magnifications 4x and 20x.
GC = glucocorticoid; ON = osteonecrosis.

periods and have reported inconsistent results of the inci-
dence of ON [35,36]. This may have clinical relevance as
the proximal femur is a frequent site for GC-induced ON in
patients and can lead to a collapse of the femoral head that
requires hip replacement surgery [5,37,38]; however, when
rat models were used to study the effects of GCs on bone, it
has been reported that treatment with prednisolone pre-
vented rats from reduced bone mass and bone strength
[39]. Furthermore, it has also been reported that GC-
treated rats had a paradoxical increase in cancellous
bone mass [19]. Since the objective of the present study
was to assess the development of bone loss and GC-induced
ON following a prolonged GC treatment period for clinical
relevance in patients with chronic inflammatory disease

receiving treatment with GCs, we used a mouse model to
assess strain-specific differences of the incidence of ON and
development of bone loss over a longer treatment period of
90 days in two different strains of male mice.

Previous mouse studies of GC-induced ON have reported
the incidence of ON in male BALB/c mice. Janke et al
treated two male BALB/c sub-strains of mice (BALBcJ and
BALBcANN) with an age range of 24—28 days with 4 mg/L or
8 mg/L dexamethasone in drinking water and once or twice
weekly intraperitoneal injections of 7500 IU/kg aspar-
aginase. They reported a 34% incidence of ON in BALBcJ
male mice and a 16% incidence of ON in BALBcAnN male
mice in the DFE 6 weeks after treatment [24]. In a previous
study, Yang et al treated 14 mouse strains with varying
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doses of oral dexamethasone in drinking water for 15
weeks, an intraperitoneal injection of methylprednisolone
and high-fat diets [23]. They observed ON only in the BALB/
¢ mice and C57BL/6 mice treated with oral dexamethasone
and reported a 40% incidence of ON in the distal femur in 4-
week-old male BALB/cJ mice treated with 4 mg/L dexa-
methasone in drinking water for 12 weeks. They also re-
ported that GC-induced ON was more prevalent in the male
mice compared to the female mice [23]. Therefore, for a

female mouse model, more mice may be required to
develop GC-induced ON with a comparable incidence of ON.
We used a similar treatment as used by Yang et al of oral
dexamethasone in daily drinking water for 90 days because
it is palatable and easily administered for a longer treat-
ment period [23,25]. Our results are comparable as we
successfully showed GC-induced ON in male BALB/c and
C57BL/6 mice with 47% and 25% incidence of ON, respec-
tively. We chose to induce GC-induced ON in the BALB/c
and C57BL/6 mice strains because it was previously re-
ported that these strains were more susceptible to GC-
induced ON compared to other strains in the study by
Yang et al. Also, Harizi et al reported that the sensitivity to
GC treatment of an inflammatory response was different
between these strains, with GC sensitivity highest in
C57BL/6 and lowest in BALB/c mice [40]. In addition,
sensitivity to the GC receptor ligand for lymphocyte pro-
liferation as an inflammatory response mechanism was
highest in C57BL/6 [41]. These findings show interstrain
immunologic differences and suggest that there may be an
underlying genetic difference between these two mice
strains. In this current study, we observed losses in bone
mass and bone strength and reduced bone formation in the
male BALB/c mice following 90 days of GC treatment,
which were not reported previously by Yang et al. Also, the
ON lesions had similar pathology to clinical ON including the
presence of bone marrow necrosis, empty osteocyte
lacunae, pyknotic osteocyte nuclei and enlarged adipocytes
(Table 1) [17].

Additional characterisation of the ON phenotype
included the evaluation of epiphyseal bone marrow fat,
and we observed the GC-treated BALB/c mice bone
marrow fat levels were significantly increased compared
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to the placebo group. The increase in the volume bone
marrow fat was correlated with ON observed in the BALB/c
mice compared to the C57BL/6 mice. Other investigators
have reported an association with increased bone marrow
fat and ON [42,43].

Another important feature of GC-induced ON is
decreased bone vascularity. Janke et al reported that in a
high percentage of the BALB/c mice that developed ON
lesions, there was evidence of changes within thrombi
within the vessel lumen and changes within the vessel walls
that they suggested might have contributed to the decrease
in vascularity [24]. GC treatment has been shown to reduce
bone vascularity and to reduce the volume of water present
in the skeleton [15]. The reduction in blood flow and hy-
dration of bone in the presence of GCs may be associated
with the reduction in bone strength that is observed in both
GC-treated animals and humans [4]. We observed a
reduction in trabecular bone strength in GC-treated ani-
mals [44]. However, since bone strength is a composite of
both bone mass and bone quality [45,46], we may have just
altered bone mass, but we did not have other variables
measuring bone quality, which might explain bone strength
as independent of bone mass [47].

BALB/c mice have increased susceptibility in developing
GC-induced ON and bone loss [23,48]. Compared to other
mouse strains, BALB/c have been shown to have fewer
native collateral blood vessels in the hind limb [49], and
thus GC treatment may reduce the collateral circulation in
BALB/c mice which could result in impaired blood flow in
the bone. Furthermore, the microvascular anatomy of the
subchondral zone in conjunction with reduced blood flow
and embolisation due to hyperlipidaemia may explain the
high incidence of ON observed in the distal femur of BALB/c
mice, a feature that was not observed in other GC-induced
ON animal models [50]. McLaughlin et al studied the GC
effects on bone by treating 7-month-old female BALB/c
mice with daily intraperitoneal injections of 10 mg/kg
dexamethasone for 3 weeks and reported reduced bone
mass in the distal femur and lumbar vertebrae [48]. In our
current study, we observed comparable changes in the
bone microarchitecture in the male BALB/c mice, and we
showed the changes in the BALB/c mice compared to the
C57BL/6 mice strain, which was not previously reported by
McLaughlin et al. In addition, we reported development of
bone loss following GC treatment over a longer treatment
period of 90 days, which is clinically relevant to the pa-
tients receiving long-term GCs for chronic inflammatory
diseases.

Weinstein et al recently developed a validated GC-
induced ON model by treating 3-month-old and 7-month-
old male C57BL/6 mice with 2.1 mg/kg/day of predniso-
lone pellets in 14-day intervals for 90 days. After 14 days
of treatment, magnetic resonance imaging of the proximal
femur revealed femoral head oedema and histology of the
proximal femur had a significant reduction in bone
vascularity, decreased hypoxia inducible factor 1 alpha
and vascular endothelial growth factor expression and
reduced bone strength of the femur. At Day 42 of GC
exposure, both femoral head bone strength and bone
volume fraction were reduced [51]. We have similar
observation in the C57BL/6 strain that we did not detect

bone loss, but observed bone strength was lower after 90
days of oral dexamethasone treatment. Since the focus of
our study was to use histology to detect the incidence of
GC-induced ON in the distal femoral epiphysis of male
BALB/c mice compared to C57BL/6 mice, we will have yet
to perform additional studies to confirm if we could detect
early ON changes by magnetic resonance imaging in the
femoral head of the C57BL/6 male mice prior to histologic
changes [51].

The bone loss observed in our study could be attributed to
the direct effect of GC on osteoclasts and osteoblasts [52].
We have previously demonstrated in male Swiss Webster
mice that prednisolone treatment up to 56 days resulted in a
significant bone loss, increased serum collagen type 1C-ter-
minal telopeptide (CTX-I) level and decreased serum osteo-
calcin levels [22]. After 7 days of GC treatment, there was an
upregulation of genes involved in osteoclast activation,
function and adipogenesis. After 28 days and 56 days of GC
treatment, the expression of genes associated with osteo-
blast activation and maturation was decreased, while the
expression of Wnt antagonists such as DKK-1, sclerostin and
WNF 1 was increased. In addition, after 28 days of GC
treatment, the expression of genes associated with bone
matrix degradation peaked [22]. Other mouse studies of GC
effects on bone metabolism have reported increased re-
ceptor activator of nuclear factor kappa-B ligand (RANKL)/
osteoprotegerin (OPG) ratio which promotes osteoclasto-
genesis and leads to increased osteoclast activity and bone
loss [53,54]. After 90 days of GC treatment, we did not
observe differences from the placebo-treated mice in TRAP
staining.

The present study has several strengths including vali-
dated methods to assess ON lesions using histology, bone
volume fraction using micro-CT and a comparison between
two mouse strains; however, there are also some weak-
nesses. First, we only used one dose of dexamethasone, so
we cannot know if there were more effective doses to
induce GC-induced ON and bone loss. Second, we did not
perform a formal evaluation of bone resorption either by
bone turnover markers or by surface-based bone histo-
morphometry because the GC effects on bone resorption
are present in the first few days of exposure, and the focus
of this study was on the long-term effects of GC, on the
effects on bone mass and the development of ON. Third, we
evaluated ON lesions at one time point at Day 90, and we
may have missed the progression of the development of ON
lesions throughout the study. Finally, to characterise the
ON phenotype, evaluation of cell apoptosis may have been
useful. However, after 90 days of GC treatment, there is
very little bone cell activity; therefore, we would have to
perform these measurements at an earlier time point
[19,55]. While our study did not evaluate bone cell viability
in the presence of GCs, other investigators have reported a
dose dependent increase in GC-induced osteocyte and
osteoblast apoptosis [14,19,55].

In conclusion, GC-induced ON and development of bone
loss were more prevalent in the male BALB/c mice
compared to the male C57BL/6 mice. Therefore, we
recommend the use of male BALB/c mice for both diag-
nostic and therapeutic studies for the prevention and
treatment of ON and bone loss.
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