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ORIGINAL ARTICLE

Bone Strength/Bone Mass Discrepancy in
Glucocorticoid-Treated Adult Mice

Alanna M. Dubrovsky,' Jeffrey S. Nyman,® Sasidhar Uppuganti,? Kenneth J. Chmiel,' Donald B. Kimmel,?
and Nancy E Lane’

'Center for Musculoskeletal Health, University of California at Davis Medical Center, Sacramento, CA, USA
Department of Orthopaedic Surgery, Vanderbilt University Medical Center, Nashville, TN, USA
3Department of Physiological Sciences, University of Florida, Gainesville, FL, USA

ABSTRACT

Glucocorticoids increase bone fragility in patients in a manner that is underestimated by bone mass measurement. This study
aimed to determine if the adult mouse could model this bone strength/bone mass discrepancy. Forty-two 13-week-old BALB/cJ
mice were randomized into vehicle and glucocorticoid groups, implanted with vehicle or 6-methylprednisolone pellets, and
necropsied after 60 and 120 days. Bone strength and bone mass/microarchitecture were assessed at the right central femur (CF;
cortical-bone-rich) and sixth lumbar vertebral body (LVB6; trabecular-bone-rich). Bound water (BW) of the whole right femur
was analyzed by proton-nuclear magnetic resonance ("H-NMR) relaxometry. Data were analyzed by two-factor ANOVA with time
(day 60 and day 120) and treatment (vehicle and glucocorticoid) as main effects for all data. Significant interactions were further
analyzed with a Tukey’s post hoc test. Most bone strength measures in the CF were lower in the glucocorticoid group, regardless of
the duration of treatment, with no time X treatment interaction. However, bone mass measures in the CF showed a significant time
X treatment interaction (p = 0.0001). Bone strength measures in LVB6 showed a time X treatment interaction (p < 0.02) such that
LVB6 strength was lower after 120 days of glucocorticoids compared with 120 days of vehicle treatment. Whole-femur-BW was
lower with both glucocorticoid treatment (p = 0.0001) and time (p < 0.02), with a significant time X treatment interaction
(p = 0.005). Glucocorticoid treatment of male BALB/cJ mice resulted in the lowering of bone strength in both cortical and trabec-
ular bone that either appeared earlier or was greater than the treatment-related changes in bone mass/microarchitecture. The
adult mouse may be a good model for investigating the bone strength/mass discrepancy observed in glucocorticoid-treated
patients. © 2020 The Authors. JBMR Plus published by Wiley Periodicals LLC. on behalf of American Society for Bone and Mineral
Research.

KEY WORDS: 6-METHYLPREDNISOLONE; BONE HYDRATION; CORTICAL BONE; 'H-NMR RELAXOMETRY; TRABECULAR BONE

glucocorticoid-induced bone strength/mass discrepancy in
patients treated with glucocorticoids. Adult mouse experiments
that address glucocorticoid-induced osteoporosis administer
glucocorticoids to mice aged =11 weeks, last 28 to 90 days,

Introduction

lucocorticoids induce osteoporosis and osteonecrosis in
humans."™” In-depth study of glucocorticoid-induced

osteoporosis has revealed that the reduction in bone mass
incompletely explains the increased fracture risk.2='® Clinical
studies of the glucocorticoid-induced bone strength/mass dis-
crepancy have been challenging because data that directly
inform about bone mass, formation, and microarchitecture
require multiple in vivo measurements of bone mass and micro-
architecture, and bone biopsies that together present logistical
problems.

Current data indicate that the adult mouse model of
glucocorticoid-induced osteoporosis is sufficiently reliable to
evaluate its potential relevance as a model of the

and examine data from one time point."*3# The most frequent
mouse strain is a C57BL6-like background,!16-20222428:3031) ;¢
Swiss-Webster®'*2-% and FVB/N® have also been used. There
is indication that the skeleton of all strains responds negatively
to glucocorticoids with varying rates and intersite variation.'¥
Though a few publications report both bone strength and bone
mass/microarchitecture data,'®"2? most report only bone mass/
microarchitecture data.”>=># The studies tend to agree in finding
that bone strength and bone mass/microarchitecture are gener-
ally lower with glucocorticoid treatment. Though the existing
studies are promising, too few studies measure both bone
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strength/bone mass at the same site to allow evaluation of the
bone strength/bone mass discrepancy in patients treated with
glucocorticoids. Importantly, the universal reporting of only
one time point per study leaves open the possibility that bone
strength and bone mass/microarchitecture evolve at different
rates during glucocorticoid treatment.

Fracture risk rises early and significantly with glucocorticoid
treatment in humans.®#212 Few, if any, preclinical or clinical
studies have determined the time course for loss of bone
strength and bone mass with glucocorticoid treatment. Bone
strength is estimated in the clinic by DXA as BMD, an endpoint
that itself imprecisely predicts fracture risk reduction by antire-
sorptive  treatment of postmenopausal  osteoporosis
patients.®>3® Factors considered potential BMD-independent
markers of bone strength and fracture risk include bone micro-
architecture, bone mineralization, bone turnover markers,
advanced glycation end products,*” and bone hydration.®®
The role of bone hydration in glucocorticoid-related osteoporo-
sis is understudied.®?

In an effort to further investigate the relationship between
glucocorticoid treatment and bone strength, mass, microarchi-
tecture, and hydration, we treated adult male Balb/cJ mice with
methylprednisolone for 60 or 120 days. We hypothesized that
the negative effect of glucocorticoid on bone strength, mass,
and other variables is established by 60 days treatment as previ-
ously shown"*=3* and evolves during the next 60 days of treat-
ment. We further hypothesized that bone strength is associated
with bone hydration.

Materials and Methods

Animals

Nine-week-old male BALB/cJ mice were purchased (Jackson
Laboratory, Sacramento, CA, USA) and acclimated for 28 days
at the UC Davis animal facility. BALB/cJ mice were chosen
because their skeleton responds negatively to glucocorticoids.**?
Mice were kept singly in plastic cages with a 12-hour:12-hour
darkilight cycle and a temperature range of 20 to 22°C. They
were fed commercial rodent chow (22/5 Rodent Diet; Teklad,
Madison, WI, USA) and tap water ad libitum. Body weight was
measured weekly. Mice were randomized by body weight into
groups receiving vehicle treatment (vehicle, n = 22) or glucocor-
ticoid pellets (6-methylprednisolone, 2.5 mg 21d pellet; catalog
#G-241, Innovative Research of America, Sarasota, FL, USA;
n = 20). All pellets were replaced on days 21, 41, 61, 81, and
101 of the study. Mice were necropsied after 60 (vehicle,
n = 11; glucocorticoid, n = 9) or 120 days (vehicle, n = 11; gluco-
corticoid, n = 11). The study was carried out following recom-
mendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health with the approval
of the UC Davis Institutional Animal Care and Utilization
Committee.

Necropsy

Mice were euthanized by CO, asphyxiation, followed by cardiac
puncture. Cervical dislocation was used as a secondary method
of euthanasia. The right femur was dissected free at the acetab-
ulum and separated from the tibia. Lumbar vertebrae (LV) 3 to
6 were dissected free from the other vertebrae and sacrum.
The right femur and the LV segment were cleansed gently of

attached muscle, wrapped in saline-soaked gauze, and frozen
at —20°C.

Biomechanical testing
Femoral diaphysis (three-point bending)

After proton nuclear magnetic resonance ("H-NMR) relaxometry
and pCT (see below), three-point bending tests of hydrated right
femurs were performed using a servohydaulic material testing
system (Instron DynaMight 8841; Instron, Norwood, MA, USA)
fitted with a linear variable displacement transducer (attached
to the actuator) and a 100-N load cell (model #060-C863-02; Hon-
eywell, Columbus, OH, USA). The whole femur was thawed at
room temperature in PBS for 2 hours prior to testing. Femoral
length and femoral diameter at the midpoint (anterior-posterior
width) were measured with digital calipers. The whole femur was
placed anterior surface down and medial side forward with a
lower span of 8 mm, and then loaded to failure at its midpoint,
at 3 mm/min. Customary biomechanical properties of bone were
determined from the load-deformation curve.“*** For example,
ultimate bending moment is ultimate load times the span
divided by 4, and bending strength (ultimate stress) is ultimate
bending moment divided by section modulus.**°)

Lumbar vertebral body 6 (compression)

The lumbar vertebral body 6 (LVB6) was tested in axial compres-
sion. LVB6 was dissected free from LV3 to LV5. Posterior ele-
ments and transverse processes were trimmed from each LVB6
behind the pedicle; endplates were cut parallel using a scalpel
blade under water irrigation. Samples were placed between rigid
stainless-steel-loading platens with a moment relief, and then
compressed to failure at 0.05 mm/s using the above-materials—
testing system. Customary measurements of bone strength were
calculated from the load-deformation curve, including the area
under the curve until ultimate load (work to failure). The esti-
mates of yield and ultimate strength were yield and ultimate
load divided by the cross-sectional bone area, which is the seg-
mented bone volume divided by the axial length between the
endplates from pCT.43-4%

Micro-computed tomography

All scanning was done prior to mechanical testing. The LVB6 was
imaged with a high-resolution scanner (Scanco pCT50; Scanco
Medical AG, Briittisellen, Switzerland) with X-ray energy settings
of 55 kVp and 200 pA, a 0.5-mm Al filter, an integration time of
1200 ms, and acquisition of 1024 samples per 1000 projections
over a full rotation of the sample tube. Upon reconstruction, this
provided an isotropic voxel size of 12 pm. The right central femur
(CF), a cortical-bone-rich region and right distal femur were
imaged with the following settings: 70 kVp and 114 pA, a
0.1-mm Al filter, an integration time of 300 ms, and acquisition
of 1024 samples per 1000 projections over a full rotation. Upon
reconstruction, these settings provided an isotropic voxel size
of 6 pm. Distal femur scanning was initiated 1-mm proximal to
the distal end of the femur and extended proximally for
620 slices. CF scanning was initiated 0.6-mm proximal to the
midpoint of the femur, where the bone is maximally loaded dur-
ing the three-point bending test and extended distally for
120 slices. LVB6 scanning was initiated at its cranial end and con-
tinued to its caudal end, ensuring inclusion of the entire region
between the endplates (240 slices). It was ensured during sample
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Fig 1. Averaged T, spectra for each group. Using proton-nuclear magnetic resonance relaxometry, the relaxation time of bound water is faster than the
relaxation time of pore water, allowing separation and quantification of the two pools. Because signals from lipids overlap signals from water in large
pores, the integration of the area was shortened (indicated by vertical lines). The signal intensities were normalized by signals from the reference marker
such that the area under the marker curve was equal to 1.00. The bound-water peak was lower for the glucocorticoid-treated groups than for the vehicle-

treated groups.

setup that the long axis of the bones was aligned with the scan-
ning axis of the pCT tube holder. 3D reconstruction of each scan
was done with the manufacturer’s software, applying a beam-
hardening correction for 1200 mg of hydroxyapatite (HA) per
cm?. Routine scans of a HA phantom allowed the X-ray attenua-
tion values to be converted to volumetric mineral density. For
the distal femur, a trabecular volume of interest (VOI) with a
boundary 0.3-mm proximal to the distal-most point of the
growth cartilage-metaphyseal junction, was selected and
extended 450 slices. For LVB6, only the trabecular bone region
between the endplates of the vertebral body was analyzed. After
contouring each axial slice of the VOI to isolate the trabecular
compartments, the manufacturer’s evaluation algorithm was
used to calculate bone volume fraction (BV/TV), trabecular thick-
ness (Tb.Th), trabecular number (Tb.N), trabecular spacing (Tb.
Sp), and structure model index (SMI), and cross-sectional bone
area (Tt.Ar), as described previously.(46) The bone segmentation
parameters in this study were Gaussian sigma = 0.2, support = 1.0,
and a global threshold = 538.2 mg HA/cm? for Distal femur (DFM)
and Gaussian sigma = 0.2, support = 1.0, and a global
threshold = 474.7 mg HA/cm?® LVB6.“46474®

For the right CF, the 100 slices surrounding the midpoint of
the femur were considered as the CF VOI. After fitting contour
lines to the periosteal and endosteal surfaces of all the recon-
structed images, we again used the manufacturer’s standard
evaluation script to determine cortical area (Ct.Ar), total area
(Tt.Ar), cortical area/total area (Ct.Ar/Tt.Ar), and cortical thickness
(Ct.Th). The segmentation or thresholding parameters were
Gaussian sigma = 0.2, support = 1.0, and a global
threshold = 828.1 mg HA/cm®. From Euler-Bernoulli beam the-
ory, the ultimate moment is directly proportional to the cross-
sectional geometry factor known as the section modulus (SM).
SM was defined as |min/Cmin, Where | in is the minimum principal
moment of inertia that corresponds to bending within the

anterior-posterior plane and ¢, corresponds to the distance
between the neutral axis (zero stress) and outermost bone sur-
face in the direction of loading.“® *¥

"H-NMR relaxometry

Approximately 25% of bone is composed of water existing freely
in vascular channels (pore or mobile water) or bound to the
extracellular matrix.“*? Both matrix-BW and free water are associ-
ated with flexural bone strength and work-to-fracture.*® Bone
hydration can be measured using '"H-NMR relaxometry in a non-
destructive manner because the spin state of water hydrogen
bonding with the matrix relaxes faster than the spin state of pore
water (PW). By including a reference marker of water with a slow
relaxation rate next to the bone, volume fractions of BW and PW
were measured on intact right femurs following our previously
described "H-NMR relaxometry technique.“**" Briefly, the
femur and reference marker were placed inside a custom-built
radiofrequency coil,®? which was subsequently inserted into a
4.7-T horizontal bore magnet (Varian Medical Systems, Santa
Clara, CA, USA). Carr-Purcell-Meiboom-Gill measurements were
fit with exponential functions to generate a T, spectrum
(Fig. 1). The normalized signals of the matrix-BW pool and the
PW pool were converted to volume fractions as a percentage
of water volume within specimen bone volume, which was mea-
sured by Archimedes’ principle.®®

Statistical Analysis

Group means and standard deviations were calculated for all var-
iables, and Pearson'’s correlations were performed between bone
strength variables and BW (GraphPad Prism 7.00; GraphPad Soft-
ware, La Jolla, CA, USA). Two-factor ANOVA was performed to
determine the effects of glucocorticoid treatment and treatment
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time. Differences were considered significant at p < 0.05. If the
interaction between treatment and time was significant, Tukey’s
post hoc test was used to determine whether there were signif-
icant differences.

Results

Effect of glucocorticoid treatment
Anthropometric and bone hydration endpoints

Change in body weight was negatively affected by glucocorti-
coid treatment (p < 0.0027; Table 1). Femoral BW was lower
and femoral PW was greater in glucocorticoid-treated mice than
vehicle-treated mice (Table 1). These glucocorticoid effects
depended on treatment time (ie, significant interaction), and in
post hoc multiple-comparison tests, BW decreased and PW
increased with glucocorticoid treatment but not with vehicle
treatment.

Central femur mechanical properties

Bending strength measurements, ultimate and yield stress, were
21% and 19% lower, respectively, in mice treated with glucocor-
ticoid for 60 days than in vehicle-treated mice (Table 1). Ultimate
moment and yield moment were 22% and 20% lower, respec-
tively, and ultimate load and yield load were 23% and 19% lower,
respectively, in glucocorticoid-treated mice (60 days) than
vehicle-treated mice (Table 1). These glucocorticoid effects on

the biomechanical properties of the central diaphysis persisted
after 120 days of treatment but did not appear to progressively
worsen with prolonged exposure to glucocorticoid (nonsignifi-
cant interaction). Regardless of treatment time, work to failure
was 45% lower. Modulus and stiffness were also lower in
glucocorticoid-treated mice than vehicle-treated mice (Table 1).
The glucocorticoid effect on stiffness, however, depended on
the treatment time because stiffness was significantly lower after
glucocorticoid treatment for 120 days compared with glucocor-
ticoid treatment for 60 days.

Central femur morphometry

Ct.Ar, Ct.Ar/Tt.Ar, and Ct.Th were all lower in glucocorticoid-
treated mice compared with vehicle-treated mice (Table 1), and
these glucocorticoid treatment effects depended on the treat-
ment time (Table 1) as Ct.Ar and Ct.Th increased between day
60 and day 120 with vehicle treatment but decreased between
day 60 and day 120 with glucocorticoid treatment (Table 1).

LV body biomechanical properties and morphometry

Glucocorticoid treatment affected the lumbar body ultimate
load and work to ultimate force in compression, but the interac-
tion between treatment and duration of treatment was signifi-
cant such that these biomechanical properties of the vertebral
body were lower after 120 days of glucocorticoid treatment
but not after 60 days of glucocorticoid treatment. Interestingly,
glucocorticoid treatment did not affect trabecular BV/TV

Table 2. Lumbar Vertebral Body Biomechanical Properties and Morphometry

Vehicle Glucocorticoid Vehicle Glucocorticoid Effect Effect of
day 60 day 60 day 120 day 120 of time  treatment Interaction
Variable Units Mean + SD Mean + SD Mean + SD Mean + SD p p p
Mechanical N=11 N=10 N=7 N=11
properties
Ultimate N 20.92 + 3.48 22.72 + 361 2434 + 453 15.56 + 3.64%° 0.0595 0.0157 0.0004
load
Yield load N 16.85 £+ 4.14 19.38 £ 4.48 2043 + 548 12.07 + 2.73%P 0.0455 0.0913 0.0007
Work to N mm 294 +1.42 297 +1.68 433 4+ 2.09 1.90 + 1.16* 0.7402 0.0262 0.0223
ultimate
force
Yield MPa  29.75 +9.25 33.76 + 7.78 33.18£10.16  22.18 + 4.05° 0.0309 03727 0.0148
strength
Ultimate MPa 36.56 + 6.90 39.93 + 8.51 39.50 + 8.82 28.56 =+ 4.95° 0.0338 0.2139 0.0099
strength
Morphometry N=11 N=11 N=8 N=11
Bone % 22.27 + 2.02 2393 + 349 20.68 + 1.87 18.79 £ 3.53 0.0008 0.9009 0.0610
volume
(BV/TV)
Structure — 0.858 + 0.233 0.939 +£0.219 0968 + 0.162  1.393 4+ 0.408 0.0028 0.0066 0.0576
model
index
Trabecular mm™’ 5.09 + 0.22 5.02 £0.26 4.71 = 0.38 4.82 + 0.30 0.0036 0.8450 0.3161
number
Trabecular mm 0.046 + 0.003 0.050 + 0.006  0.046 + 0.001  0.044 + 0.003 0.0183 0.4886 0.0538
thickness
Trabecular mm 0.200 £ 0.010 0.203 £+ 0.012 0.219 £ 0.018 0.209 + 0.014 0.0058 0.5249 0.1446
spacing

2Significant difference between vehicle and glucocorticoid treatment within each time group (Tukey’s adjusted p < 0.05).

PSignificant difference between day 60 and day 120 within each treatment group (Tukey’s adjusted p < 0.05).
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Table 3. Distal Femur Morphometry

Vehicle Glucocorticoid Glucocorticoid Effect Effect of
day 60 day 60 Vehicle day 120 day 120 of time  treatment Interaction
Variable Units Mean + SD Mean + SD Mean + SD Mean + SD p p p
N=10 N=9 N=9 N=11
Bone % 11.76 + 1.47 1233 £+ 1.29 1218 £ 1.39 10.70 £ 1.45 0.1877 0.3243 0.0297
volume
(BV/TV)
Structure — 1.94 4+ 0.16 1.87 +0.13 1.80 £ 0.16 2.03 +£0.13° 0.7826 0.1023 0.0029
model
index
Trabecular mm™" 495 + 0.27 5.24 + 0.42 5.00 £ 045 5.12 + 043 0.8044 0.1138 0.4869
number
Trabecular mm 0037 +£0002 0034+ 0001 0035+ 0002" 0.031+0.001* 0.0001 0.0001 0.0270
thickness
Trabecular mm 0.201 £0.011  0.192 £ 0.016 0.199 + 0.020 0.195 + 0.019 0.9153 0.2058 0.6176
spacing

ns, not significant.

Significant difference between vehicle and glucocorticoid treatment within each time group (Tukey’s adjusted p < 0.05).
PSignificant difference between day 60 and day 120 within each treatment group (Tukey’s adjusted p < 0.05).

(Table 2). There was only a significant effect on SMI with trabec-
ulae becoming more rod-like with glucocorticoid treatment.

Effect of treatment time
Anthropometric and bone hydration endpoints

Change in body weight was not affected by duration of treat-
ment (p = 0.8971; Table 1). Femoral BW on the other hand was
negatively affected by both glucocorticoid treatment
(p = 0.0001) and duration of treatment (p = 0.0139), while femo-
ral PW was positively affected by both glucocorticoid treatment
(p = 0.0001) and duration of treatment (p = 0.0037).

Central femur mechanical properties

Bending strength (ie, ultimate stress), ultimate moment, yield
moment, modulus, and work to failure were not affected by
treatment duration, and the interaction between treatment
and duration of treatment was not significant (Table 1). Yield
strength was modestly affected by treatment duration
(p = 0.042), but showed no interaction between treatment and
duration of treatment. Interestingly, whole-femur-BW was sig-
nificantly correlated with ultimate bending moment of the CF
at day 60 (Pearson r = 0.7387, p = 0.0001) and day 120 (Pearson
r=10.7002, p = 0.0008).

Central femur morphometry

Ct.Ar and Ct.Th were not affected by duration of treatment, but
there was an interaction between treatment and duration
(p = 0.0001). Ct.Ar/Tt.Ar was lower with increased duration of
treatment (p = 0.0008). Femur length and diameter were nega-
tively affected by glucocorticoids (p = 0.0001 and p = 0.0207,
respectively) but not by treatment duration. There was no inter-
action between treatment and duration.

LV body biomechanical properties and morphometry

Ultimate strength and yield strength were affected by duration
of treatment (Table 2). Both showed significant interactions
between treatment and duration (p = 0.0148 and p = 0.0099,
respectively). In other words, these measures of compressive

strength, normalized to Tt.Ar of the vertebral body, were signifi-
cantly lower after glucocorticoid treatment for 120 days com-
pared to glucocorticoid treatment for 60 days, whereas there
was no significant change with time in the vehicle group. Bone
volume (BV/TV), Tb.N, and Tb.Th were lower with longer treat-
ment time, when accounting for the treatment effect (Table 2).
Both Th.Sp and SMI increased with duration of treatment; only
SMI was higher with glucocorticoid treatment (p = 0.0066) with
no significant interaction of treatment and time.

Distal femur morphometry

Only Th.Th was negatively affected by glucocorticoid treatment
(p = 0.0001) and duration of treatment (p = 0.0001). Because
the interaction between treatment and duration was also signif-
icant (p = 0.0270), the negative effect of glucocorticoid on Tb.Th
depended on the duration. Between day 60 and day 120, Tb.Th
decreased only in the glucocorticoid-treated mice. No other tra-
becular parameters were affected by either glucocorticoid or
duration of treatment (Table 3).

Discussion

The glucocorticoid-treated group had lower cortical bone
strength both with respect to structural-dependent properties
and material property estimates, regardless of the duration of
treatment, paralleling data from previous investigations of these
two endpoints in glucocorticoid-treated mice.'*"'® Others
reported a glucocorticoid-related difference in cortical bone
mass only without reporting cortical bone strength data.2%?2-2%)
25" On the other hand, there was no glucocorticoid effect on
either ultimate compressive stress or trabecular bone
volume in the LVB6 or trabecular bone volume in the distal fem-
oral metaphysis at day 60 of treatment, as reported previ-
ously.'®?® However, others have reported significantly lower
trabecular bone mass with glucocorticoid treatment in this
timeframe.(17719.21-26:28.2931-39 \wa conclude from these day
60 data that cortical bone of the Balb/CJ mouse, like that of other
strains, responds negatively to glucocorticoids, whereas trabecu-
lar bone is less affected.
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Most indices of cortical bone strength displayed a negative
effect of glucocorticoid treatment by day 60 that did not worsen
by day 120. A few studies have noted that glucocorticoid-related
differences in cortical bone strength in mice emerge as early as
28 days."®""® Because our earliest time point was day 60, our
data leave open the possibility that the glucocorticoid-related
differences in cortical bone strength plateau as early as 28 days
of treatment. A direct comparison of bone strength after
28 and 60 days of glucocorticoid treatment in adult mice is
needed to establish whether day 28 represents a plateau phase
of glucocorticoid effects on cortical bone strength.

The major indices of cortical bone mass and architecture, Ct.
Ar, Ct.Ar/Tt.Ar, and Ct.Th, showed an effect of glucocorticoid
treatment and an interaction of glucocorticoid treatment with
duration of treatment. This indicates both that the
glucocorticoid-related bone mass/micoarchitecture difference
was significantly greater at day 120 than at day 60 and that cor-
tical bone loss continued after the decline in cortical bone
strength seemingly plateaued. The one exception was yield
strength (time, p = 0.0416). Because our experiment ended at
day 120, we cannot be certain that bone mass changes had pla-
teaued in Balb/c) male mice. An informative experiment at this
point would be to begin glucocorticoid treatment in 15-week-
old C57BL6 male or female mice and necropsy at time points that
include at least days 28 to 180 to both match existing studies and
add longer times that thoroughly investigate when new steady
states of bone strength and mass are achieved in
glucocorticoid-treated mice. Given the known effects of gluco-
corticoids on body weight, some form of pair-feeding to match
body weight of glucocorticoid-treated and vehicle-treated mice
should be considered. Cortical and trabecular bone sites should
be assessed for strength, mass, microarchitecture, turnover,
and other measures of bone quality. Such a serial sacrifice exper-
iment is needed for glucocorticoid treatment because the rela-
tionship of bone strength to bone mass with glucocorticoid
treatment differs from age-related bone loss.® A similar time-
course experiment was performed in the ovariectomized
rat®3=>) to reveal when estrogen-deficiency bone loss and turn-
over plateaued. The early knowledge of this time course resulted
in a robust model that has been used hundreds of times to test
the effect of medications to either prevent or treat established
osteoporosis.®>”

The changes in the bone strength and mass at the vertebral
body in response to glucocorticoid exposure were not present
until day 120, but the treatment-related decline was only signif-
icant for VB strength. Specifically, at day 120, ultimate load was
significantly lower in the glucocorticoid-treated mice than in
the vehicle-treated mice. This was not the case for
BV/TV. Interestingly, the change in bone strength appeared later
in trabecular bone than in cortical bone. Three prior mouse
experiments reported glucocorticoid-related differences in tra-
becular bone strength after 28 days,'#2°?? whereas others
found no difference at even longer times.?" Our data leave open
the chance that the glucocorticoid-related difference in trabecu-
lar bone strength continues to evolve after day 120. A study
duration greater than 120 days is needed to establish when
reduced trabecular bone strength caused by glucocorticoid-
treatment plateaus, and if and when trabecular bone mass and
microarchitecture are clearly affected by glucocorticoid treat-
ment in the Balb/cJ mouse, as has been previously
reported.(1771921-26:282931-34) Tyaphacylar bone strength declined
without significant changes in trabecular bone mass. These find-
ings point to the likelihood that non-bone-mass properties that

affect bone strength in both cortical and trabecular bone deteri-
orate before bone mass, suggesting that identification of those
properties could encourage attempts to affect them, perhaps
preventing loss of bone strength caused by glucocorticoid
treatment.

Small animal models of glucocorticoid-induced osteopenia
in adult humans are less consistent than those for estrogen-
deficiency osteopenia.®**” Considering the variety of
glucocorticoid-dosing options and mouse strains, and choice
of experimental durations that may be based on convenience
rather than glucocorticoid pharmacology and physiology, this
is not surprising. Yet enough consensus can be found among
existing studies of glucocorticoid-treated adult mice"*3% to
consider studying the puzzling bone strength/bone mass dis-
crepancy in patients treated with glucocorticoids.®'" Mea-
suring cortical and trabecular bone strength and bone mass
endpoints at multiple necropsy periods in the same anatomi-
cal site appears to have revealed an opportunity. The
treatment-related asynchronous decline in bone strength
and bone mass was different between cortical and trabecular
bone; the decline in VB strength depended on a long duration
of glucocorticoid treatment and the decline in bending
strength of the CF diaphysis occurred early. The decline in ulti-
mate stress, an estimate of material strength, with treatment
possibly suggests a bone mass-independent role of additional
bone quality factors in determining bone strength could be
studied preclinically.®” In addition, the decline in bone
strength that precedes the decline in bone mass has funda-
mental parallels to clinical observations in many glucocorti-
coid patients during the first year of treatment.®

A non-bone-mass property related to bone strength that
we studied was bone hydration. The glucocorticoid group
showed lower whole-femur-BW at day 60 that continued to
worsen by day 120. Our findings on the relationship of bone
hydration to bone strength concur with earlier data.® The
continued decrease in BW between days 60 and 120, a period
when cortical bone strength did not change, is a bit perplex-
ing. However, we noted that trabecular-rich vertebral body
strength declined between days 60 and 120 and that our
hydration measure, whole-femur-BW, reflects a contribution
from the trabecular bone found in the distal and proximal
metaphyses of the femur. Also, whole-femur-BW was signifi-
cantly correlated with the ultimate bending moment of the
CF at day 60 and day 120. The glucocorticoid-related decrease
in BW may be because of a decline in blood supply to bone.
Treating mice with antivascular endothelial growth factor A
monoclonal antibody for 42 days decreased both BW of the
whole femur and distal femur blood flow.“**) As another possi-
bility, glucocorticoid treatment could modify the organic
matrix of bone in a way that reduces the hydrogen bonding
between water and amino acids that gives rise to BW. In a
mouse model of glucocorticoid-induced osteoporosis (Crh
1207ty " anterior femoral strips from mice with endogenous
hypercorticosteronaemia experienced higher fibril strain for
a given applied tensile stress than did similar femoral strips
from WT mice.®? In effect, these synchrotron X-ray diffraction
tests revealed that glucocorticoid excess significantly
decreases the effective fibril modulus and D spacing of the
collagen | fibril, suggesting exogeneous glucocorticoids could
modify the molecular structure of type | collagen. Future stud-
ies using mass spectrometry or other matrix characterization
techniques are needed to determine whether glucocorticoids
cause a decline in proteins from bone and/or identify
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determinant modifications to collagen | or noncollagenous
proteins that reduce matrix hydration and overall material
quality of the organic matrix.

This study has a number of strengths. We assessed cortical and
trabecular bone strength and mass/microarchitecture in
glucocorticoid-treated BALB/cJ male mice at two times. BALB/cJ
mice are a good model for glucocorticoid-induced osteonecrosis
of the distal femoral epiphysis,“>*? indicating the ability of the
Balb/cJ skeleton to respond to glucocorticoids. We evaluated both
bone strength and bone mass in a region composed only of corti-
cal bone (CF) and an area composed mainly of trabecular bone
(lumbar spine). We evaluated bone hydration by a state-of-the-
art method, "H-NMR relaxometry. However, there were a number
of shortcomings. We studied only one mouse strain and one gen-
der, so we advise caution in generalizing our data to other mouse
strains or to female mice. Other studies of glucocorticoid exposure
in mice have shown strain differences in the bone response to glu-
cocorticoids.®® We did not study a baseline group of mice
matched on age and sex; this limited our ability to determine sig-
nificant predictors of the changes in bone mass and strength inde-
pendent of glucocorticoids. The mouse does not undergo
intracortical remodeling and because glucocorticoid-induced
osteoporosis can include intracortical remodeling, our results can-
not be generalized to glucocorticoid-treated subjects. Also,
patients are treated with glucocorticoids to control inflammatory,
noninfectious diseases, such as systemic lupus erythematosus
(SLE) or vasculitis, and thus may have significant comorbidities.
Our study used healthy adult male mice with no known comorbid
diseases, creating potential difficulty in translating these data to
patients. Additional studies in mice with an underlying inflamma-
tory disease, such as SLE or inflammatory arthritis, may provide a
more relevant model from which to translate the findings of glu-
cocorticoids on bone to a clinical population.*¢? Although the
regions of interest for cortical bone strength, Ct.Ar, Ct.Th, and
hydration overlap, the bone hydration measure included the
entire femur, meaning that we cannot be sure that the value for
whole-femur BW value reflects bone hydration specifically in the
CF region in which cortical bone strength was measured. We are
currently unable to measure bone hydration in either the region-
alized femur or the vertebral body at this time with 'H-NMR
relaxometry.

In summary, glucocorticoid treatment of male BALB/cJ mice
resulted in the lowering of bone strength in both cortical and tra-
becular bone that either appeared later or was greater than the
treatment-related changes in bone mass/microarchitecture.
With glucocorticoid treatment, bone strength in cortical bone
of the femur deteriorated more rapidly than bone strength in
the vertebral body. These data suggest that during glucocorti-
coid treatment, significant non-bone-mass determinants of bone
strength change, implying that a greater understanding of such
properties may allow for therapies to prevent those changes and
ultimately reduce bone fragility caused by glucocorticoids. In
addition, the adult mouse may be a good model for studying
the bone strength/bone mass discrepancy seen with glucocorti-
coid treatment in humans.

Disclosures

AMKD, JSN, SU, KC, DBK, and NEL hereby state that they have no
conflicts of interest.

Acknowledgments

This work was funded by National Institutes of Health grants
(grants nos. RO1 AR043052-07, 1 P50 AR03043, and P50
AR060752NIH) to NEL, an Endowment for Aging Research at UC
Davis to NEL, and the Center for Musculoskeletal Health at UC
Dauvis.

Authors’ roles: Study design: NL, AD. Study conduct: AD,
KC. Data collection: KC, SU, JN. Data analysis: DK, JN, NL. Data
interpretation: NL, JN, DK. Drafting manuscript: AD, DK, JN,
NL. Critically revising manuscript: DK, JN, NL. Approving final ver-
sion: NL, DK, JN. All authors had full access to data and take
responsibility for the integrity of the data and accuracy of the
data analysis.

PEER REVIEW

The peer review history for this article is available at https://
publons.com/publon/10.1002/jbm4.10443.

References

1. van Staa TP. The pathogenesis, epidemiology and management of
glucocorticoid-induced osteoporosis. Calcif Tissue Int. 2006;79(3):
129-37.

2. Briot K, Roux C. Glucocorticoid-induced osteoporosis. RMD Open.
2015;1(1):e000014.

3. Canalis E, Mazziotti G, Giustina A, Bilezikian JP. Glucocorticoid-
induced osteoporosis: pathophysiology and therapy. Osteoporos
Int. 2007;18:1319-28.

4. Angeli A, Guglielmi G, Dovio A, et al. High prevalence of asymptom-
atic vertebral fractures in post-menopausal women receiving chronic
glucocorticoid therapy: a cross-sectional outpatient study. Bone.
2006;39:253-9.

5. Chang C, Greenspan A, Gershwin ME. The pathogenesis, diagnosis
and clinical manifestations of steroid-induced osteonecrosis.
J Autoimmun. 2020;110:102460.

6. Kerachian MA, Séguin C, Harvey EJ. Glucocorticoids in osteonecrosis
of the femoral head: a new understanding of the mechanisms of
action. J Steroid Biochem Mol Biol. 2009;114(3-5):121-8.

7. Eastell R, Chen P, Saag KG, et al. Bone formation markers in patients
with glucocorticoid-induced osteoporosis treated with teriparatide
or alendronate. Bone. 2010;46(4):929-34.

8. Van Staa TP, Laan RF, Barton IP, Cohen S, Reid DM, Cooper C. Bone
density threshold and other predictors of vertebral fracture in
patients receiving oral glucocorticoid therapy. Arthritis Rheum.
2003;48:3224-9.

9. Peel NFA, Moore DJ, Barrington NA, Bax DE, Eastell R. Risk of vertebral
fracture and relationship to bone mineral density in steroid treated
rheumatoid arthritis. Ann Rheum Dis. 1995;54:801-6.

10. De Vries F, Bracke M, Leufkens HG, Lammers JW, Cooper C, Van
Staa TP. Fracture risk with intermittent high-dose oral glucocorticoid
therapy. Arthritis Rheum. 2007;56(1):208-14.

11. van Staa TP, Geusens P, Bijlsma JW, Leufkens HG, Cooper C. Clinical
assessment of the long-term risk of fracture in patients with rheuma-
toid arthritis. Arthritis Rheum. 2006;54(10):3104-12.

12. Saag KG, Emkey R, Schnitzer T, et al. Alendronate for the prevention
and treatment of glucocorticoid-induced osteoporosis. GIOP Inter-
vention Study Group. N Engl J Med. 1998;339(5):292-9.

13. Saag KG, Zanchetta JR, Devogelaer JP, et al. Effects of teriparatide versus
alendronate for treating GIOP: 36 month results of a randomized,
double-blind, controlled trial. Arthritis Rheum. 2009;60(11):3346-55.

14. Wood CL, Soucek O, Wong SC, et al. Animal models to explore the
effects of glucocorticoids on skeletal growth and structure.
J Endocrinol. 2018;236(1):R69-91.

B 80of 10 DUBROVSKY ET AL.

JBMR Plus (WOA)


https://publons.com/publon/10.1002/jbm4.10443
https://publons.com/publon/10.1002/jbm4.10443

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

. Thiele S, Baschant U, Rauch A, Rauner M. Instructions for producing a

mouse model of glucocorticoid-induced osteoporosis. Bonekey Rep.
2014;3:552.

. Alam |, Oakes DK, Reilly AM, et al. Overexpression of WNT16 does not

prevent cortical bone loss due to glucocorticoid treatment in mice.
JBMR Plus. 2018;3(4):e10084.

. Geng Q, Heng K, Li J, et al. A soluble bone morphogenetic protein

type 1A receptor fusion protein treatment prevents glucocorticoid-
induced bone loss in mice. Am J Transl Res. 2019;11(7):4232-47.

. Sato AY, Cregor M, McAndrews K, et al. Glucocorticoid-induced bone

fragility is prevented in female mice by blocking Pyk2/Anoikis signal-
ing. Endocrinology. 2019;160(7):1659-73.

. Ersek A, Santo Al, Vattakuzhi Y, George S, Clark AR, Horwood NJ.

Strain dependent differences in glucocorticoid-induced bone loss
between C57BL/6J and CD-1 mice. Sci Rep. 2016;6:36513.

Hofbauer LC, Zeitz U, Schoppet M, et al. Prevention of glucocorticoid-
induced bone loss in mice by inhibition of RANKL. Arthritis Rheum.
2009;60:1427-37.

Yao W, Cheng Z, Pham A, et al. Glucocorticoid-induced bone loss in
mice can be reversed by the actions of parathyroid hormone and
risedronate on different pathways for bone formation and minerali-
zation. Arthritis Rheum. 2008;58(11):3485-97.

Weinstein RS, O'Brien CA, Almeida M, et al. Osteoprotegerin prevents
glucocorticoid-induced osteocyte apoptosis in mice. Endocrinology.
2011;152:3323-31.

Thiele S, Ziegler N, Tsourdi E, et al. Selective glucocorticoid receptor
modulation maintains bone mineral density in mice. J Bone Miner
Res. 2012;27(11):2242-50.

Noguchi T, Ebina K, Hirao M, et al. Oxygen ultra-fine bubbles water
administration prevents bone loss of glucocorticoid-induced osteo-
porosis in mice by suppressing osteoclast differentiation. Osteoporos
Int. 2017;28(3):1063-75.

Ohlsson C, Nilsson KH, Henning P, et al. WNT16 overexpression partly
protects against glucocorticoid-induced bone loss. Am J Physiol
Endocrinol Metab. 2018;314(6):E597-604.

Fumoto T, Ishii K, Ito M, Berger S, Schiitz G, lkeda K. Mineralocorticoid
receptor function in bone metabolism and its role in glucocorticoid-
induced osteopenia. Biochem Biophys Res Comm. 2014;447:407-12.

Piemontese M, Xiong J, Fujiwara Y, Thostenson JD, O'Brien CA. Corti-
cal bone loss caused by glucocorticoid excess requires RANKL pro-
duction by osteocytes and is associated with reduced OPG
expression in mice. Am J Physiol Endocrinol Metab. 2016;311(3):
E587-93.

Colditz J, Thiele S, Baschant U, et al. Osteogenic Dkk1 mediates
glucocorticoid-induced but not arthritis-induced bone loss. J Bone
Miner Res. 2019;34(7):1314-23.

Yoon SH, Grynpas M, Mitchell J. Intermittent PTH treatment improves
bone and muscle in glucocorticoid treated mdx mice: a model of
duchenne muscular dystrophy. Bone. 2019;121:232-42.

Zhu H, Wang M, Zhao C, et al. GAG and collagen Il attenuate
glucocorticoid-induced osteoporosis by regulating NF-kB and MAPK
signaling. Am J Transl Res. 2018;10(6):1762-72.

Li G, Bu J, Zhu Y, Xiao X, Liang Z, Zhang R. Curcumin improves bone
microarchitecture in glucocorticoid-induced secondary osteoporosis
mice through the activation of microRNA-365 via regulating MMP-9.
Int J Clin Exp Pathol. 2015;8(12):15684-95.

Bouvard B, Gallois Y, Legrand E, Audran M, Chappard D. Glucocorti-
coids reduce alveolar and trabecular bone in mice. Joint Bone Spine.
2013;80:7781.

Weinstein RS, Jilka RL, Parfitt AM, Manolagas SC. Inhibition of osteo-
blastogenesis and promotion of apoptosis of osteoblasts and osteo-
cytes by glucocorticoids potential mechanisms of their deleterious
effects on bone. Jour Clin Invest. 1998;102:274-82.

Li X, Zhou Z, Zhang Y, Yang H. IL-6 contributes to the defective oste-
ogenesis of bone marrow stromal cells from the vertebral body of the
glucocorticoid-induced osteoporotic mouse. PLoS One. 2016;11:
e0154677.

Ettinger B, Black DM, Mitlak BH, et al. Reduction of vertebral fracture
risk in postmenopausal women with osteoporosis treated with ralox-
ifene: results from a 3-year randomized clinical trial. Multiple

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Outcomes of Raloxifene Evaluation (MORE) Investigators [published
correction appears in JAMA 1999 Dec 8;282(22):2124]. JAMA. 1999;
282(7):637-45.

Cummings SR, Karpf DB, Harris F, et al. Improvement in spine bone
density and reduction in risk of vertebral fractures during treatment
with antiresorptive drugs. Am J Med. 2002;112(4):281-9.

Donnelly E. Methods for assessing bone quality: a review. Clin Orthop
Relat Res. 2011;469(8):2128-38.

Nyman JS, Roy A, Shen X, Acuna RL, Tyler JH, Wang X. The influence of
water removal on the strength and toughness of cortical bone.
J Biomech. 2006;39(5):931-8.

Weinstein RS, Wan C, Liu Q, et al. Endogenous glucocorticoids
decrease skeletal angiogenesis, vascularity, hydration, and strength
in aged mice. Aging Cell. 2010;9:147-61.

Kawedia JD, Janke L, Funk AJ, et al. Substrain-specific differences in
survival and osteonecrosis incidence in a mouse model. Comp
Med. 2012;62:466-71.

Liu C, Janke L, Kawedia JD, et al. Asparaginase potentiates
glucocorticoid-induced osteonecrosis in a mouse model. PLoS One.
2016;11:e0151433.

Yang L, Boyd K, Caste SC, Kandem Kandem L, Rahija RJ, Relling MV. A
mouse model for glucocorticoid-induced osteonecrosis: effect of a
steroid holiday. J Orthop Res. 2009;27:169-75.

Nyman JS, Even JL, Jo CH, et al. Increasing duration of type 1 diabetes
perturbs the strength-structure relationship and increases brittleness
of bone. Bone. 2011;48:733-40.

Turner CH, Burr DB. Basic biomechanical measurements of bone: a
tutorial. Bone. 1993;14:595-608.

Lane NE, Nyman JS, Uppuganti S, et al. Inhibition of vascular endo-
thelial growth factor in young adult mice causes low bone blood flow
and bone strength with no effect on bone mass in trabecular regions.
Bone Rep. 2019;10:100210.

Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ,
Muller R. Guidelines for assessment of bone microstructure in
rodents using MicroCT. J Bone Min Res. 2010;25:1468-86.

Harris D, Garrett K, Uppuganti S, Creecy A, Nyman JS. The BALB/c
mouse as a preclinical model of the age-related deterioration in the
lumbar vertebra. Bone. 2020;137:115438.

Nyman JS, Merkel AR, Uppuganti S, et al. Combined treatment with a
transforming growth factor beta inhibitor (1D11) and bortezomib
improves bone architecture in a mouse model of myeloma-induced
bone disease. Bone. 2016;91:81-91.

Granke M, Does MD, Nyman JS. The role of water compartments in the
material properties of cortical bone. Calcif Tiss Int. 2015;97:292-307.

Horch RA, Gochberg DF, Nyman JS, Does MD. Non-invasive predictors of
human cortical bone mechanical properties: T2-discriminated 1H NMR
compared with high resolution X-ray. PLoS One. 2011;6(1):e16359.

Creecy A, Uppuganti S, Girard MR, et al. The age-related decrease in
material properties of BALB/c mouse long bones involves alterations
to the extracellular matrix. Bone. 2020 Jan;130:115126.

Horch RA, Wilkens K, Gochberg DF, Does MD. RF coil considerations
for short-T2 MRI. Magn Reson Med. 2010 Dec;64(6):1652-7.

Wronski TJ, Cintron M, Dann LM. Temporal relationship between
bone loss and increased bone turnover in ovariectomized rats. Calcif
Tissue Int. 1988;43(3):179-83.

Wronski TJ, Dann LM, Scott KS, Cintron M. Long-term effects of ovariec-
tomy and aging on the rat skeleton. Calcif Tissue Int. 1989;45(6):360-6.

Wronski TJ, Dann LM, Horner SL. Time course of vertebral osteopenia
in ovariectomized rats. Bone. 1989;10(4):295-301.

Kalu DN. The ovariectomized rat as a model of postmenopausal
osteopenia. Bone Miner. 1991;15:175-91.

Wronski TJ. The ovariectomized rat as an animal model for postmen-
opausal bone loss. Cells Mater. 1992;1(suppl 1):69-74.

Kimmel DB. Animal models in bone research. In Smith SY, Varela A,
Samadfam R, Cham SW, eds. Bone toxicology. Heidelberg: Springer;
2017 pp 129-71.

Sophocleous A, Idris Al. Rodent models of osteoporosis. Bonekey
Rep. 2014;10(3):614.

JBMR® Plus

GLUCOCORTICOID-RELATED BONE STRENGTH/BONE MASS DISCREPANCY 9 of 10



60.

61.

62.

Jee WSS, Yao W. Overview: animal models of osteopenia and osteo-
porosis. J Musculoskelet Neuronal Interact. 2001;1:193-207.

Bonucci E, Ballanti P. Osteoporosis-bone remodeling and animal
models. Toxicol Pathol. 2014;42:957-69.

Xi L, Song Y, Wu W, et al. Investigation of bone matrix composition,
architecture and mechanical properties reflect structure-function
relationship of cortical bone in glucocorticoid-induced osteoporosis.
Bone. 2020 Jul;136:115334.

63.

64.

Shidara K, Mohan G, Lay YA, Jepsen KJ, Yao W, Lane NE. Strain-
specific differences in the development of bone loss and incidence
of osteonecrosis following glucocorticoid treatment in two different
mouse strains. J Orthop Translat. 2018;16:91-101.

Lian KC, Lang TF, Keyak JH, et al. Differences in hip quantitative
computed tomography (QCT) measurements of bone mineral
density and bone strength between glucocorticoid-treated and
glucocorticoid-naive postmenopausal women. Osteoporos Int.
2005;16(6):642-50.

M 100f 10 DUBROVSKY ET AL.

JBMR Plus (WOA)



	Bone Strength/Bone Mass Discrepancy in Glucocorticoid-Treated Adult Mice
	Introduction
	Materials and Methods
	Animals
	Necropsy
	Biomechanical testing
	Femoral diaphysis (three-point bending)
	Lumbar vertebral body 6 (compression)
	Micro-computed tomography
	1H-NMR relaxometry

	Statistical Analysis

	Results
	Effect of glucocorticoid treatment
	Anthropometric and bone hydration endpoints
	Central femur mechanical properties
	Central femur morphometry
	LV body biomechanical properties and morphometry

	Effect of treatment time
	Anthropometric and bone hydration endpoints
	Central femur mechanical properties
	Central femur morphometry
	LV body biomechanical properties and morphometry
	Distal femur morphometry


	Discussion
	Disclosures
	Acknowledgments
	PEER REVIEW

	References




