Bone 52 (2013) 326-336

journal homepage: www.elsevier.com/locate/bone

Contents lists available at SciVerse ScienceDirect

Bone

Original Full Length Article

Variations in nanomechanical properties and tissue composition within trabeculae
from an ovine model of osteoporosis and treatment

Jayme C. Burket 2, Daniel J. Brooks ¢, Jennifer M. MacLeay °, Shefford P. Baker €,

Adele L. Boskey %®f Marjolein C.H. van der Meulen

a,d,*k

@ Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, NY, 14850, USA

b Department of Clinical Sciences, Colorado State University, Fort Collins, CO, 80523, USA

¢ Department of Materials Science and Engineering, Cornell University, Ithaca, NY, 14850, USA

4 Musculoskeletal Integrity Program, Hospital for Special Surgery, New York, NY, 10021, USA

€ Department of Biochemistry, Weill Medical College of Cornell University, New York, NY, 10021, USA

f Graduate Program in Physiology, Biophysics, and Systems Biology, Weill Medical College of Cornell University, New York, NY, 10021, USA

ARTICLE INFO

Article history:

Received 29 May 2012

Revised 14 October 2012
Accepted 16 October 2012
Available online 23 October 2012

Edited by: David Fyhrie

Keywords:

Osteoporosis
Bisphosphonate

SERM

Composition
Nanomechanical properties
Cancellous bone

ABSTRACT

Osteoporosis and treatment may affect both composition and nanomechanical properties and their spatial dis-
tributions within the individual trabeculae of cancellous bone at length scales that cannot be captured by bulk
measurements. This study utilized 25 mature adult ewes divided into 5 treatment groups. Four treatment
groups were given a dietary model for human high-turnover osteoporosis, and two of these were treated
with antiresorptive drugs, either zoledronate (ZOL) or raloxifene (RAL), to examine their effects on bulk tissue
properties and nanoscale tissue composition and mechanical properties within trabeculae. Treatment effects
were most pronounced at the nanoscale, where RAL increased indentation modulus and hardness throughout
trabeculae by 10% relative to the osteoporosis model. In comparison, ZOL increased these properties exclusive-
ly at the surfaces of trabeculae (indentation modulus + 12%, hardness + 16%). Nanomechanical alterations
correlated with changes in tissue mineralization, carbonate substitution, crystallinity, and aligned collagen.
Despite only minimal changes in bulk tissue tBMD, the nanomechanical improvements within trabeculae
with both treatments greatly improved the predicted theoretical bending stiffness of individual trabeculae
when idealized as cylindrical struts. Hence, small tissue-level alterations in critical locations for resisting tra-
becular failure could account for some of the discrepancy between the large reductions in fracture risk and the
only modest changes in BMD with antiresorptive treatments.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

One in three women and one in five men over the age of fifty will
experience an osteoporotic fracture in their lifetime [1-3]. The risk for
additional fractures increases markedly after experiencing the first
fracture [4]. Antiresorptive agents and selective estrogen receptor
modulators (SERMs) reduce fracture risk from 30-50%, but increase
areal BMD only slightly by 0-8% [5-10], suggesting that BMD alone
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monic generation; FTIR, Fourier transform infrared spectroscopy; mineral:matrix,
mineral-to-matrix ratio; XLR, collagen cross-linking network maturity; BV/TV, bone
volume fraction; tBMD, tissue mineral density; Tb.Th, trabecular thickness; Tb.Sp, tra-
becular separation.
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is unable to fully capture skeletal alterations with treatment. BMD
reflects the total amount of bone mineral (and the overall level of
mineralization) but cannot capture effects at smaller length scales
where failure initiates. At these smaller length scales, skeletal fracture
risk depends on tissue microarchitecture and properties of mineral
and matrix constituents that can vary spatially within individual bone
microstructures due to the remodeling process [11-18]. These spatial
distributions are particularly important because small tissue property
changes in critical locations for resisting trabecular failure can pro-
foundly affect skeletal fracture resistance. Imbalances or alterations in
the remodeling process with osteoporosis and treatment may alter
levels and spatial distributions of mineral and matrix properties within
bone microstructures and could play a crucial role in our understanding
of fracture risk and our ability to develop and evaluate successful
therapies.

The mineralization gradient within trabeculae of healthy human
bone is positive from surface to center and produces a positive gradi-
ent in tissue stiffness [15,19-23]. The manner in which individual tra-
beculae bear load is influenced by these tissue-level properties and
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their arrangement within trabeculae. In postmenopausal women, 0s-
teoporosis reduces the overall heterogeneity of both tissue miner-
alization and mineral crystallinity [22,24,25], and bisphosphonate
treatment further reduces heterogeneity in these properties [26-30].
However, the effects of osteoporosis and treatments on specific spa-
tial distributions of compositional properties within trabeculae are
not well-documented and may depend on treatment type. Mineral
and matrix composition ultimately determine tissue mechanical func-
tion. Thus, any heterogeneity in tissue compositional properties results
in nanomechanical heterogeneity that alters profiles of stress and strain
within trabeculae and possibly affects the bone composite's ability to
dissipate energy [14,17,18]. In healthy tissue, nanomechanical prop-
erties follow changes in mineralization and aligned collagen content
[19,20,31]. Relationships between spatial compositional changes and
the consequential nanomechanical alterations with osteoporosis and
treatment have not yet been determined.

The goal of the present study was to compare spatial composition-
al and nanomechanical alterations in trabeculae with a large-animal
model of osteoporosis and treatment. Two drugs were compared
in this study. The first was a selective estrogen receptor modulator
(SERM) that reduces turnover by acting through natural estrogen re-
ceptor pathways in bone and mimicking the effects of estrogen. The
second treatment was from the widely-used bisphosphonate class
of drugs that bind to bone matrix and directly inhibit osteoclastic
activity upon resorption. SERMs and bisphosphonates reduce bone
turnover to varying degrees yet produce similar reductions in fracture
risk [32,33]. In a previous study, bisphosphonates altered collagen
cross-linking in healthy female beagle vertebrae whereas SERMs did
not [34]. SERMs improved vertebral mechanical performance indepen-
dently of BMD in these same animals, suggesting that other changes in
tissue composition might play an important role in fracture resistance
[10,35].

Our hypotheses were that tissue stiffness and hardness would
decrease in an ovine model of osteoporosis relative to healthy ewes
due to alterations in tissue composition. Conversely, treatment with
either raloxifene (SERM) or zoledronate (bisphosphonate) would re-
store tissue nanomechanical properties through further alterations in
tissue composition. Greatest effects were expected near surfaces of
trabeculae in regions of active remodeling and bone formation. Addi-
tionally, nanoscale rather than bulk tissue measures were predicted
to better capture these changes with treatment because of their bet-
ter spatial resolution. As tissue age and the amount of turnover influ-
ence tissue properties [21,22], zoledronate was expected to alter these
properties more markedly than raloxifene relative to the ovine model
for osteoporosis because bisphosphonates reduce bone turnover to a
greater degree than SERMs [33,36]. However, raloxifene treatment
was expected to better restore cancellous tissue properties to those
present in healthy, ovary intact female sheep, since SERMs act through
natural estrogen receptor pathways [37].

2. Materials and methods

The present study utilized a dietary-induced ovine model of oste-
oporosis and treatment to examine alterations in bone tissue compo-
sitional and nanomechanical properties, and changes in the spatial
arrangements of these properties within trabeculae. The microstruc-
ture of sheep bone is similar to that of humans [38-42]. In a previous
study, dietary-induced metabolic acidosis (MA) in sheep increased
bone turnover and reduced bone mineral and whole bone strength
similar to postmenopausal osteoporosis in humans [38,41,43]. In con-
trast, the ovine ovariectomy (OVX) model decreased bone turnover
and caused osteomalacia [43], making MA the appropriate model
choice for post-menopausal, high-turnover osteoporosis. Two different
antiresorptive treatments were examined in this study: the SERM,
raloxifene (RAL), and the bisphosphonate, zoledronate (ZOL).

2.1. Samples and specimen preparation

Femora were obtained from 25 mature adult Swiss-Ramboulet ewes
(6-7 years old at the start of the experiment) from 2 experiments
(approved by the Colorado State University Institutional Animal Care
and Use Committee). Originally, the bisphosphonate and SERM treat-
ments were planned as a single experiment; however, due to difficulty
administering alendronate in the first study, the bisphosphonate study
was repeated with zoledronate and an additional MA group for compar-
ison. The first experiment had two groups. Both groups were fed a diet
that induced compensated metabolic acidosis (MA) via the consump-
tion anionic salts. Previously, this diet increased bone remodeling and
decreased bone density as assessed by dual-energy x-ray absorptiome-
try [38,41,43] After an initial 6 months on the MA diet, the ewes contin-
ued this diet for another 6 months while receiving either vehicle (MA1,
n=>5) or a clinically equivalent dose of raloxifene (RAL, 0.80 mg/kg
daily, n=4) administered daily through abomasal cannulae [41,43].
Both treatment groups started with n=6 sheep, based on a power
analysis for nanoscale measurements in a pilot study plus one addition-
al sheep per treatment group in accordance with standard procedure
for ovine experiments at Colorado State University. Two RAL sheep
were euthanized early due to cannula pull-out and one MA sheep
was euthanized due to injuries unrelated to the experiment. A group
of healthy animals fed a normal diet (CONT, n=5) were housed in
the same facility and euthanized in the same season (summer) as Ex-
periment 1. The second experiment had two treatment groups. Both
groups received 8 months of MA rather than 6 months due to a delay
in receiving the medication for the study. Subsequently, one group con-
tinued on the MA diet for 6 months with no treatment (MA2, n=6)
and one group continued on the MA for 6 months with a clinically
equivalent dose of zoledronate (ZOL, 5 mg/sheep, n=6) at the begin-
ning of the treatment period. Both groups were euthanized in the win-
ter. The second experiment included a MA group to compare the effects
of zoledronate treatment with the ovine osteoporosis model, but did
not include a normal diet control group. After euthanasia, femora
were stored at — 20 °C prior to specimen preparation.

2.2. Bulk cancellous tissue characterization

A single cylindrical core was taken from the medial-caudal quad-
rant of the distal femur from each sheep to characterize morphology
and mechanical properties. Cores were excised with a diamond core
drill (5 mm ID, Starlight Industries, Rosemont, PA) under constant
irrigation with physiological saline, wrapped in saline-soaked gauze,
and stored at —20 °C prior to scanning.

2.2.1. Micro-computed tomography (microCT)

Tissue architecture within each cancellous core was quantified by
microCT (55 kVp, 145 mA, 600 ms integration time, UCT 35, Scanco
Medical, Bruttisellen, Switzerland). The axial central third of each
core was scanned at 15 pm isotropic resolution. A calibrated HA
standard was used to convert the linear attenuation for each voxel
to g HA/cm>. A 0.5 mm aluminum filter reduced the effects of
beam hardening. A global threshold was chosen for all specimens.
Outcomes included bone volume fraction (BV/TV), tissue mineral
density (tBMD, mg/cm?), and trabecular thickness and separation
(Tb.Th and Tb.Sp, mm).

2.2.2. Compression testing and ashing

Bulk cancellous mechanical properties were assessed by compres-
sion testing of the bone cores. Prior to testing, press-fit brass end-caps
were bonded to the ends of each core to minimize end artifacts [44].
The average gage length and diameter of the exposed core between
endcaps were measured and used for subsequent stress and strain
calculations. The load function consisted of 5 preconditioning cycles
of 0 to 0.1% compressive strain before monotonically loading to 3%
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