1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Bone. Author manuscript; available in PMC 2021 January 01.

Published in final edited form as:
Bone. 2020 January ; 130: 115126. doi:10.1016/j.bone.2019.115126.

The Age-Related Decrease in Material Properties of BALB/c
Mouse Long Bones Involves Alterations to the Extracellular
Matrix

Amy Creecy, PhD123, Sasidhar Uppuganti, MS23, Madeline R. Girard, BS!, Siegfried G.
Schlunk, BS!, Chidi Amah, BS#, Mathilde Granke, PhD?:3, Mustafa Unal, PhD2:3:5, Mark D.
Does, PhD1, Jeffry S. Nyman, PhD1.2.3.6."

1Department of Biomedical Engineering, Vanderbilt University, Nashville, TN 37232

2Department of Orthopaedic Surgery & Rehabilitation, Vanderbilt University Medical Center,
Nashville, TN 37232

3Center for Bone Biology, Vanderbilt University Medical Center, Nashville, TN 37232
4Meharry Medical College, Nashville, TN 37208

SDepartment of Mechanical Engineering, Karamanoglu Mehmetbey University, Karaman, Turkey
70100

6Department of Veterans Affairs, Tennessee Valley Healthcare System, Nashville, TN 37212

Abstract

One possibility for the disproportionate increase in fracture risk with aging relative to the decrease
in bone mass is an accumulation of changes to the bone matrix which deleteriously affect fracture
resistance. In order to effectively develop new targets for osteoporosis, a preclinical model of the
age-related loss in fracture resistance needs to be established beyond known age-related decreases
in bone mineral density and bone volume fraction. To that end, we examined long bones of male
and female BALB/c mice at 6-mo. and 20-mo. of age and assessed whether material and matrix
properties of cortical bone significantly differed between the age groups. The second moment of
area of the diaphysis (minimum and maximum principals for femur and radius, respectively) as
measured by ex vivo micro-computed tomography (UCT) was higher at 20-mo. than at 6-mo. for
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both males and females, but ultimate moment as measured by three-point bending tests did not
decrease with age. Cortical thickness was lower with age for males, but higher for old females.
Partially accounting for differences in structure, material estimates of yield, ultimate stress, and
toughness (left femur) were 12.6%, 11.1%, and 40.9% lower, respectively, with age for both sexes.
The ability of the cortical bone to resist crack growth (right femur) was also 18.1% less for the old
than for the young adult mice. These decreases in material properties were not due to changes in
intracortical porosity as pore number decreased with age. Rather, age-related alterations in the
matrix were observed for both sexes: enzymatic and non-enzymatic crosslinks by high
performance liquid chromatography increased (femur), volume fraction of bound water by 1H-
nuclear magnetic resonance relaxometry decreased (femur), cortical tissue mineral density by uCT
increased (femur and radius), and an Amide | sub-peak ratio l167¢/11640 by Raman spectroscopy
increased (tibia). Overall, there are multiple matrix changes to potentially target that could prevent
the age-related decrease in fracture resistance observed in BALB/c mouse.

Keywords

bone quality; toughness; bound water; advanced glycation end-products; collagen; Raman
spectroscopy

1. Introduction

With aging, there are deleterious changes to bone at multiple hierarchical levels of
organization that lower the overall fracture resistance and hence elevate fracture risk. As
examples, the cortices become thinner (macrostructure) causing less bone area for resisting
axial forces [1-3]; intracortical porosity [4-6] and fenestrations in trabeculae increase
(microstructure) [7] while the volume of trabecular bone decreases [8,9] such that the
apparent strength is reduced [10], as predicted by finite element analysis [11-14]; and
advanced glycation end-products (AGEs) accumulate [15-17] within the organic matrix
(ultrastructure) of cortical bone impeding the deformation of collagen fibrils [18].
Traditionally, osteoporosis is viewed as a problem of low bone mass causing reduced bone
strength, but during aging, there is a well-known disproportionate increase in fracture risk
relative to the decrease in areal bone mineral density (aBMD) [19,20]. Therefore, in addition
to reducing fracture risk by minimizing the propensity to fall, improving muscle strength and
flexibility, and maintaining nutrition among the elderly, there is a need to identify
mechanisms that can be targeted to promote bone quality, not just bone mass or volume.

To date, the primary concern in pre-clinical rodent studies has been whether a therapy
increases bone mass and bone strength, typically aBMD or bone volume fraction (BV/TV)
and structural-dependent strength (e.g., maximum force in compression or ultimate moment
during bending), even though mechanical testing studies of cadaveric bone from adult
donors report age-related declines in material properties (percent decline per decade):
ultimate tensile strength [21] (~2.1% [22]), impact energy (~8.4% [23]), energy-to-failure in
tension (6.8% [22]), work-of-fracture in bending (~8.7% [24]), fatigue resistance (~23%
[25]), and fracture toughness (~4.1% [24] or ~6.8% [26]), all determined at the apparent
level (i.e., independent of macrostructure but not microstructure). The focus on whole-bone
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strength is understandable given that mice and rats experience a decrease in trabecular
BV/TV at metaphyseal sites of the femur and tibia [27-34] as well as within the lumbar
vertebral body [28,35,36] with advanced aging (>20-mo. vs. 6-mo. or 12-mo.). Moreover,
similar to humans [1,37,38], cortical thickness in long bones of C567BL/6J mice [27,39] and
Fischer F344 rats [33] is known to decrease without an accompanying loss in cortical area or
second moment of area of the mid-shaft due to periosteal expansion with age.

While several studies report that the estimated yield or ultimate stress of cortical bone, as
determined by three-point bending tests of femur mid-shaft, decreases with advanced aging
(i.e., beyond 12-mo.) for C57BL/6 mice [39-41], little is known about the age-related
changes in the material properties of bone for the BALB/c mouse strain, another pre-clinical
model of aging supported by the National Institute on Aging (NIA) in the US. In a study of
long bones from female and male BALB/c mice at 2-, 4-, 7-, 12-, 20-months (mo.) of age,
the yield stress and ultimate stress was found to not significantly change with aging after
skeletal maturity (7-mo. vs. 20-mo.) when the radius was tested in three-point bending [32].
Although the femur mid-shaft was also loaded-to-failure in three-point bending, these
estimates of bending strength at the material level were not reported for this region of
cortical bone [32]. Whether the ability to dissipate energy during failure (toughness) and
resist crack growth (fracture toughness), two other important material properties that
characterize fracture resistance of bone, decrease with advanced aging in C57BL/6 or
BALB/c mice is not known at present for both sexes.

While the quality of the bone matrix is thought to decline after middle age [15] and
presumably contributes to the increase in fracture risk due to osteoporosis and other diseases
of bone [42], potential therapeutics for reducing fracture risk are primarily assessed for their
ability to prevent or rescue bone loss in rodent models of sex hormone deficiency [43].
While such an approach is understandable, it may not fully assess the efficacy of the
therapeutic. For example, sodium fluoride treatment was tested in clinical trials for the
treatment of osteoporosis because pre-clinical studies found that it increased bone mass [44],
but this therapy did not reduce fracture risk despite increasing aBMD because fluoride gets
incorporated into the mineral, thereby lowering the mechanical integrity of bone [45]. When
mechanical testing was included, the energy-at-failure and strain-at-failure of the femur mid-
shaft was lower for the rats treated with NaF compared to sham and ovariectomized rats
without this treatment [46]. There are also mouse models of disease such as osteogenesis
imperfecta in which the mineral-to-matrix ratio and bone mineral density are higher while
the ultimate stress and toughness of the cortical bone is lower for the mice with the disease
(e.g., collagen defect) than for the control mice [47]. If new therapeutic strategies are to
target the contribution of bone matrix quality to fracture resistance, a well-validated,
preclinical model in which age-related changes in the matrix accompany a loss in multiple
material properties, not just strength, would be useful [48]. In particular, the objective of this
study was to identify the matrix properties of cortical bone that change with advanced aging
in a mouse strain for which aging colonies are maintained by commercial laboratories with
support from the NIA. Previous studies characterizing the bone matrix of mice have been
limited to skeletal development (1 to 40 days of age) [49] or to male C57BL/6 mice (6-mo.,
18-mo., 24-mo.) [41]. We hypothesized that the age-related decrease in fracture resistance is
similar between humans and BALB/c mice in that i) the ability of bone to dissipate energy
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and resist crack growth is lower for both male and female, 20-month-old BALB/c mice
compared to young-adult (6-month-old), sex-matched BALB/c mice and ii) such changes
coincide with age-related changes within the bone matrix (e.g., higher AGEs, higher type B
carbonate substitutions, and lower bound water).

2. Materials and Methods

2.1. Study design and tissue collection

2.2.

Forty male BALB/c mice at 19 months (n=20) or 2 months of age (n=20) were first acquired
from the colony maintained by the NIA (Charles River Laboratories), and then several years
later 40 female BALB/c mice at 19 months (n=20) or 4-5 months of age (n=20) were
acquired from the same colony. All procedures were approved by the Vanderbilt University
Medical Center IACUC. Mice were housed with no more than 5 mice per cage on a 12-hour
light/dark cycle. Mice were fed a standard rodent chow (5L0OD, LabDiet, St Louis, MO) ad
libitum and were euthanized by cervical dislocation after cardiac exsanguination to collect
blood serum while under deep anesthesia at 6 months (6-mo.) and 20 months (20-mo.).
These 2 age groups were chosen to represent young adulthood after skeletal maturation and
post-senescence [50], with the awareness that median lifespan of BALB/c mice is ~100 days
less than the median lifespan of C57BL/6 mice [51]. Two old mice per sex died soon after
arriving and were not included in the study, and so bones were available from twenty 6-mo.
old mice per sex and eighteen 20-mo. old mice per sex.

Femurs were immersed in phosphate buffered saline (PBS) and stored at —20 °C. Right
femurs were subsequently notched at the mid-point of the diaphysis for later use in fracture
toughness testing. This involved mounting the femur to a micrometer stage such that the
axial length of the bone was perpendicular to a diamond-embedded, circular wafering blade
(Buehler Isomet 3x0.007”) and then translating the mid-shaft a set distance (1/5% anterior-
posterior width) into the irrigated blade as it rotated. Then the notch was sharpened using a
razorblade coated in diamond solution (representative images of the notch with a micro-
notch shown in Figure S1). Tibiae and radii were flash frozen in liquid nitrogen and stored at
-80 °C.

Micro-computed tomography analysis

The notched region of each right femur (1.86 mm in length) was imaged using a uCT50
scanner (Scanco Medical AG, Brittisellen, Switzerland) and the following scan parameters:
X-ray tube voltage of 70 kVp drawing 114 UA, an isotropic voxel size of 6 um, and an
acquisition of 1000 projections per 360° rotation with an integration time of 600 ms. The
mid-point (1.26 mm in length) of the left femur diaphysis was imaged using a uCT40
scanner (Scanco Medical AG, Bruttisellen, Switzerland): X-ray tube voltage of 70 kVp
drawing 114 YA, an isotropic voxel size of 12 um, and an acquisition of 1000 projections per
360° rotation with an integration time of 300 ms. The central point of curvature (1.09 mm in
length) of each radius was imaged using a HCT50: X-ray tube voltage of 55 kVp drawing
200 pA, an isotropic voxel size of 4 um, and an acquisition of 1000 projections per 360°
rotation with an integration time of 1500 ms. For each scanner, a 0.5 mm Al filter was used
along with the manufacturer’s specified beam hardening correction for the corresponding

Bone. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Creecy et al.

Page 5

hydroxyapatite (HA) phantom calibration, which is performed weekly on both scanners. The
global threshold for each scan protocol (4 um, 6 um, and 12 um voxel sizes) was selected to
minimize the contribution of noise and maximize the inclusion of bone tissue (Figure S2).

Following reconstruction, the notch angle was manually determined as previously described
[52]. Upon fitting tight contours to the periosteal surface for slices above and below the
notch, we used standard Scanco evaluation scripts to determine tissue mineral density of the
cortex (Ct.TMD) and cortical porosity (Ct.Po) at 6 pm for a global threshold of >960.9
mgHA/cm?3 (Gaussian image noise filter: sigma = 0.2 and support = 2) (representative
histograms shown in Figure S2) and a global, inverse threshold of <1021.3 mgHA/cm3
(sigma = 0.3 and support = 1) (representative pore images shown in Figure S3), respectively.
To determine the cross-sectional geometry parameters, cortical thickness (Ct.Th) and
Ct.TMD of the mid-shafts at 12 pm (femur) and at 4 um (radius), we also used standard
Scanco evaluation scripts (IPLV6_AUTOCONTOUR_DUALTH_GAUSS_SLIMIRR.COM
and IPLV6_MIDSHAFT.COM) with the following parameters: i) a sigma=0.2, support=1,
and global threshold of >666.8 mgHA/cm3 (right radius) and ii) sigma=0.2, support=1 and
global threshold of >751.4 mgHA/cm? (left femur). The Ct.Po of the intact left femur was
also determined for a global inverse threshold of <900.4 mgHA/cm? (sigma = 0.2 and
support = 1).

2.3. Assessing material properties of cortical bone

Hydrated left femurs and right radii were loaded-to-failure at 3 mm/min in three-point
bending using a servo-hydraulic material testing system (Instron DynaMight 8841,
Norwood, MA) with a 100 N load cell (Honeywell, OH, Model no. 060-C863-02). For each
bone, the anterior side faced down (tension), while the medial side faced forward. The lower
span for the bending tests of the femurs was adjusted to approximately maintain a span-to-
anterior-posterior-width ratio of 6.0 (varied between 6 mm and 8 mm in increments of 0.5
mm). The intact radii were all tested using a constant span of 8 mm. Force and displacement
data was collected and used to calculate structural-dependent ultimate moment (ultimate or
maximum force x span / 4) and rigidity (stiffness, or slope of the linear portion of the data, x
span3 / 48). Material properties were estimated using the cross-sectional geometry
parameters from UCT. The second moment of area for bending in the anterior-posterior (a-p)
direction and about the medial-lateral axis corresponds to the minimum principal or Iy, of
the femur and the maximum principal or 15« of the radius, and the distance between the
neutral axis and the periosteal surface in direction of loading corresponds to the length of the
minimum principal axis (Cyin) of the femur (Table S5) or the maximum principal axis (Cmax)
of the radius as previously described [33].

To slowly propagate a crack, notched right femurs were loaded in three-point bending under
hydration at 0.5 mm/min until failure [53]. The posterior side face downward, and the span
was adjusted to be 4 times the anterior-posterior width rounded to the nearest 0.1 mm. Stable
crack propagation was monitored using a high resolution DSLR camera (Canon EOS 7D)
attached with a macro lens. To determine the fracture toughness of cortical bone, the critical
stress intensity factor to initiate crack growth (K¢ jnit) was calculated from yield force and a
previously published equation for mode | opening of a circumferential flaw in a cylindrical
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pipe [53]. As described in our previous publication [52], notch angle and bone geometry
parameters were determined from the UCT evaluations and met the criteria that makes the
equation valid [53]. Similar to the toughness estimate for the intact femur, the energy
dissipated during crack propagation was estimated as the work-to-failure during crack
growth (Wrack) Normalized to the cortical area (Ct.Ar) and adjusted for span as previously
described [33].

2.4. Raman spectroscopy

Raman spectra were collected from 10 sites randomly distributed within the mid-shaft of the
left tibiae (Figure S4A) for males and the right tibiae for females using an 830 nm confocal
Raman micro-spectroscopy (Invia, Renishaw, Hoffman Estates, IL), providing ~1 cm=1
spectral resolution. Unfortunately, the right tibia from male mice was not available for
Raman analysis, but we verified that there were no bias in the left-right measurements of the
Raman properties for the female bones (Figure S5). An average of 10 consecutive spectra
(Figure S4B) were collected per site with a 20X objective (NA=0.40) for a 5 s duration.
Laser power was set at ~ 35 m\W. Spectra were processed as previously described [54,55].
Briefly, the 10 raw Raman spectra per bone specimen were averaged to maximize signal-to-
noise (Figure S4C) [56]. Then, background fluorescence was removed from all averaged
spectra by subtracting a 5™-order polynomial function from the base of the raw spectra
(Figure S4D). Next, the averaged spectra were further smoothed to minimize noise (Figure
S4E) using a proprietary de-noising (D-n) algorithm provided by the LabSpec 5 software
(v5.78.24, Horiba Jobin Yvon, Edison, NJ). From the averaged and de-noised spectrum per
bone sample, we calculated the following Raman peak ratios: v{PO4/Amide I, v{PO,4/
Proline, v1PO4/Amide 11, v1PO4/CH,-wag, and CO3/v1POy. Crystallinity was the inverse
of the line-width of the v1PO4 peak at half the height from baseline or half-maximum (1/
FWHM). To assess potential age-related differences in the secondary structure of collagen I,
Amide | sub-peak ratios were calculated directly from the intensity ratios of the Amide I
peak per sub-peak, the location of which was identified from the local minima of each
second-derivative spectrum (Intensity at approximate wavenumber location): 11570/l1640,

l1670/11610, and l1670/11690 [56].

2.5 H nuclear magnetic resonance (*H NMR) relaxometry

Bound water and pore water were measured using our published *H NMR relaxometry
technique [33,57] on the intact right femurs prior to notching and fracture toughness tests.
After removing any surface water by a dry Kim-wipe, the bone was placed within a custom,
low-proton radiofrequency (RF) coil along with a reference marker of water (20 pL). After
placing the coil in a 4.7 T horizontal-bore magnet (Varian Medical Systems, Santa Clara,
CA), Carr-Purcell-Meiboom-Gill (CPMG) measurements with a total of 10,000 echoes were
acquired at an echo spacing of 100 ps. Each T2 spectrum (Figure S6) was generated by
fitting multiple exponential decay functions to the measurements, and the integrated area of
bound water signal was converted to volume (based on a reference marker of known volume
of water) and normalized to bone volume as measured using Archimedes’ principle. To
estimate the pore water volume, we integrated the peaks between 0.61 ms and 46 ms
excluding long T2’s that overlap signals from lipids (Figure S6). Bound water signals were
integrated between 0.1 ms and 0.61 ms.
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2.6. High Performance Liquid Chromatography (HPLC)

The proximal and distal ends of the left femur were removed and the remaining cortical
bone was flushed prior to complete demineralization in 20% ethylene diamine tetra-acetic
acid (EDTA) at 4°C. Bones were subsequently dehydrated and then hydrolyzed in 6 N HCI
with 4.5 mM alpha-amino-N-butyric acid (a-ABA) for 20 hours at 100 °C. Hydrolysates
were filtered and split into approximately ~1 mg fractions. One fraction was used to measure
the crosslinks pyridinoline (PYD), deoxypyridinoline (DPD), and pentosidine (PE) on a
C-18 Spherisorb ODS2 column (Waters, Milford, MA) using a reverse-phase HPLC protocol
previously described [58].

A second ~1 mg hydrolysate fraction was used to measure hydroxyproline. Hydrolysates
were derivatized using phenoisothiocyanate (PITC) and measured on a PicoTag® column
(Waters, Milford, MA) using a previously described protocol [58]. Hydroxyproline values
were calculated from a standard curve normalizing to a-ABA. Crosslink values were
normalized to a collagen content value estimated from hydroxyproline.

2.7. Statistical Analysis

Since the female and male mice were not siblings, age comparisons were made separately.
Due to some variables not passing Shapiro-Wilk test for normality (Table S1), the Mann-
Whitney test was used to determine whether properties were significantly different between
the age groups (GraphPad Prism v6, GraphPad Software, La Jolla, CA). To investigate
whether age-related changes were different between the sexes, we tested whether age group,
sex, and the interaction between the two factors significantly explained the variance in each
property (Table S2) using bootstrapped general linear models (GLMs) with 500 replications
in STATA (StataCorp LLC., College Station, TX) in which age and sex were categorical
variables (Table S2).

3. Results

3.1. The Diaphysis of Long Bones of Older Mice Had Higher Bone Area But Similar
Structural-dependent Strength Compared to Younger Mice

Though there was no difference in body weight between the young and old female mice
(Table 1), the minimum principal second moment of area or area moment of inertia (I,in),
was higher at 20-mo. than at 6-mo. for both the femur and radius diaphysis (Figure 1B-D).
For males, body weight was significantly lower at 20-mo. compared to 6-mo. (Table 1), but
as with females, I,y;, was higher at 20-mo. (Figure 1B-D) for both bones. Additional
structural differences in the mid-shaft included higher Ct.Ar (female only) and higher Tt.Ar
with aging (Table 1). Interestingly, while cortical thickness (Ct.Th) was higher in older
female mice, it was lower in 20-mo. old male mice compared to respective young adult mice
(Figure 1E-F). In best-fit general linear models (GLMSs), these relative differences in Iyin
and Ct. Th (femur and radius) between the age groups were significant when body mass was
included as a covariate, regardless of sex (Table S3).

Matching the age-related increase in In, the yield and ultimate moment of the femur
diaphysis was also higher in old females compared to young-adult females (Table 1). In
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contrast, there were no differences in these structural-dependent terms between 20-mo. and
6-mo. for males, even though I, Was higher for the older mice (Table 1). As for the radius,
yield and ultimate moment was higher at 20-mo. than at 6-mo. for both females and males
(Table 1). Again, in best-fit GLMs, yield and ultimate moment of the radius (female and
male) and yield and ultimate moment of the femur (female only) were significantly higher
with age when body mass was included as covariate (Table S3).

Cortical porosity can also influence bending strength at the apparent level, but for the intact
femur mid-shaft (central region), which was scanned at a 12 um voxel size (Figure 2A),
cortical porosity (Ct.Po) was barely detectable, and so no age-related differences were
observed (Figure 2C). For the right femur scanned at a 6 um voxel size (Figure 2B),
evaluated above and below the notch (but still the central region), the female BALB/c mice
had lower Ct.Po at 20-mo. than at 6-mo. (Figure 2D). Interestingly, both females and males
had fewer pores at 20-mo. compared to 6-mo. in both femurs (Figure 2E—F). In concordance
with the lack of an age-related increase in cortical porosity, the volume fraction of pore
water, as determined by 'H NMR, was lower for the 20-mo. than for the 6-mo. old bones,
irrespective of sex (Tables S1 and S2). Thus, in BALB/c mice, there was not an age-related
increase in cortical porosity that could counteract the age-related increase in the structural
resistance to bending (section modulus or Inin/Cmin)-

3.2. The Cortical Bone of Old Mice Dissipated Less Energy (toughness) with Less
Resistance to Crack Growth (fracture toughness) Compared to Young Adult Mice

When comparing estimated material properties of cortical bone at the femur diaphysis, yield
stress (Figure 3C) and ultimate stress (Tables S1 and S3) was indeed lower at 20-mo.
compared to 6-mo. for male and female BALB/c mice. However, for the diaphysis of the
radius, there were no age-related differences in yield stress and ultimate stress (Figure 3D,
Tables S1 and S2). The toughness of cortical bone was also lower at 20-mo. compared to 6-
mo. (Figure 3E). As one exception though, toughness did not differ between young-adult
and aged mice when the female radii were tested in three-point bending (Figure 3F). Post-
yield toughness (PY Tough.) and post-yield displacement (PYD) followed the same trends as
toughness with cortical bone becoming more brittle with age (Table 1). In fracture toughness
tests on the right femur (Figures 4A and 4B), the stress intensity to initiate crack growth,

K¢ init, Was lower at 20-mo. for both females and males (Figure 4C). Similarly, the work
done during crack growth normalized to cortical area (Wcpack/Ct.Ar) was lower at 20-mo.
compared to 6-mo. for female and male BALB/c mice (Figure 4D).

3.4. Compositional Properties of the Bone Matrix Changed with Age in Both Female and
Male BALB/c Mice

There were multiple age-related changes within the matrix. Ct. TMD of the intact femur mid-
shaft (12 pm) and notched femur mid-shaft (6 um) was higher at 20-mo. compared to 6-mo.
in both sexes (Figures 5A and 5B, respectively). Similarly, mineral-to-matrix ratios (MMRS)
of the tibia midshaft were all higher at 20-mo. (Table 2). With respect to the mineral phase
of the matrix, both Type B carbonate and crystallinity was higher with advanced age (Table
2). Multiple Amide | sub-peak ratios related to the secondary structure of collagen |
significantly differed between the age groups. Both 1157¢/11610 and l1g70/11640 Were higher
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for 20-mo. than for 6-mo., irrespective of sex (Table 2). Interestingly, the so-called matrix
maturity ratio l1g70/11690 did not significantly differ with age for females but was
significantly lower at 20-mo. that at 6-mo. for males (Table 2). The mature enzymatic
crosslink PYD, as measured by HPLC was higher at 20-mo. than at 6-mo. (Figure 5C).
Similarly, PE, a non-enzymatic crosslink, was higher in 20-mo. mice for both female and
male BALB/c mice (Figure 5E), though the peak of this crosslink as well as
deoxypyridinoline (DPD) was quite small in the chromatograms (Figure S7). Lastly, the
volume fraction of bound water, as measured by 1H-NMR was lower at 20-mo. compared to
6-mo. for both sexes (Figure 5D).

4. Discussion

With advanced aging, the femurs of BALB/c mice became brittle having less ability to
dissipate energy during fracture and less ability to resist crack growth, regardless of sex.
Thus, in addition to the age-related loss in trabecular BV/TV or aBMD, the BALB/c model
of aging includes a similar deterioration in the material properties of cortical bone as
observed in human bone. Notably, the whole-bone strength measurements, yield and
ultimate moment endured by diaphysis during bending, were either not different (femurs
from males) between the age groups or higher at 20-mo. than at 6mo., even when adjusting
for the influence of body mass on bone size (Table S3). Accompanying the deterioration in
fracture resistance are a number of changes within the bone matrix: an increase in tissue
mineral density, an increase in amount of carbonate in the mineral lattice, alterations in the
secondary structure of type 1 collagen (Amide I sub-peak ratios), an increase in enzymatic
crosslinks (mature hyroxylysyl-pyridinoline) and a non-enzymatic crosslink (pentosidine),
and a decrease in matrix-bound water. Except for the increase in TMD, all these changes
occur in the cortical bone of humans with aging. As such, the BALB/c strain can perhaps
serve as a pre-clinical model of age-related changes in bone matrix fragility in addition to a
model of age-related decrease in bone mass.

While this is the first study to show that energy dissipated during bending to failure and
resistance to crack growth of mouse bone is lower at 20-mo. than at 6-mo. for both male and
female BALB/c mice, previous work by Willinghamm et al. characterized changes in bone
through skeletal maturity (2-mo., 4-mo., and 7-mo.) and with aging (7-mo., 12-mo., and 20-
mo.) [32]. Consistent with this previous study, we also observed for both sexes higher
Ct.TMD and higher I, at 20-mo. compared to young adult mice (Figure 1 and Figure 5).
As for the radius, both studies found that Ct. TMD and moment of inertia were higher for old
than for young adult BALB/c mice, regardless of sex. Likewise, yield stress of the radius
mid-shaft did not vary between 6-mo. or 7-mo. and 20-mo in both studies of the aging
phenotype of BALB/c cortical bone. We confirmed that the previously observed age-related
trend in decreasing post-yield displacement of the diaphysis (femur and radius) among male
BALB/c mice [32] is significant. As for female BALB/c mice, both studies found that
deflection after yielding (Py-d) was significantly lower at 20-mo. than at 6—7-mo. for the
femur diaphysis (Figure S8) but not for the radius diaphysis (Figure S9). The effect size of
each reported property is available in the supplemental materials (Table S1) and can be used
to determine either the minimum number of animals needed for a desired type | error
probability (a) and type Il error probability (B) or the post-hoc power for a given number of
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animals and a.. Fewer than 18 mice per group appear sufficient to determine differences in
multiple bone properties between the 2 age groups given the calculated effect sizes (Table
S1).

There were few notable differences in the age-related changes in bone between male and
female, non-sibling, BALB/c mice (Table S2). While body mass was lower in males at 20-
mo. than at 6-mo., it did not significantly decrease with aging for females. Cortical thickness
was lower in males at 20-mo. compared to 6 mo., but it was higher in females with advanced
age (Figure 1). Based on the Willinghamm et al. study [32], cortical thickness for females
appears to peak at 12-mo. as opposed to 7-mo., which could be one reason for this apparent
sex-related discrepancy. Age-related changes in cross-sectional properties were also not the
same between sexes. For example, cortical area (Ct.Ar) of the femur mid-shaft was only
higher at 20-mo. than at 6-mo. for the female mice (Figure 5F and Table 1). As indicated by
the GLMs (Table S3), Ct.Th of the femur mid-shaft positively depended on age and body
mass of the females only suggesting the age-related increase in Ct.Ar is partially due to the
weight gain. Also, compared to 6-mo., yield moment and ultimate moment of the femur
midshaft were ~30% greater with age, whereas there were no differences between the age
groups for the male mice. Again, in the linear regression models, the ultimate moment
depended on age and body mass of females (Table S3), but not on age or body mass of
males. Moreover, the section modulus (Imin/Cmin OF la-p/Ca-p) Of female mid-shafts explained
43% and 66% of the variance in yield moment and ultimate moment, respectively; whereas
the section modulus of male mid-shafts only explained 13% and 19% of the variance in
these bending strength measurements of the femur mid-shaft, respectively (Table S4). Thus,
this sex-related discrepancy in strength gain with age is partially due to an apparent weight
gain occurring only in the female mice. Age-related changes in matrix properties (tissue
mineral density, mineral-to-matrix ratio, structure of mineral and organic phase,
pyridinoline) were however consistent between males and females (Table S2), while bound
water and pentosidine had a greater change with age for male than for the female mice
(significant interaction in Table S3, Figures 5D and 5E).

There are of course limitations to the use of mice in studying cortical bone, namely the lack
of extensive osteonal remodeling throughout the lifespan and hence the lack of cement lines
as a microstructural barrier to fracture. Nonetheless, in this study, similarities between age-
related deficits in human bone and mouse bone were observed. Specifically, between 6-mo.
and 20-mo. of age, BALB/c mice showed a greater or similar age-related decrease in post-
yield toughness (59% for female and 48% male on average) and in crack initiation toughness
(13% for female and 23% for male on average) than the age-related decrease in yield stress
(13% for both female and male on average). Unlike human and mouse bone, K¢ jnit of
cortical bone (femur mid-shaft) increased with age in Fischer F344 male rats, another NIA-
supported colony. Like humans, rats typically experience an increase in cortical porosity at
the mid-shaft near the endosteum [33], while Ct.Po of the mid-shaft does not vary with age
in mice (Figure 2) unless assessed at the distal and proximal ends of the diaphysis [36].
Thus, when testing the femur mid-shaft in three-point bending, BALB/c mice phenocopy the
decrease in material properties of cortical bone but not the increase in cortical porosity with
aging; whereas F344 rats phenocopy the increase in cortical porosity and the decrease in
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yield stress and in post-yield toughness with aging but not the age-related decrease in crack
initiation toughness.

There were multiple changes to the matrix that may lower the fracture resistance of bone.
While in general material properties such as toughness are thought to be influenced by the
organic matrix, degree of mineralization (ash fraction) is known to be inversely proportional
to impact energy as observed from the mechanical testing of bones from different species
with a wide range in the degree of mineralization [59]. Thus, the age-related increase in
Ct.TMD could have conferred lower toughness in the old mice. However, at odds with the
paradigm of material strength being directly proportional to TMD or bone density [60], yield
stress (Figure 3) and ultimate stress (Tables S2 and S3) was lower for the old mice than for
the young adult mice or not different (radius). In addition, Ct. TMD did not significantly help
section modulus predict the yield moment of either the femur or radius (Table S4). Also,
apparent modulus of either long bone did not differ between the age groups. This suggests
other matrix-related factors are influencing the material properties. For example, bound
water has been observed to decrease with age in humans, and it correlates with fracture
toughness [26] and ultimate strength [57] of human cortical bone. The age-related decrease
in bound water (Figure 5) could potentially reduce plasticity of the bone while also lowering
material strength since hydration confers flexibility to collagen I and transfers loads between
organic matrix and mineral phase.

Other observed changes in the matrix likely also influence the age-related decrease in
material properties. Multiple sub-peak ratios in the Amide | band were different between the
age groups. Particularly, the ratio l1g70/11640 Was higher with age (Table 2). This sub-peak
ratio negatively correlates with toughness of bovine cortical bone [55] and the fracture
toughness of human cortical bone [61]. Thermal denaturation, which lowers bone toughness,
increased this sub-peak ratio [62,63]. The so-called matrix maturity ratio (11g70/11690) Was
lower for old than for the young adult male mice, but did not significantly change between
old and young adult female mice. Given that both mature enzymatic crosslinks and non-
enzymatic crosslinks were higher with age (Figure 5), irrespective of sex, our direct
measurement of 11570/11690 is not likely an indicator of an age-related difference in the
collagen crosslinking profile. Also, glycated bone in glucose or ribose to induce AGE
accumulation decreases l1570/11640 [56], and so another age-related mechanism likely affects
the structure of type 1 collagen. Broadly, Amide | sub-peak ratios are indicators of the
secondary structure of collagen I [64], which can be affected radiolysis of collagen | [64],
enzymatic crosslinking [65], and fatigue damage [62]. Thus, the higher sub-peak ratios
l1670/11610 @nd l1670/11640 (i-€., loss of helical order) with age could indicate an embrittling
effect. Also, since bound water exists because of hydrogen bonding with the hydrophilic
residues of collagen | and electrostatic attractions to the surfaces of mineral crystals,
increases in mineralization could displace bound water from the matrix [66]. In effect, the
age-related loss in material properties is likely multifactorial with regards to matrix
properties.

The present study did not include multiple age groups, very high-resolution techniques to
measure small pores (e.g., lacunae by light microscopy, scanning electron microscopy,
synchrotron uCT), and other analytical techniques for characterization the matrix (e.g.,

Bone. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Creecy et al.

Page 12

nanoindentation, Fourier-transform infrared spectroscopy, X-ray diffraction). Thus,
additional work is necessary i) to identify at what age, toughness or fracture toughness peaks
and then declines in male and female BALB/c mice, ii) to establish whether lacunar volume
or distribution of small pores changes with age, and iii) to identify the biomechanical
mechanism(s) that describes the decrease in fracture toughness of mouse bone with respect
to lamellar heterogeneity, collagen fibril mechanics, and interactions between the organic
matrix and the mineral phase of bone. Nonetheless, the present work shows that the ability
of cortical bone to resist crack growth decreases with age in the pre-clinical BALB/c model
of aging, and this decrease accompanies changes in the matrix. Moreover, it hints at
potential targets related to post-translation modifications affecting collagen structure and
bound water.

There are limitations to the mechanical testing of long bones from rodents that perhaps
partially explain the observed age-related differences in mechanical properties between the
radius and femur. The equations for estimating material properties were derived assuming
the cross-sections of the diaphyseal cortex are uniform, axisymmetric and remain
perpendicular to the deflection curve when the bone is loaded, assuming the bone behaves as
an isotropic, linear elastic material, and assuming the transverse strain is negligible (i.e., the
flexural stress and strain are dominant). For three-point bending tests of non-uniform, mouse
long bones, the determination of yield stress depends on i) the consistent placement of the
mid-shaft such that the orientation (anterior down & medial forward) matches Imin/Cmin (@
deviation of 5° from the principal axes causes an error of 1.9% or less in the yield stress
calculation; Table S5) or Imax/Cmax @nd ii) the span relative to the anterior-posterior (a-p)
width of the bone (i.e., aspect ratio) in the direction of loading (ca.p). In effect, the slenderer
mouse radius experiences less shear stress or transverse strain than the less slender mouse
femur [67]. As such, the estimated yield stress of the femur appeared to be lower than the
yield stress of the radius when they are likely similar. While we adjusted the span to match
the a-p width of the femur in an attempt to normalize the aspect ratio, age-related differences
in the estimated material strength are not entirely independent of the age-related increases in
the second area of moment (Table S6, negative association between yield stress and section
modulus, lap/Cap). The age-related decrease in the estimated toughness measurements was
independent of cross-sectional bone geometry. Given the curvature of the radius relative to
the straighter femur mid-shaft, its material properties are estimated by three-point bending as
well, but the dependence of material strength on section modulus is less pronounced
compared to the femur (Table S6). The age-related decrease in yield or ultimate stress and in
toughness primarily occurring when the femur was tested suggests that age-related changes
in the matrix are affecting the ability of cortical bone to resist shear deformation.

As seen in this study with BALB/c mice, the age-related loss in fracture resistance may be
the result of multiple changes to the matrix. Thus, the efficacy of therapeutics that target
bone matrix quality either through targeting AGE formation, matrix hydration, or collagen
structure can be tested in aging BALB/c model (male and female). As examples, an AGE-
inhibitor such as pyridoxamine, could potentially improve material properties assuming
AGE accumulation contributes to the age-related loss in fracture toughness [68]. Similarly,
raloxifene could improve bone toughness of old mice by increasing matrix hydration [69].
Drugs that target the health of osteocytes is another possible way to improve material
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properties as there is emerging evidence that osteocytes regulate mineralization and possibly
proteins in the peri-lacunar matrix [70]. There are multiple mechanisms by which the bone
matrix can be manipulated to possibly improve fracture resistance using BALB/c mice.

5. Conclusions

Strength, toughness, and fracture toughness at the material level are lower at 20-mo. than at
6-mo. for the BALB/c model of aging. This loss of fracture resistance may be the result of
the multiple changes to cortical bone at the matrix level. While it is unclear which matrix-
level change facilitates the loss of fracture resistance with aging, female and male BALB/c
mouse is a suitable pre-clinical model of aging for the development of therapeutics that
target the matrix.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
Toughness and fracture toughness of cortical bone decrease with advanced

age in female and male BALB/c mice.

Accompanying the loss in material properties are several age-related changes
in the extracellular matrix such as lower bound water fraction.

Sex-related differences include higher cortical thickness and bending strength
with age (females) but lower cortical thickness and no strength difference
(males).
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Figure 1:

Structural characteristics of the mid-diaphysis with representative uCT images of male

femurs (A) and radii (B). The
(C) and the maximum princip

minimum principal second moment of area (I;hi,) of the femur
al second moment of area (Iax) Of the radius (D) was higher

for old mice than for young adult mice, irrespective of sex. Cortical thickness (Ct.Th) of the
femur (E) and radius (F) however was higher for old females but lower for old males
compared to young adult mice. **p<0.01 and ****p<0.0001 within male. ###p<0.001 and

####p<0.0001 within female.
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Figure 2:
Cortical porosity from uCT evaluations of the left and right femurs. Representative three-

dimensional renderings from the intact (A) and notched femurs (B) show that the higher
resolution of the latter partially resolved what appear to be vascular channels. By 12 ym (C)
or 6 um (D) voxel size, porosity either did not vary between the age groups or was lower
with age. Pore number for both the left (E) and right (F) imaging was lower in the diaphysis
from old mice than from young adult mice. . *p<0.05 and ****p<0.0001 within male.
#p<0.05 and ####p<0.0001 within female.
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Figure 3:

Esq[imated material properties of cortical bone. Drawings of the three-point bending tests are
shown for both the femur (A) and radius (B). Yield stress of the cortical bone was lower for
old mice than for the young adult mice when the femur (C), but not the radius (D), was
tested. While toughness was lower for both the old male and female mice, compared to
respective young adult mice, when the femur was tested (E), it was only lower for old than
for young adult males when the radius was tested (F). **p<0.01, ***p<0.001 and
****n<0.0001 within male. #p<0.05 and ####p<0.0001 within female.
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Figure 4:

Crack resistance of the femoral cortex. In fracture toughness tests, a crack is propagated by
loading a femur mid-shaft with a micro-notch on the tension side of bending (A). The stress
intensity to initiate the crack was estimated from the yield moment, and the work during
crack growth (Wrack) per bone cross-sectional area (Ct.Ar) was estimated from the area
under the moment vs. span-adjusted displacement curve (B). K init (C) and Weyack/Ct.Ar (D)
were lower for old than young adult mice in both sexes. ***p<0.001 and ****p<0.0001
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Figure 5:

Age-related changes in bone matrix characteristics of BALB/c femoral diaphysis. Ct. TMD
of the intact femoral mid-shaft (A) and notched femoral mid-shaft (B) was higher at 20-mo.
than at 6-mo. Mature enzymatic (PYD) collagen crosslink was higher (C), while bound
water was lower (D) with advanced age. A non-enzymatic collagen crosslink (PE) was also
higher for aged mice than young adult mice (E). Cross-sectional area of the mid-shaft was
only higher with age for female mice (F). 6-mo mice are represented by circles and 20-mo.
mice are represented by squares. **p<0.01, ***p<0.001, ****p<0.0001 within male.
#p<0.05, ##p<0.01, ##p<0.001 and ##H##p<0.0001 within female.
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