1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Osteoporos Int. Author manuscript; available in PMC 2022 November 01.

-, HHS Public Access
«

Published in final edited form as:
Osteoporos Int. 2021 November ; 32(11): 2335-2346. doi:10.1007/s00198-021-06006-1.

Bone biomechanical properties and tissue-scale bone quality in
a genetic mouse model of familial dysautonomia

Ghazal Vahidi?, Hannah Flook?, Vanessa Sherk?, Marc Mergy®, Frances Lefcort®, Chelsea
M. Heveran®t
aDepartment of Mechanical & Industrial Engineering, Montana State University, USA,

bDepartment of Orthopaedics, University of Colorado School of Medicine, USA

¢Department of Microbiology & Immunology, Montana State University, USA

Abstract

Purpose: Familial dysautonomia (FD) is associated with a high prevalence of bone fractures, but
the impacts of the disease on bone mass and quality are unclear. The purpose of this study was to
evaluate tissue- through whole-bone scale bone quality in a mouse model of FD.

Methods: Femurs from mature adult 7ubala-Cre; Elp1-oXF/LoXP conditional knockouts (CKO)
(F=7, M =4) and controls (F =5, M = 6) were evaluated for whole bone flexural

material properties, trabecular microarchitecture and cortical geometry, and areal bone mineral
density (BMD). Adjacent maps spanning the thickness of femur midshaft cortical bone assessed
tissue-scale modulus (nanoindentation), and bone mineralization, mineral maturity, and collagen
secondary structure (Raman spectroscopy).

Results: Consistent with prior studies on this mouse model, the £/pZ CKO mouse model
recapitulated several key hallmarks of human FD, with one difference being the male mice

tended to have a more severe phenotype than females. Deletion of £/pZ in neurons (using the
neuronal-specific 7ubala-cre) led to a significantly reduced whole-bone toughness but not strength
or modulus. Elp1 CKO female mice had reduced trabecular microarchitecture (BV/TV, Th.Th,
Conn.D.) but not cortical geometry. The mutant mice also had a small but significant reduction

in cortical bone nanoindentation modulus. While bone tissue mineralization and mineral maturity
were not impaired, FD mice may have altered collagen secondary structure. Changes in collagen
secondary structure were inversely correlated with bone toughness. BMD from dual-energy x-ray
absorptiometry (DXA) was unchanged with FD.

Conclusion: The deletion of £/p1 in neurons is sufficient to generate a mouse line which
demonstrates loss of whole bone toughness, consistent with the poor bone quality suspected in the
clinical setting. The Elpl CKO model, as with human FD, impacts the nervous system, gut, kidney
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function, mobility, gait, and posture. The bone quality phenotype of Elp1 CKO mice, which
includes altered microarchitecture and tissue-scale material properties, is complex and likely
influenced by these multi-systemic changes. This mouse model may provide a useful platform
to not only investigate the mechanisms responsible for bone fragility in FD, but also a powerful
model system with which to evaluate potential therapeutic interventions for bone fragility in FD
patients.
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Familial dysautonomia; bone toughness; bone quality

1.0 Introduction

Familial dysautonomia (FD) (also known as Riley-Day Syndrome) is a rare hereditary
neurodevelopmental and neurodegenerative disease, affecting Jewish populations of
Ashkenazi descent.[1] FD is caused by a mutation in the gene ELPI (previously referred

to as /KBKAP), which results in mis-splicing of the pre-mRNA that encodes the ELP1
(formerly Ikap) protein.[1-4] Different cell types exhibit varying capacity to splice

the mutant mRNA.[5,6] Since neurons are the least capable of splicing the mutated

mMRNA, ELP1 reduction primarily affects the peripheral and central nervous systems,

[5-8] and especially sensory and autonomic fibers.[9,10] In addition to other physical
impairments affecting sensory,[11] digestive,[12] respiratory,[13] and cardiac systems,[11]
FD is clinically associated with several musculoskeletal issues, such as gait disorders, foot
and spinal deformities, and bone fragility. Up to 60% of FD patients experience one or more
fractures during their lifetime.[14] There is not an accepted treatment plan for bone fragility
in FD,[15] in part because the reasons for bone fragility in this vulnerable population are not
understood. Bone fracture resistance is determined by bone mass and bone quality.[16,17]
The limited clinical data pertaining to bone in FD patients indicates that patients with FD
have lower bone mineral density as measured by dual-energy x-ray absorptiometry (DXA)
as well as decreased serum markers of bone formation and increased markers of bone
resorption.[18] Bone quality may also be reduced in FD. This population commonly suffers
from spinal deformities and vertebral fractures, and spinal fixation operations are often
needed.[19-21] Spinal fixation failure (e.g., hook and screw pullout) is common in FD
patients, suggesting that FD may reduce bone quality (i.e., bone tissue material properties
and microarchitecture). FD deleteriously impacts nutrient absorption,[22] kidney function,
[23] posture, and gait,[19] which may all contribute to bone quality defects.

FD is a rare disease and the opportunity to collect human samples is extremely limited.

A mouse model of FD offers new directions for investigating the impacts of this disease

on bone mass and bone quality. Our model was developed through crossing 7ubala-Cre
mice (C57BI/6 background) in which the Cretargets neurons in both the peripheral nervous
system (PNS) and central nervous system (CNS), with floxed £/pI mice to generate 7ubala-
Cre; Elp1L0oxP/LoxP conditional knockouts.[8] The £/pZ gene is located on chromosome

4 in the mouse, which is an analogous region to human chromosome 9g31.3.[24] The

mouse ELP1 protein has 80% amino acid similarity with human ELP1.[20,25] This genetic
model has already revealed a role for £/pZ in the developing and adult CNS and PNS.
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[5,8,26] Ablation of £/p1 in the nervous system alone can recapitulate many human FD
hallmarks such as kyphoscoliosis and degeneration of the sympathetic and sensory nervous
systems, severe reduction in nociceptive neuronal numbers, poor locomotor coordination,
unsteady gait and postural instability, and gastrointestinal dysfunction.[8,27] The phenotype
severity is related to decline in amount of £/p1.[20] Our model is one of only two current
models that survive to adulthood.[8,27-29] Other Elp1 conditional knockout lines have been
generated but do not survive beyond 24 hours after birth.[30-32] Bone quality has not been
reported in this or any other FD mouse model.

The purpose of this study was to investigate whether the Elpl CKO mouse model impairs
bone mass and multiscale bone quality. At the whole-bone scale, we evaluated bone
toughness, strength, and modulus. At the tissue scale, we evaluated bone microarchitecture,
modulus, mineralization, and biomarkers of collagen secondary structure. We hypothesized
that our FD mouse model would have reduced whole-bone toughness as well as reduced
tissue-scale bone quality.

2.0 Materials and Methods

2.1 Animal model

All mouse studies were approved by the Institutional Animal Care and Use Committee at
Montana State University. To generate £/pZ conditional knockouts (CKO), floxed £/pZ mice
were crossed with 7UBAa promoter-driven Cre (TaI-Cre) mice, which targets postmitotic
neurons. Mice that were Cre-negative but contained the same floxed £/pI exon as the
mutants, were used as controls. Female and male 7ubala-Cre; Elp1-0%F/LoXP mutants (F
=7, M =4) and controls (F =5, M = 6) were housed in phenotype groups and fed

standard mouse chow. At ages 7-10 months, mice were evaluated for disease severity with

a phenotype classification system (Supplementary Table 1). The scoring matrix consists of 8
criteria. Mice were scored for the presence or absence of a particular phenotype or on a scale
of 1-2 with regard to severity, with a maximum score of 12. For this assessment, weight
was assessed qualitatively. Weight was also quantified in a separate exam (Table 1). This
FD phenotype was previously characterized in detail by Chaverra et a/[8] Animals were
euthanized by isoflurane followed by cervical dislocation at an age of 7-10 months, based
on mouse health and necessity for other studies. Femurs were collected immediately after
euthanasia.

Femurs were harvested and frozen at —20° C in phosphate-buffered saline-dampened gauze
prior to analysis. Femurs underwent three-point bending (Instron 5543, 1 kN load cell) to
quantify whole-bone material properties. Femurs were tested to failure at a rate of 5 mm/min
on a custom anvil with 8 mm span, with care taken to maintain their hydration. Following
testing, the femoral diaphysis at the location of fracture was imaged with scanning electron
microscopy (SEM; Zeiss Supra 55VP, WD =8 mm, accelerating voltage = 10 kV) in
variable pressure mode. Using Iy and Cy measured from SEM images, load-displacement
curves were analyzed for modulus, ultimate stress, and toughness using standard beam
bending equations as applied to the mouse femur.[33] Following whole-bone mechanical
testing, femurs were histologically dehydrated in a graded series of ethanol and embedded in
poly(methyl)methacrylate (PMMA) for further analyses.[34]
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2.2 Trabecular microarchitecture and cortical geometry

The trabecular bone microarchitecture of the distal femur metaphysis was assessed using
microCT of PMMA-embedded femurs for all study mice (uUCT, Scanco 80, 55 kVP, 114
mA, integration time 900 ms). Scanning was performed with 10 pm voxel size. The
metaphysis volume of interest was defined as the 100 slices proximal from the end of

the growth plate. Trabecular regions were designated on each two-dimensional transverse
slice using hand-drawn contours that excluded the cortical shell. Trabecular parameters
included trabecular number (Th.N), trabecular spacing (Th.Sp), trabecular thickness (Th.Th),
mineralized bone volume (BV), total bone volume (TV), bone volume fraction (BV/

TV), trabecular connectivity density (Conn.D), and structure model index (SMI). Cortical
geometry parameters included cortical area (Ct.Ar), the minimum moment of inertia (Imin)
and cortical thickness (Ct.Th).[35]

2.3 Tissue-scale modulus from nanoindentation

PMMA-embedded femurs were sectioned at the mid-diaphysis using a low speed diamond
saw (Isomet, Buehler), and then were polished with wet 600 and 1000 grit silicon carbide
papers (Buehler), followed by alumina suspensions (9, 5, 3, 1, 0.5, 0.3, and 0.05 um) to
achieve a mirror finish. Samples were sonicated in tap water between each step to remove
remaining alumina particles.

Nanoindentation (KLA Tencor iMicro, Milpitas, CA) was performed at the posterior-lateral
quadrant in maps spanning the cortical thickness to be consistent with tissue-scale analyses
in other recent investigations of bone diseases and aging (Figure 1).[36,37] Four indents per
row were placed in arrays extending through the cortical thickness (spacing 15 pm in x and
y). Samples were indented with a Berkovich tip at 30 nm/s velocity until a target load of 5
mN was achieved. A 60s hold at the peak load was incorporated to allow viscoelastic energy
to dissipate before the unloading.[38] The modulus was calculated using the Oliver Pharr
approach.[39] Briefly, the 951-45t percentile of the unloading curve was fit with a second-
order polynomial.[40] A tangent line at the start of this section was used to calculate the
stiffness, S. The tip contact area, calculated as a function of contact depth from calibration
on fused silica and S were used to calculate the reduced modulus, £,(Equation 1). Then,
using the known tip modulus and Poisson’s ratio (1140 GPa and 0.07, respectively), the
indentation modulus £;was calculated from £, (Equation 2).

E, = %\/% (Equation 1)

where £, is the reduced modulus, Sis the initial unloading stiffness (the slope of the

ar
" dh

between the indenter tip and the sample at maximum load.

unloading curve evaluated at the maximum load, —-), and A is the projected contact area

1 1-u2 1-0p2 _
E— E, + E (Equation 2)
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where subscript i refers to the substrate material, subscript t refers to the tip material, and v
is Poisson’s ratio.

2.4 Tissue-scale bone composition from Raman spectroscopy and Dual-Energy X-ray
Absorptiometry

Raman spectroscopy was performed in maps spanning the cortical thickness adjacent to
the nanoindentation arrays. Raman spectra were collected in rows of three spots spaced

15 um apart extended every 15 pm through the cortical thickness (Figure 1). A Horiba
Confocal microscopy system (Horiba LabRam) was used with a 785 nm wavelength laser
and a 50x objective (NA 0.75). A 5! order polynomial was fitted to data to subtract the
fluorescent baseline. A reference PMMA spectrum was subtracted from each point using
a custom MATLAB code. These corrected spectra were then analyzed for area ratios of
mineral:matrix (vo phosphate:amide I1), carbonate:phosphate, crystallinity (inverse of half-
width at full maximum height of the v, phosphate peak), and plastic:phosphate (Figure 1).
Points with greater than 50% plastic:phosphate were excluded from analysis. The amide |
envelope was assessed for changes in the collagen secondary structure using the intensity
ratios 11670:11640, 11670:1690, and 11670:1610, consistent with the methods of Unal ef
al[41]

Areal bone mineral density (BMD) of PMMA-embedded distal femurs was measured
by Dual-Energy X-ray Absorptiometry (DXA) (Faxitron Bioptics, Tucson, AZ) at the
metaphysis.

2.5 Statistical analyses

To avoid overpowered analyses, hanoindentation and Raman measurements were averaged
per measure per mouse such that one mean and one standard deviation for each measure
were input into statistical models. The main effects of sex, FD, and the interaction of sex and
FD, were assessed on all bone outcomes using ANOVA (Minitab, v18). Dependent variables
were transformed, if necessary, such that all models satisfied assumptions of residual
normality and homoscedasticity. Significance for main effects was set a priori to p < 0.05.
Significant interactions between FD and sex were followed up with post-hoc tests. Care

was taken to maintain family-wise type I error at 0.05 through a Bonferroni correction. For
most measures, FD vs control was compared for females and males (i.e., two comparisons,
critical a: 0.05/2 = 0.025). Because some variations in bone mechanical properties and
microarchitecture is expected between 7-10 months of age,[42,43] all measures except for
disease severity scores were run with age as a covariate in additional ANCOVA analyses.
This was to confirm that observed changes in the bone properties were because of the FD
and sex, and not trivially explained by differences in the age. To test Likert-like disease
severity scores between female and male FD mice, a two sample t test was performed to
compare the data, which were normally distributed.[44-46]

3.0 Results

All measures evaluated with 2-factor ANOVA (i.e., all measures except disease severity)
were first assessed with age as a covariate. All factors for which there was a significant
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effect of FD, sex, or an interaction between FD and sex continued to be significant when
including age as a covariate. Therefore, we report the results of 2-factor ANOVA without the
covariate.

3.1 Disease severity in response to conditional Elpl knockout

Both male and female £/pZconditional knockout mice (referred to hereafter as ‘FD’) varied
in phenotypic severity and body size (Table 1). FD and sex had an interactive effect such
that males had a more severe FD phenotype than females. Similarly, FD and sex had an
interactive effect on mouse body mass measured at euthanasia. FD males were significantly
smaller than control males (p = 0.003, -18.3%). However, FD females were not smaller
than control females. FD females with more severe FD scores had smaller body mass
(Spearman’s p = —0.818, p = 0.024). There was not a significant correlation between body
mass and FD severity for males, although the range of both variables were smaller than for
females. FD females displayed mean and median disease severity of 3.9 and 4, respectively,
with a range of 2 to 6. FD males displayed mean and median disease severity of 6.3 and 6.5,
respectively, with a range of 5 to 7. Males had higher disease severity scores compared to
females (p=0.014). Females had slightly longer femurs than males (p = 0.009, +3.3%) but
FD did not affect the femur length.

3.2 Trabecular microarchitecture and cortical geometry

There were significant interactions between FD and sex for several measures of trabecular
microarchitecture, including BV, BV/TV, Conn.D., and SMI (Table 2). FD reduced BV/TV
for females (—=55.4%, p = 0.001) but not for males, which was in good correspondence with
a similar decrease in BV for female mutants compared with controls. FD reduced Conn.D in
females (—78.2%, p = 0.006) but this measure increased in males (+75.2%, p = 0.015). SMI
in female mice increased with FD to be more rod-like compared to controls (+32.2%, p =
0.002) but not for males. Other measures did not show interactions and thus we interpret the
main effects of FD and sex. Tb.Th decreased with FD as a main effect (-16.1%, p = 0.020).
Other measures of trabecular microarchitecture (Th.Sp and Th.N) showed expected effects
of sex [47] but were not affected by FD. As expected, [48] females had smaller Ct.Ar and
Imin than males, although Ct.Th was not different among groups. However, there were no
differences in cortical geometry with FD status.

3.3 Whole-bone flexural properties

Work to fracture was lower with FD (-31.9%, p=0.004) in both males and females.
Toughness, the geometry-independent analogue of work to fracture, was also lower with FD
(—36.76%, p=0.001) in both sexes. Toughness was not significantly correlated with disease
severity (p > 0.05). When accounting for the cross-sectional geometry of the specimens,
geometry-independent modulus and strength were not affected by sex nor FD.

3.5 Tissue-scale material and mechanical properties

We employed nanoindentation and Raman spectroscopy to evaluate the effect of FD
on tissue-scale modulus and composition (Table 4). Mean nanoindentation modulus (E;)
decreased with FD (-4.4%, p=0.041). Standard deviation of E; was unaffected by FD
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or sex. All measures of tissue-scale bone composition from Raman spectroscopy were

not significantly affected by either FD or sex. To investigate whether collagen secondary
structure is affected by FD, we further analyzed the amide I peak from Raman spectroscopy
using the intensity ratios 11670:1640, 11670:11690, and 11670:11610. There was a significant
interaction of FD and sex on the 11670:11640 ratio such that male FD mice had 27.3%
higher values than male controls (p = 0.005). 11670:11690 was significantly higher for

male sex and FD (p < 0.05 for both). The 11670:11610 ratio was not significantly affected
by either FD or sex. FD status did not affect the BMD from DXA scans of the distal
femora, which is primarily trabecular bone. Females had lower BMD than males (p=0.006),
consistent with their lower BV/TV values.[49-52]

4.0 Discussion

We present the first investigation of bone quality in a mouse model of FD. We observed
similarities of this mouse model skeletal phenotype to human FD, including kyphoscoliosis
and altered gait. However, unlike human FD, we did not observe decreased skeletal size
(e.g., length of femur).[18,53] Both females and males showed variation in FD severity.

FD was more severe for males, but more variable for females (Table 1). The increased
disease severity in males is consistent with prior publications on this model but the
mechanisms driving this difference in mice is not known.[8,27] However, the systems that
have previously been examined in this model, including target innervation, neuronal survival
and gastrointestinal system function have not revealed any differences by mouse sex.[8,27]
Patients with FD have a well-described yet highly variable phenotype.[54] The mechanisms
underlying this variation are not understood.[2,5,29] It has been suggested that this variation
most likely reflects either the action of a genetic modifier and/or variation in translation

of the £/pZ mMRNA.[5,29] In human patients with FD, there is no difference in clinical
phenotype between males and females, hence it is likely that the variation between male and
female mice is not an Elp1-related consequence.[5,55]

Fracture resistance is determined by bone mass and bone quality.[16,17] We therefore
investigated the effect of FD on bone mass, tissue- through whole-bone scale material
properties, and microarchitecture. Bone mineral density (BMD) from DXA was not
impacted by FD. Conversely, FD impacted bone quality at multiple length-scales. At the
whole-bone scale, FD reduced bone toughness but not bone strength. At the tissue-scale, FD
resulted in a small but significant reduction in nanoindentation modulus. FD did not alter
mineral:matrix or mineral maturity, but may impact the quality of the bone matrix. FD mice
had higher 11670:11690 ratio, which indicates matrix maturity.[56] The 11670:11640 ratio,
which indicates collagen secondary structure damage, was higher in FD males than controls.
In previous reports, the 11670:11640 ratio was negatively correlated with bone toughness.
[41,57,58] In our study, toughness and 11670:11640 were modestly correlated for all mice
(Spearman’s p= -0.465). When considering only males, which had the greatest range in
both measures, the correlation improved (p = —0.697). Importantly, previous investigations
of the relationships between amide | intensity ratios and bone toughness studied fresh bone
and we studied PMMA-embedded and polished bone.[41,56-58] Thus, these altered amide
subpeak ratios in FD could either relate to reduced bone matrix quality /n vivo, to greater
susceptibility of these bones to damage during embedding or polishing, or a combination
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of these effects. In addition to collagen secondary structure,[56,58] other aspects of bone
matrix quality (e.g., collagen crosslinking[59-61] and collagen-mineral interactions[62,63])
are found to influence bone fracture resistance in other disease models. Further evaluation of
bone matrix quality is expected to be valuable for understanding bone fragility in FD.

Bone toughness and tissue-scale bone quality were reduced with FD in our mouse

model, but these measures did not correlate with disease severity. This lack of correlation
may reflect the multifactorial nature of the mouse FD phenotype. Human FD is also
multifactorial. The impacts of human FD on bone quality could be caused by a combination
of health conditions, including diet restrictions, reduced calorie intake, gut disfunctions and
gastrointestinal tract malfunction,[2,22,23,64,65] antacid treatment,[18] kidney dysfunction,
[23,66] decreased mobility and weight bearing activities,[19] and altered gait and posture.
[67] These effects may individually or together impair bone quality during development and
after skeletal maturity in FD. It is not clear if the lack of correlation between toughness and
disease severity would extend to human FD.

Many of these confounding physiological conditions that occur alongside FD have the
potential to alter bone mineral homeostasis. Our mouse model has commonalities with
diseases that impair mineral homeostasis and promote high bone turnover, including
decreased trabecular microarchitecture and decreased tissue-scale modulus.[34,68] However,
we do not observe changes to bone mineralization or mineral maturity, which would

usually be expected with altered bone turnover.[69-71] Further investigation (e.g., dynamic
histomorphometry) is needed to identify whether bone turnover is altered in this mouse
model.

Our model of FD affected some aspects of bone quality differently for males and females
(Figure 2), which was observed as significant interactions between FD and sex. Higher
11670:11640 was observed for males but not females. FD resulted in a dramatic loss

of cancellous bone volume and connectivity for females but not for males. FD also
dramatically decreased bone connectivity for females but significantly improved bone
connectivity for males. It is possible that decreased total volume but similar trabecular
number and thickness for FD males contributes to their large increase in Conn.D. However,
the change in total volume is much smaller that the increase in bone connectivity, so it is
possible that the increase in Conn.D. has other contributing factors. A large sample size,
especially in males, would be valuable for understanding sex differences in this mouse
model.

Bone is innervated with nerve fibers,[72,73] and bone remodeling depends on inputs from
the central and peripheral nervous system.[74] Because FD primarily impairs the nervous
system, an intriguing question is whether impaired nervous system function directly impacts
bone quality as opposed to an indirect effect through other organs (e.g. kidney and gut)

or through altered posture, gait, and loading. FD patients suffer from a loss of calcitonin
gene-related peptide, which is the primary neurotransmitter in unmyelinated neurons and
extensively distributed in the CNS and PNS.[75-77] In a study on Sprague-Dawley rats
without any genetic alterations, it was reported that capsaicin-sensitive sensory neurons
-which are mostly unmyelinated neurons and some small myelinated neurons- contribute to
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the maintenance of trabecular bone integrity, since lesioning of the unmyelinated sensory
neural pathway resulted in more bone resorption, decreased bone formation, trabecular bone
loss, and decreased bone strength.[75] As a result, it is possible that the lack of calcitonin
gene-related neuropeptide in unmyelinated neurons associated with FD or more generally
the impaired nervous system plays a direct role in the bone loss of FD, but this hypothesis
requires further investigation.

Important differences in bone are likely to exist for our mouse model and human FD.
Nonetheless, our data indicate that the bone fragility of FD may be related to loss of bone
quality as opposed to just bone mass. Further work is needed to better understand the origins
of loss of bone quality in FD and the potential efficacy of therapeutic approaches. This
mouse model provides a needed platform for undertaking these investigations.

Our study has several limitations. It has not been determined whether ELP1 protein is
present in bone although it has been shown to be expressed in muscle.[78] In our model,
Elp1is only deleted from neurons, and thus all the reported phenotypes are expected to be
the consequence of the altered nervous system.[5-8] Next, our assessment of bone quality
was not exhaustive. further analysis of bone matrix quality (e.g., collagen crosslinking,
collagen-mineral interactions) would improve our understanding of why bone toughness
is reduced in our FD mouse model. Finally, bone microarchitecture is not conventionally
assessed from PMMA embedded specimens. However, from prior work in which bones
were scanned in both unembedded and PMMA-embedded conditions, we do not expect
that PMMA have influenced our reported measures.[68,79-84] We did not assess BMD
from microCT, since these prior reports did not evaluate whether this measure differs with
PMMA-embedding. Following our identification of multiscale loss of bone quality in this
FD mouse model, future work would benefit from a larger sample size at several specific
ages, characterization of fresh bone tissue microarchitecture and composition, and dynamic
histomorphometry.

5.0 Conclusions

We demonstrate that deletion of Elp1 in the nervous system reduces multiscale bone quality.
FD reduced whole bone toughness. This decrease in toughness was negatively correlated
with a Raman spectroscopy biomarker for damage to altered collagen secondary structure,
indicating that FD alters either collagen secondary structure or the propensity of the bone
to damage during processing for tissue-scale studies. Microarchitecture was also modified
with FD, but only for females. FD is a multisystemic disease where numerous factors,
including altered nervous system, altered nutrition, kidney function, and movement may
impact bone quality. While the specific causes of bone quality loss with FD are challenging
to interrogate, further investigation of bone quality impairments produced by this model
may lead to critical insights that assist in the prevention and management of frequent bone
fractures experienced by this population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Tissue-scale bone material analyses using nanoindentation and Raman spectroscopy. Arrays
for each analysis spanned the cortical thickness in the lateral-posterior quadrant from the

mid-diaphysis of the femurs.
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Figure 2.
Representative microCT images for A) Control female, B) FD female, C) Control male, and

D) FD male, showing the trabecular differences from FD between sexes for representative
data.
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Table 1:
Disease severity and mouse size.
Measure Female Male
Control FD Control FD
n=5 n=7 n==6 n=4

Age (month) 95+0.0 9.8+0.1 92+0.2 88+0.1
Sex: NS
FD: NS
Sex x FD: NS
Body mass (g) 27.2+20 | 26.7+26 | 345+4.1 | 282+15
Sex: p =0.002
FD:p=0.015 *p=0.003, -18.3%
Sex x FD: p=0.031
Femur length (mm) | 14.7+03 | 15105 | 144+03 | 146+0.3
Sex: p =0.009
FD: NS
Sex x FD: NS
Disease severity 0.0+0.0 39+16 0.0+0.0 6.3+1.0
Sex: p=0.014

Data are presented as mean + standard deviation.

*

Osteoporos Int. Author manuscript; available in PMC 2022 November 01.

“significant difference between male control and FD mice.
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Table 2:

Trabecular microarchitecture and cortical geometry

Measure

Female

Male

Control
n=>5

Control
n==6

Trabecular microarchitecture

BV
Sex: p <0.001
FD:p=0.011

Sex x FD: p = 0.005

0.13+0.04

0.05+0.03

#p <0.001; -57.8%

0.39+0.10

0.41+0.08

TV

Sex: NS
FD:p=0.018
Sex x FD: NS

2.61+0.15

2.45+0.19

271+0.14

2.52+0.08

BVITV
Sex: p <0.001
FD: p=0.031

Sex x FD: p = 0.005

0.05 +0.02

00.02 +£0.01

#5 =0.001; -55.4%

0.14 £0.04

0.16 +£0.03

Conn.D
Sex: p <0.001
FD: NS

Sex x FD: p =0.001

31.10 + 27.50

6.77 + 11.60

#5=0.006; -78.2%

77.70 £28.20

136.09 + 12.46

" = 0.015; +75.2%

SMI

Sex: p < 0.001

FD: NS

Sex x FD: p = 0.006

2.30+0.39

3.04+0.39

#1=0.002; +32.2%

1.67+0.34

1.43+0.30

Thb.N

Sex: p <0.001
FD: NS

Sex x FD: NS

1.78 +0.63

1.93+0.22

3.46 +£0.54

3.85+0.39

Tb.Th

Sex: NS

FD: p=0.020
Sex x FD: NS

0.05+0.01

0.04 +£0.01

0.06 +£0.01

0.05+0.00

Th.Sp

Sex: p <0.001
FD: NS

Sex x FD: NS

0.65+0.27

0.53 +£0.06

0.28 +£0.06

0.26 +£0.03

Cortical microarchitecture

Imin (mmA)

Sex: p =0.006

0.134 £ 0.009
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0.130 +0.028

0.181 £ 0.035

0.164 £ 0.039
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1duosnuep Joyiny

Vahidi et al.
Measure Female Male
Control FD Control FD

n=>5 n=7 n==6 n=4
FD: NS
Sex x FD: NS
Ct. Th (mm) 0.221 +0.018 | 0.224 +0.022 0.216 £ 0.049 | 0.226 +0.031
Sex: NS
FD: NS
Sex x FD: NS
Ct. Ar (mm 2) 0.831+0.047 | 0.825+0.084 0.970+0.116 | 0.956 +0.154
Sex: p =0.007
FD: NS
Sex x FD: NS

Data are presented as mean + standard deviation.

#=. . . .
significant difference compared with female control mice,

*

Osteoporos Int. Author manuscript; available in PMC 2022 November 01.

“significant difference compared with male control mice.
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Vahidi et al.

Whole-bone material and mechanical properties from three-point flexural testing

Table 3:

Measure

Female

Male

Control
n=>5

n=7

Control
n==6

FD
n=4

Stiffness (N/mm)
Sex: p =0.020
FD: NS

Sex x FD: NS

94.1+13.8

81.2+11.6

102.4 +12.4

101.1+13.8

Maximum force (N)
Sex: p=0.016

FD: NS

Sex x FD: NS

18.7+14

18.0+21

21.2+£25

20.4+23

Work to Fracture (mJ)
Sex: NS

FD: p=0.004

Sex X FD: NS

77+18

6.6 +2.0

10.3+25

56+1.6

Modulus (GPa)
Sex: NS

FD: NS

Sex x FD: NS

76+1.4

71+18

6.6+1.7

69+17

Maximum strength (MPa)
Sex: NS

FD: NS

Sex x FD: NS

185.0 +19.0

1748 +24.5

161.8 +16.7

172.2+23.2

Toughness (MJ/m 3)
Sex: NS
FD: p = 0.001

Sex x FD: NS

83+11

6.1+2.4

8.8+1.8

42+19

Data are presented as mean + standard deviation.
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Vahidi et al.

Bone tissue material properties from nanoindentation, Raman spectroscopy, and DXA

Table 4:

Measure

Female

Male

Control
n=5

FD
n=7

Control
n==6

FD
n=4

Mean E; (GPa)
Sex: NS

FD: p=0.041
Sex x FD: NS

31.66 +1.63

29.95+1.79

30.32+1.99

2850+ 1.12

sd E; (GPa)
Sex: NS

FD: NS

Sex x FD: NS

3.39+0.37

3.50+0.80

3.32+0.25

2.89+0.80

Mean
mineral:matrix
Sex: NS

FD: NS

Sex x FD: NS

5.16 £ 0.57

4.95+0.20

4.56 +0.67

4.63+0.77

sd mineral:matrix
Sex: NS

FD: NS

Sex x FD: NS

0.84£0.16

0.89+0.31

0.80 +£0.51

0.99 +£0.54

Mean
carbonate:phosphate
Sex: NS

FD: NS

Sex x FD: NS

0.09+0.01

0.09 +0.00

0.10+0.01

0.09+0.01

sd
carbonate:phosphate
Sex: NS

FD: NS

Sex x FD: NS

0.007 £ 0.002

0.008 + 0.001

0.006 + 0.002

0.007 £ 0.001

Mean crystallinity
Sex: p =0.057

FD: NS

Sex x FD: NS

0.050 + 0.001

0.051 +0.001

0.053 +0.003

0.053 £ 0.005

sd crystallinity
Sex: NS

FD: NS

Sex x FD: NS

0.001 £ 0.000

0.001 + 0.000

0.001 + 0.000

0.001 £ 0.000

Mean 11670:11640
Sex: p = 0.005

0.97£0.19
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0.97+0.15

1.02+£0.08

1.29+0.10

Page 21



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Vahidi et al.

Measure

Female

Male

Control
n=>5

Control
n==6

n=4

FD: p=0.031

Sex x FD: p =0.032

“p = 0.006; +27.3%

Mean 11670:11690
Sex: p =0.002
FD: p=0.030
Sex x FD: NS

1.36 £0.09

140+0.11

1.46 +0.08

1.62+0.11

Mean 11670:11610
Sex: NS

FD: NS

Sex x FD: NS

3.03+0.18

3.01+£0.29

3.00 £0.22

2.86 +£0.26

DXA BMD
(mg/cm?2)
Sex: p = 0.006
FD: NS

Sex x FD: NS

62.74 +3.56
(n=4)

73.11+£9.21

78.18 +6.84

86.18 + 12.60

Data are presented as mean + standard deviation.

#= . . .
significant difference compared with female control mice,

*

Osteoporos Int. Author manuscript; available in PMC 2022 November 01.

“significant difference compared with male control mice.
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