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Abstract

Compromised collagen and mineral can lead to decreases in bone quantity and quality in
a variety of diseases that differentially affect craniofacial and long bones. Since bone is a
composite - with mineral lending stiffness and collagen lending toughness - maintaining balance
of both constituents is critical to the physical integrity and sustained function of bone.
Experimental models of perturbed collagen cross-links utilize beta-aminoproprionitrile (BAPN),
a dose-dependent inhibitor of the lysyl oxidase enzyme that catalyzes formation of the enzymatic
collagen cross-links — pyridinolines and pyrroles (mature) as well as aldimines (immature). The
ratios of immature to mature cross-links correlate with bone strength and toughness in long
bones. However, a full cross-link profile of craniofacial bone and distinction between
craniofacial and long bones have not been investigated. Likewise, site-specific compositional
and mechanical consequences of collagen perturbation are lacking. The central hypothesis of this
thesis is that collagen cross-linking inhibition compromises bone quality in a bone-specific
manner (long bone or craniofacial bone) in normal growth (aim 1) and in osseous wound healing

(aim 2), and that a full panel of bone cross-links can be detected in serum (aim 3).

During normal growth in the mouse femur and mandible, bone composition (mineral and
collagen) showed an anatomical dependence including ~30% higher carbonation in the femur
and ~67% higher mature/immature collagen ratio in the mandible. A highly sensitive liquid
chromatography/mass spectrometry method was developed which allowed for discovery of the
advanced glycation end-product, carboxymethyl-lysine (CML) in mouse bones for the first time.
Accumulation of CML was bone dependent, with ~22X higher levels in the mandible than the
femur. BAPN caused a significant increase in carbonation (4.4%) in the femur, but no change in
the mandible and no change in tissue level mechanics. BAPN significantly decreased mandibular
mature cross-links (~22-38% for subsets of mature cross-links) but not in the femur. This altered
response to BAPN highlights the need to further understand how altered collagen differentially

affects composition in craniofacial and long bones.
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To study the effects of BAPN on bone healing and mechanical properties, sub-critical osseous
defects were created in the femur and maxilla of mice subjected to collagen perturbation via
BAPN. BAPN decreased tissue level mechanics (stiffness, hardness, and Young’s modulus,
viscoelastic properties) in newly formed bone differently between the maxilla and femur. Yet,
there was no change in bone volume with BAPN, only differences in healing between the femur
(~60% increase in bone volume between 7-14 days) and maxilla (no significant change). BAPN
initially decreased the number of osteoclasts in the femoral defect osteoclasts (7 days), then
increased (14 days), with no change in the maxilla. This site-specific response of mechanics and
osteoclasts to local changes in collagen matrix may make lysyl oxidase mediated collagen cross-

linking a potential therapeutic target for controlling site specific osteoclast response.

Additionally, serum detectible cross-links were measured as a potential minimally
invasive assay to assess direct bone cross-links. Described here is the first report of immature
cross-links measured in both mouse and human serum, creating the most comprehensive bone

collagen cross-link analysis in serum to date.

Overall, this thesis work has advanced the understanding the role of collagen cross-
linking in mineralization during normal growth and healing, and the differential effects in
craniofacial and long bone. Also established, was a new potential assay for measuring bone

cross-links in serum.
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Chapter 1.
Advancements in Composition and Structural Characterization of Bone to Inform

Mechanical Outcomes and Modelling*

1.1 Introduction

The hierarchical nature of bone necessitates that structure-function relationships be
defined across multiple length scales. The skeleton is constantly adapting to maintain mechanical
function through structural and compositional changes triggered by biological signaling.
Historically, modeling of structure-function relationships has been based on continuum
mechanics, with less focus on physiologically-relevant nanostructural and compositional
features. Advances in the ability to genetically or biochemically perturb bone composition as
well as imaging modalities to visualize nano-scale architecture, embrace the potential to

understand the relationship between bone biology, structure, composition and mechanics.

The foundation of bone mechanics is based on traditional mechanical testing procedures.
However, most mechanical testing of bone assumes mechanical properties can be measured by
modeling bone as an idealized geometry with homogenous, isotropic properties (i.e., three or
four -point bending, torsion, fatigue) [1]. For example, fracture toughness of a rodent whole bone
can be calculated by modeling the bone as a cylindrical tube, allowing for standard beam
bending assumptions to be made [2]. As a biologic material, bone is not static, but constantly
remodeling, changing dimensions, and altering material properties due to endogenous and
exogenous influences. Therefore, it is critical for modeling of bone biomechanics to incorporate
a hierarchical approach - taking into account how bones adapt to altered functional demands via
changes in shape (length scale of mm), internal architecture (length scale of um) and mineral or

collagen changes (length scale of nm).

! Published as: Genevieve E. Romanowicz, Morgan W. Bolger, David H. Kohn; Advancements in composition and
structural characterization of bone to inform mechanical outcomes and modelling. Current Opinion in Biomedical
Engineering. 11 (2019), 76-84.


https://www.zotero.org/google-docs/?D3w4hu
https://www.zotero.org/google-docs/?Sw9wkI

Biological influence is an added complexity to the structure-function analysis rubric, as
genetic alterations manifest themselves throughout the hierarchy of bone composition and
structure. Advancements in genetic manipulation of animal models allow researchers to
investigate how changes in cellular behavior (osteoblast, osteocyte, osteoclast activity),
propagate to changes in, composition (collagen, mineral, proteins, growth factors) and structure
(porosity, lacuno-canalicular network), and ultimately to changes in mechanical function. The
purpose of this review is to describe the multiple scales at which bone can be understood and
characterized, highlighting new state-of-the-art techniques such that structural, compositional,

and biological changes can be incorporated into biomechanical modeling.

1.2 Whole Bone Level

Understanding bone function on a bulk, mechanical scale has been limited by simplifying
assumptions about the geometric shape and the resolution at which the tissue can be modeled and
analyzed. Advanced computing and imaging technologies such as high-resolution peripheral
quantitative computed tomography (HR-pQCT) and high-resolution magnetic resonance imaging
(MRI), now allow for solid body objects to be created from scans of numerous skeletal tissues
and used as input into multidimensional models to simulate physiologic loads. Such models are
predictive of direct mechanical measures such as bone strength, but are less predictive of post-
yield mechanics [3]. With the advent of imaging such as HR-pQCT and MRI, actual bone in-situ
geometries and loading schemes can be studied, something not possible using traditional
mechanical testing methods (samples trimmed to standard beams for mechanical testing).
Enhanced in situ modeling lends itself to more accurate depictions of in vivo loading and
understanding of biomechanical processes. More accurate modeling of complex geometries such
as the bone/periodontal ligament/tooth unit [4], human vertebrae [5], the atlantoaxial joint [6] is
now possible. Smaller scale features such as microcracks in trabecular struts and vasculature [7]
can also be incorporated into whole bone mechanical models. For example, in the dentoalveolar
joint, the forces modeled coupled with histological stains for vascular, neuronal, and osteoblastic
tissues, allow for attribution of mechanical forces and tooth movement to bone resorption
processes (Figure 1.1). Coupling of advanced imaging techniques of bone with local measures of

cellular activity (ie. histology or gene expression) and mapping into whole bone mechanics [4]


https://www.sciencedirect.com/topics/medicine-and-dentistry/quantitative-computed-tomography
https://www.sciencedirect.com/topics/medicine-and-dentistry/magnetic-resonance-imaging
https://www.zotero.org/google-docs/?n11VuR
https://www.zotero.org/google-docs/?0IRWLK
https://www.zotero.org/google-docs/?db2QkQ
https://www.zotero.org/google-docs/?b8MNcl
https://www.zotero.org/google-docs/?SXsFS6
https://www.zotero.org/google-docs/?pz3w3b

will increase understanding of how local structural and matrix changes impact whole bone

mechanics and function.

1.3 Structure & Geometry

To initially gain understanding of structure-function relationships in bone, morphological
measures, such as external diameter [8], moment of inertia and trabecular network [9], were
critical. Increasing resolution of imaging systems has allowed for the study of intracortical
features such as porosity and the canalicular networks, leading to enhanced understanding of

structural influences on mechanical properties.

1.3.1 Porosity

Advances in methods such as micro/nano-computed tomography have allowed for the
nano-scale quantification of mineralized tissues [10] and rendering of 3D models of these tissue
for finite element modeling [11,12]. A significant aspect of this approach is that a biological
process such as modeling/remodeling of bone with age can be captured by quantifiable size and
density changes in pore geometry. This pore information can be applied to multivariate models
to predict whole bone strength [13] or employed in a computational model to determine
correlations between porosity and strain energy density [11]. The use of nano-CT has allowed for
increased resolution and definition of cortical pores and highlighted the regulation of human
bone strength with age in phenotypic subsets of the population [13]. Therefore, porosity is an
important factor to consider in overall structure of cortical tissues of long bones, and may be of

interest in other bone sites.

1.3.2 Osteocytes and the Lacuna-Canalicular Network

Osteocytes are embedded in the mineralized matrix of bone and form a complex network
between the lacunae they reside in and their interconnecting canaliculi. This fluid-filled network
senses mechanical loads and transduces the mechanical signal to a biochemical signal that
triggers bone turnover and adaptation. The surrounding mineralized matrix and nano-scale
features of the osteocyte network make it difficult to study and image in three dimensions.

However, recent advancements allow for more thorough visualization of the osteocyte lacuno-


https://www.zotero.org/google-docs/?lr6Y0K
https://www.zotero.org/google-docs/?CxuGX2
https://www.zotero.org/google-docs/?gRb506
https://www.zotero.org/google-docs/?1sHwNE
https://www.zotero.org/google-docs/?t12DKD
https://www.zotero.org/google-docs/?zcPklH
https://www.zotero.org/google-docs/?9ncwah

canalicular network (LCN). Two dimensional visualization can be accomplished by resin casting
of bone sections [14] or acid etching of embedded samples [15]. One method to visualize the
three dimensional structure of the LCN is by staining bone sections with rhodamine, which will
infiltrate internal network surfaces, including blood vessels, lacunae, and canaliculi. Confocal
imaging, z-stacking and subsequent image processing allows for a resolution of 250-300 nm
[16,17]. Use of third-harmonic generation imaging to visualize rhodamine infiltrated sections has
had similar success [18,19]. Synchrotron nano computed tomography (SR-nanoCT) also been
able to image the 3D network of the LCN after rigorous segmentation and reconstruction
methods [20]. Ptychographic X-ray CT (PXCT) relies on diffraction and subsequent retrieval
algorithms, and provides three dimensional images of the LCN and lacunae shape [21]. Three-
dimensional images of the osteocyte LCN, like those obtained by SR-nanoCT, can also be used
to model the mechanical loads put upon the network and better understand fluid shear and

mechanosensing [22].

The complex geometry of the LCN output from two dimensional stacked, or three
dimensional images can be difficult to subsequently characterize. Key parameters of the LCN
include lacunar density, total number of osteocyte connections, lacuno-canalicular fraction or
network parameters likes edge density, node degree, and centrality measures [23,24]. Future
work should focus on determining which measures of the osteocyte LCN are most relevant to
bone mechanosensing, composition, and mechanics. Being able to probe the properties of the
LCN has promising implications for understanding how disease, age, and other physiologies
influence loading adaptations.

1.4 Composition

Just as bone is often simplified into a beam or cylinder shape for mechanical testing, the
composition of bone is often simplified as a two-phase composite, comprised of a stiff mineral
component imbedded in a tensile polymeric or collagen matrix. Technological advances have
allowed for better characterization of the mineral, collagen, interactions between the mineral and
collagen, and cellular components of bone. Accounting for the ultrastructural features of mineral,
collagen and other proteins advance the ability to link functional relevance of bone composition
to disease.
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1.4.1 Enzymatic Cross-Links

Collagen is a bio-polymer, which is assembled in type I collagen as fibrils and acquires
post-translational, covalent modifications via the family of enzymes: lysyl hydroxylases (LH),
lysyl oxidase (LOX), or via the formation of advanced glycation end products (AGEs such as
pentosidine (PEN)) (Figure 1.2). These enzymes control tissue-specific patterning of the
enzymatic cross-links. In bone, the predominant immature cross-links are the divalent cross-
links, dihydroxylysinonorleucine (DHLNL), hydroxylysinonorleucine (HLNL). The predominant
mature cross-links form spontaneously from either the DHLNL or HLNL with an available
allysine or hydroxyallisine group (from which the immature cross-links form as well). These
mature cross-links are the hydroxylysylpyridinoline (PYD), lysylpyridinoline (DPD), and
pyrroles. The non-enzymatic AGEs form from an available lysine or hydroxylysine group via

glycation or oxidative stress.

Intermolecular, lysyl-oxidase mediated, collagen cross-links stabilize type | collagen and
contribute to mechanical properties of bone. Techniques to measure cross-links directly have
relied on high performance liquid chromatography (HPLC), with a reverse phase ion-pairing
column chemistry and fluorescent detection. Naturally fluorescing cross-links (PYD, DPD, PEN)
can be easily detected, however, non-fluorescent species (DHLNL, HLNL) require derivatization
by ninhydrin or o-pthalaldehyde for fluorescent detection [25]. This LC methodology has been
translated to electrospray ionization mass spectrometry (ESI-MS) [26], which allows for
comprehensive quantification of the enzymatic collagen cross-links without subsequent
derivatization steps. Recently, a methodology was developed using a silica hydride column and
ESI-MS friendly solvents that allowed for detection of reduced immature cross-links HLNL,
DHLNL, and mature cross-link, PYD [27]. DPD, in addition to PYD, was measured with a
similar methodology [28]. Coupling of mass spectrometry detection with LC methods allows for
precise quantification of additional species (ie. proteins) in parallel with the enzymatic collagen
cross-links, such as other AGEs besides PEN. Beyond LC, it may be possible to quantify
proteins in situ using matrix-assisted laser desorption/ionization-imaging mass spectrometry
(MALDI-IMS) [29].
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These methodologies outlined above allow for characterization of the entire collagen
cross-link profile with age, disease, or other physiological conditions to elucidate the relationship
between composition and mechanics, which can subsequently be applied experimentally or to in
silico predictive models of mechanics. For example, in a mouse model of lathyrism in which
LOX is inhibited, bone fracture toughness, strength, and pyridinoline cross-link content are
reduced [25]. Ratios reflecting relative cross-link maturity are positive regressors of fracture
toughness, whereas quantities of mature pyridinoline cross-links are significant positive
regressors of strength. Subjecting these mice to exercise promotes pyridinoline cross-linking, and
the resulting increase in total mature cross-linking is sufficient to counteract the mechanical

effects of cross-link inhibition [30].

In silico modeling of the collagen network in bone has been conducted using full
atomistic simulations and finite element simulations. This approach is useful for controlled
manipulations of theoretical conformations of collagen that can be confirmed experimentally.
Recently, the use of 3D coarse-grained models simulated the mechanical behavior of collagen
fibrils with enzymatic collagen cross-links [31]. This model was applied to collagen cross-links
in human adult and child bone samples to predict fibril mechanical properties and found the
increased number of immature enzymatic cross-links (HLNL, DHLNL) in young bone (5-16
years), was responsible for the increased elastic modulus and elastic work in bones from young
vs. old individuals [32]. Being able to model how differing collagen cross-links affect the
deformation of collagen fibrils is a step towards modeling how composition dictates bone
mechanics. However, to advance such modeling even further, mineral, AGEs, and their

interaction should also be considered.

1.4.2 Non-Enzymatic Cross-Links & Advanced Glycation End Products (AGES)

Characterization of non-enzymatic collagen cross-links or advanced glycation end
products (AGESs) relies on fluorescent detection of pentosidine as a surrogate marker for total
AGE content or in a non-specific fluorometric assay [33]. To date, no complete profile of AGEs
in bone has been done. Computational techniques using atomistic models of collagen fibrils have
tried to identify other AGEs that may form in bone. Candidates identified include glucosepane
and imidazolium cross-links [34,35]. Modeling the relative mechanical contribution of these
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candidate AGEs showed a theoretical increase in moduli at low strains with variations between
glucosepane and imidazolium cross-links depending on site [36]. Experimental confirmation of
the results of these computational studies with established screening methodologies for AGEs
[37] would advance understanding of the AGE profile in bone, relative abundance and
contribution of AGEs to bone strength and toughness, especially in regards to pathologies which
accumulate AGEs [33].

1.4.3 Mineral

Bone mineral is comprised of hydroxyapatite crystals with varying size, crystallinity and
stoichiometry, depending on location, age, and disease. Characterization of bone mineral scales
from bulk or regional bone mineral density measured using techniques such as microCT and dual
x-ray absorptiometry (DEXA), to molecular composition at a micro-scale resolution using
techniques such as Raman spectroscopy, Fourier transformation infrared technology (FTIR),
quantitative backscattered electron microscopy (gqBEI), as well as a combination of these
technologies [38]. Combinations of technigues allow for a more comprehensive understanding of

bone mineral at multiple structural scales.

Carbonation of hydroxyapatite is the primary compositional modification of bone
mineral, and changes in percent carbonation are associated with changes in tissue location, age,
maturity, and disease [39]. In addition to compositional changes, altered mineral orientation and
crystallinity dictate mechanical properties [39-41], especially ductility [42]. Crystallinity is
influenced by multiple factors including collagen (the scaffold in and around which crystallites
form) and non-collagenous proteins (which provide nucleation sites for crystallite formation)
[39]. Crystallinity, as measured via Raman spectroscopy, can be defined as the inverse of full
width at half maximum (FWHM) of the 960 cm™ phosphate (v1) peak, indicating more
stoichiometric hydroxyapatite, or less carbonate substitutions with an increase in crystallinity.
The phosphate peak can be compared to the carbonate peak at 1070 cm™ to give a direct
carbonate-to-phosphate ratio [43]. Additionally, crystallinity measured via FTIR can be
described as the ratio of the 1020/1030 cm™ bands and indicates crystal size, perfection, and
maturation [44]. On a smaller scale than Raman or FTIR, gBEI can assess mineral nano-structure

and distribution of spatial changes in mineral [45-47].
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Understanding the crystalline phase of bone, including structure, composition, size, and
orientation, is important for understanding mechanical function as well as cellular function.
Cellular control of bone crystallinity is regulated by non-collagenous proteins such as biglycan
[40] or fibrillin [48], or by upstream mechanical means, such as exercise [40,49,50]. Mechanical
function measured by nanoindentation can be colocalized with compositional techniques such as
Raman [51], or FT-IR. Nanoindentation has utility for measuring site-specific mechanical
properties (hardness and Young’s modulus) of bone as well as teeth [52] and can be performed
on hydrated or dehydrated specimens and also coupled with fluorescence microscopy [30,53,54].
Atomic force microscopy (AFM) can be coupled with infrared spectroscopy (AFM-IR) to
provide nanometer scale resolution in collagen topography and composition, mineral
composition and ratios of mineral to collagen [55]. Sequential analysis of mineral composition
and tissue level mechanical properties [56] allows for non-destructive mechanical and
compositional measures at micron scales across bone or skeletal locations. Combining
techniques such as these to investigate effects of genetic alterations on bone composition and
mechanics will advance understanding of the local cellular influence on composition and,

structure, and ultimately function.

1.5 Genetic Manipulations of Bone Composition and Structure

Identifying the cellular and genetic drivers for compositional and structural changes is
crucial to understand why bone mechanics are altered in different pathologies. Technological
advances in biology, most notably, Clustered Regularly Interspaced Palindromic Repeats
(CRISPR)/CRISPR-associated protein (Cas) pathway (CRISPR/Cas9) [57] and transgenic Cre
lines [58] allow for precise genetic manipulation. When coupled with compositional, structural,
and mechanical characterization, researchers would have the tools to model skeletal phenotype
from genotypic information. Using these technologies to generate mouse or other animal models
which mirror human mutations opens the door to investigating specific skeletal phenotypes

present in a clinical setting [59].

Mechanical phenotyping the skeleton of genetic knockouts allows for unbiased screening
to identify new drivers or confirm those previously found. Databases like the Origins of Bone
and Cartilage Disease collaboration project (OBCD, http://www.boneandcartilage.com) correlate
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genetic regulation to bulk bone mechanical properties and mineralization information. This
approach identified genetic mutations that had strong influence over mechanical properties [60].
This work has also highlighted dimorphisms in bone volume, size and weight by both sex and
site [61]. Further investigating these skeletal phenotypes at a compositional and structural level
may provide insight into how bone mechanics is impacted by specific mutations. For example,
an analysis of a Smad3 (a mediator of TGF-beta signaling in bone) knockout was conducted
using several compositional (Raman, X-ray tomography), structural, and mechanical
(nanoindentation, three-point bending) techniques. With these methods, mineral content, cortical
thickness and fracture toughness were most controlled by the Smad3 gene [62]. Often, genetic
animal models investigate only bulk mechanical or mineralization, but do not attribute how the
genetic regulators are affecting compositional changes. By using techniques to dissect the
compositional changes in bone, including recently developed techniques highlighted in this
review, it may be possible to model how specific genes are regulate the structure-function

relationships in bone.

1.6 Summary

Biomechanics is at an exciting interface between classic mechanics, state of the art
technology to characterize bone structure and composition at the micro- and nano-scales, and
molecular tools to generate knockouts of virtually any gene. Future compositional analysis
should be directed so that mineral, collagen, and structural parameters can be incorporated into
simulated models of bone function. With technological advances, the ability to determine the
biological drivers of structural and functional changes in bone becomes possible. Translation of
clinical phenotypes to relevant animal models to better understand pathologies in human
populations is a critical goal. Likewise, technologies used to characterize quality of bone should
be pushed towards clinical translation with minimally invasive measures of bone architecture,
mineral quantity, and tissue quality, that when combined with simulated models of bone
mechanics, can be used to predict function and identify subjects at increased risk for fragility

fractures.
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Figure 1.1 Three-dimensional model of tooth and periodontal ligament movement (A), isolated
to a two dimensional map (B), histological staining at the same region (C). Modeling of forces
and tissue movement experienced under loading of complex geometries such as the
dentoalveolar joint has been made possible by increases in nano-scale resolution of imaging and
high powered computer processing. These modeled forces can then be correlated to biological
drivers by more traditional means such as histology and staining of proteins related to
neurovasculature and osteoblasts (Adapted from [4], with permission).
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Figure 1.2 Simplified collagen cross-linking pathways for both enzymatic cross-link and
advanced glycation end product (AGE) formation. Immature divalent enzymatic cross-links are
simplified to their sodium borohydride reduced forms hydroxylysinonorleucine (HLNL) and
dihydroxylysinonorleucine (DHLNL) (Adapted from [63], with permission)
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Chapter 2.

Hypothesis, Study Aims and Organization of Dissertation

2.1 Study Rationale

Maintaining the physical integrity of biological tissues such as bone, is critical to their
sustained function. Many systemic conditions such as osteogenesis imperfecta®, diabetes®,
rheumatoid arthritis® and nutritional deficiencies® exhibit compositional changes in both the
collagen and mineral components of bone, which compromise function. In experimental models
of perturbed collagen cross-links, the mechanical strength and toughness correlate to the cross-
link profile®®), Therefore, it is possible that compositional changes contribute to altered
structure and function and compromise bone quality in patients suffering from a variety of
systemic conditions®@®E) Most structure/composition-function studies in bone have been
performed on long bones, but only a limited number of studies have analyzed craniofacial bone.
Yet, differential changes to mineral density exist between craniofacial and long bones®”. It is
unknown if such differences are driven by differences in embryonic origin®, turnover rate®,
loading® @@, or composition of the bone. Limited studies report anatomical differences such as
between the mandible and femur for direct measures of collagen?®® or in combination with
mineral composition and tissue level mechanics. Understanding these mechanical and
compositional changes is important for understanding baseline and pathological progression in a
variety of diseases which may affect the long bones differently than craniofacial bones. |
hypothesize that cross-links will drive altered mechanical properties, mineralization and healing

dependent on anatomical site.

Type | collagen is a bio-polymer, which is assembled collagen as fibrils and acquires
post-translational, covalent modifications via the enzymes lysyl hydroxylase (LH) and lysyl
oxidase (LOX) or via the non-enzymatic pathway with advanced glycation end products (AGEs).
These enzymes control tissue specific patterning of the enzymatic cross-links. Thus far, the

contribution of collagen cross-links to mechanical properties, mineralization, and healing
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between craniofacial and long bone has not been measured but may contribute to site specific

response to disease states.

2.2 Hypothesis and Aims

2.2.1 Global Hypothesis:

My central hypothesis is that collagen cross-linking inhibition compromises bone quality
in both situations of (1) normal growth and (2) osseous healing, dependent on bone (long bone or

craniofacial bone) and (2) that bone cross-link changes can be detected via a full panel in serum.

2.2.2 Hypothesis 1: Altered collagen cross-linking reduces mineral quality in a mineral

apposition rate and anatomical site dependent manner.

Aim 1. Define the role of collagen cross-links in craniofacial and long bone mineralization and

quality.

To determine the differential effect of cross-link inhibition on craniofacial bone, vs. long
bone, femora and mandibles were isolated from 8 week old mice (growing mice to incorporate
BAPN treatment) that have been treated with BAPN or control PBS, for 28 days. Direct
measures of the collagen cross-links were performed on the femur and mandible by Ultra-high
performance liquid chromatography with tandem mass spectrometry (LC-MS). Mineral
apposition rate was determined from dynamic histomorphometry. Mineral composition (via
Raman spectroscopy) and quantity (via microCT) were measured. Nanoindentation was used to
determine mechanical properties co-localized to the Raman measures. The resulting mechanical
and compositional information was then used to explain observed anatomical site dependent
changes with BAPN and further our understanding of the influence of collagen cross-linking on
bone formation during growth. These compositional (or nano-scale structural changes), could

ultimately affect the long-term function of both the femur and mandible.

2.2.3 Hypothesis 2: Perturbed collagen via BAPN impairs the quality of bone healing and is

dependent on anatomical site due to differences in LOX activity and healing rate.

Aim 2. Determine the effect of impaired collagen cross-links on bone quality during osseous

wound healing in a subcritical defect model and establish differential healing between
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craniofacial and long bones. To determine the effects of enzymatic cross-links on bone quality
following osseous wound healing, daily subcutaneous injections of BAPN (350 mg/kg for 7d)
were administered to C57BI/6 male mice to deplete enzymatic collagen cross-links systemically.
Subcritical osseous defects (0.43 mm) were then created bilaterally, in both the maxilla and
femur, and allowed to heal for 7 or 14 days. The maxilla and femur were processed for
histomorphometry and immunohistochemistry. Osteoclasts and osteoblasts were enumerated as
multinucleated cells that are tartrate-resistant acid phosphatase (TRAP) stained/bone surface and
cuboidal cells/bone surface, respectively, to determine effects of BAPN treatment on these cells.
Birefringence with polarized light was performed on Picrosirius stained slides to determine
collagen organization. Immunohistochemistry for LOX was performed and quantified for the
defect sites. Mechanical properties of the healing tissue were measured via nanoindentation
including the extraction of viscoelastic properties using a fit to a Burger’s model. MicroCT was
used to assess healing (bone volume/total volume). Direct measures of the collagen cross-links
will be made on mandibles by HPLC. The resulting histological, mechanical, and microCT
information was then used to compare healing processes between the maxilla and femur with

differential response to perturbed collagen via BAPN.

2.2.4 Hypothesis 3: Immature cross-links, dihydroxylysinorleucine and hydroxylysinorleucine,

are detectible in serum at higher ratios than mature pyridinolines.

Aim 3. Determine the relationship of serum detectable bone markers to estimate bone quality
measures. Mouse serum and human serum were depleted of high molecular weight proteins via
acetonitrile protein precipitation. Ultra-high performance liquid chromatography with tandem
mass spectrometry (LC-MS) was then used to quantify the serum detectible cross-links,
including the immature cross-links: dihydroxylysinorleucine and hydroxylysinorleucine. The
correlation of the full panel of serum detectible cross-links directly to bone will be completed.
This new methodology is an important step to creating a serum assay that can detect bone related
cross-link changes in a variety of diseases and conditions, and potentially to be used to assess
bone quality.
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2.3 Summary and Organization of Dissertation

In Chapter 1, a detailed presentation of the current state of the field with regards to
analyzing and modeling complex hierarchical structure of bone is presented as well as future
directions of the field. Chapter 3 demonstrates the bone dependent (mandible vs. femur) changes
in collagen cross-links and mineralization during normal growth (Aim 1). Work in Aim 1 also
identifies a new direct measure of the carboxy methyl-lysine (CML) cross-link in mouse bone as
well as the bone-dependent accumulation of this cross-link. Chapter 4 furthers the work of
Chapter 3 by pushing the biological system into a state of accelerated bone deposition in a
subcritical defect model (Aim 2). Work in Aim 2 demonstrated that both healing and the quality
of the healed bone depend on anatomical location (maxilla vs. femur). Chapter 4 addresses Aim
3 where the nuanced methods for the novel detection of immature cross-links are described as
well as establishment of a full collagen cross-link panel in mouse and human serum, opening
doors for the creation of a “liquid biopsy” of bone collagen cross-link profile to eventually work
towards the possibility of better prediction of bone quality via minimally invasive techniques.
Chapter 5 summarized the key findings and proposed future work to build on these discoveries.
Overall, this work sought to understand the role of collagen cross-linking in mineralization
processes during normal growth and healing as well as work to translate the knowledge gained
into a clinically relevant question of how to detect bone collagen cross-links via serum.
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Chapter 3.
Collagen Cross-link Profiles Differ Between Craniofacial and Long Bones Driving Altered

Mineralization Response to Perturbed Collagen

3.1 Introduction

Complex structures, such as bone, rely on a multitude of structural properties to impart
the high strength and resilience required for daily function. Bones are a composite material,
primarily comprised of fibrillar type | collagen (organic phase, ~35-45% by volume), carbonated
hydroxyapatite crystals (mineral phase, ~35-45% by volume), and water (~15-25% by
volume)®. Compromises to either the amount or composition of collagen or mineral in bone can
alter both homeostasis and healing. A variety of diseases exhibit features of altered collagen
(cross-link ratios) and bone mineral density (BMD), impaired healing, and reduced bone strength
(increased fragility) @®@®®, Changes to mineral density are observed in both the craniofacial and
long bones (albeit at different rates) with disease®. The impact of systemic skeletal disease on
composition may be site-specific, especially between craniofacial and long bones due to
differences in embryonic origin®, turnover rate®, and loading®®9. Limited studies“Y®? report
differences in direct measures of collagen between the mandible and femur and none in
combination with mineral composition and tissue level mechanics. Yet, understanding these
mechanical and compositional changes is important for understanding baseline and pathological
progression in a variety of disease which affect the long bones differently than craniofacial

bones.

Type | collagen is assembled as fibrils and acquires post-translational, covalent
modifications via the family of enzymes lysyl hydroxylases (LH) and lysyl oxidase (LOX)®3)d4),
or via the formation of advanced glycation end products (AGESs) such as pentosidine (PEN) or
carboxymethyl-lysine (CML)®9@®) | |H and LOX control tissue-specific patterning of the

enzymatic cross-links“”®8). In bone, the predominant immature enzymatic cross-links are the
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divalent cross-links, dihydroxylysinonorleucine (DHLNL) and hydroxylysinonorleucine (HLNL)
which form from available lysine and hydroxylysine groups. Mature cross-links form
spontaneously from either the DHLNL or HLNL cross-links with an available allysine or
hydroxyallysine group. The predominant mature cross-links are hydroxylysylpyridinoline
(PYD), lysylpyridinoline (DPD), and pyrroles (Pyr). Similar to immature cross-links, the non-
enzymatic AGEs also form from lysine and hydroxylysine side groups via glycation or oxidative
stress. Some studies®?19 have suggested that the cross-link profile of long bones differs from
that of craniofacial bones, yet comprehensive profiles have not been established .

While individual type 1 collagen cross-links are similar between long bones and
craniofacial bones, craniofacial bones have a higher turnover rate®, with a higher collagen
percentage by weight and a greater mineral content®. These differences are often not
considered when studying diseases or therapies involving bone. However, if the composition
(e.g. mineral/collagen ratio, % cross-links, cross-link profile) is inherently different between long
and craniofacial bone, the respective tissues may resorb or form bone differently in response to
disease, therapy or mechanical loading. The direct contribution of collagen cross-links to
mechanical properties and mineralization at a tissue level has not been measured. Nor has the
potential for altered collagen cross-linking to influence mineralization and tissue level
mechanics. And lastly, the impact of highly different composition (mineral and collagen)
between anatomical locations (such as between craniofacial and long bones) has not been
measured. The central hypothesis of this aspect of the dissertation is that altered collagen cross-
linking reduces mineral quality in a mineral apposition rate and anatomical site (cross-link
profile) dependent manner. This hypothesis is tested by comparing the mandible to the femur in
a model system that targets LOX mediated enzymatic cross-linking via inhibition by beta-
aminoproprionitrile (BAPN)@2@)(2) This model directly tests the effects of enzymatic cross-
links on mineralization and tissue level mechanics as well as the effects of cross-link inhibition

among several anatomical sites with inherently different collagen and mineral composition.
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3.2 Methods
3.2.1 Animals

Details of the mouse experiment were previously reported® with analysis of the tibia
only. This work adds intensive compositional, histomorphometric, and tissue level mechanical
analysis of the femur and the mandible as well as liquid chromatography analysis of cross-links
with mass spectrometry compared to fluorescent detection. In brief, all animal procedures were
approved by the Institutional Animal Care & Use Committee (IACUC) at the University of
Michigan. 5-week old, male C57BI6 (Charles River) were weight matched and assigned to two
treatment groups. Daily subcutaneous injections of sterile phosphate buffered saline (PBS) or
350 mg/kg (Beta-aminoproprionitrile fumarate salt, CAS: 2079-89-2, Sigma Aldrich, St. Louis,
MO, USA) were administered over 21 days. Since BAPN only affects newly deposited tissue,
growing mice were used for this study to generate a sufficient volume of cross-link inhibited
tissue. To provide labelling for dynamic histomorphometric analysis and discriminating newly
deposited tissue (cross-link deficient) from existing tissue (normal cross-links), weekly
fluorochrome injections were administered — days 1 (alizarin complexone (Alizarin-3-methyl-
iminodiacetic acid), 25 mg/kg, Sigma A3882), 7 (calcein, 15 mg/kg, Sigma C-0875), 13 (xylenol
orange, 90 mg/kg, Sigma 398187) and 19 (tetracycline hydrochloride, 25 mg/kg, Sigma T3383).
Mice were sacrificed at 8 weeks of age by CO2 inhalation (experimental day 22). Both femora
and mandibles were harvested, cleaned of soft tissue, and stored frozen in gauze soaked in
calcium buffered PBS as previously reported@9@2),

3.2.2 MicroCT

Left hemi-mandibles (7-8/group) and left femora (6/group) were scanned by uCT over
the entire length (WCT100 Scanco Medical, Bassersdorf, Switzerland). Scan settings were: voxel
size 12 um, 70 kVp, 114 pA, 0.5 mm AL filter, and integration time 500 ms. Scans were
reoriented using Scanco IPL to obtain reproducible regions of interest (ROI). A 360 um standard
ROI was taken from the mid root of the first mandibular premolar for interradicular bone, and
then rotated 90 degrees to achieve cortical bone sections at the buccal bone of the first molar.

Femoral trabecular bone structure was analyzed using a 600 pum thick volume of interest 2.8 mm
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below the distal end of the femoral epiphysis. Distal cortex was measured at 6 mm from the
distal end of the epiphysis for a 360 um thick volume. Bone volume/total volume (BV/TV),
tissue mineral density (TMD) were calculated for the mandibular cortex, interradicular bone,
femoral cortex and trabeculae. Trabecular number (Th.N), spacing (Th.Sp) and thickness (Th.Th)
were also calculated. The sites analyzed for microCT correspond to the ROI for Raman
spectroscopy, histomorphometry, and nanoindentation analysis. All microCT analysis was
performed using the manufacturer’s evaluation software, and a fixed global threshold of 18%

(180 on a grayscale of 0—1000) was used to segment bone from non-bone.

3.2.3 Collagen Cross-link Analysis

Sample preparation for direct measures of collagen cross-linking was conducted as
previously described@”@, Direct cross-link analysis was performed using ultra-high
performance liquid chromatography with tandem mass spectrometry (LC-MS) and adapted from
previously described methods®®@ with modifications to expand the number of cross-links
detected. Mature (PYD, DPD, and pyrrole), immature (DHLNL and HLNL), and AGE cross-
links (PEN and CML) were measured from each whole bone specimen, quantified via a standard
curve of each cross-link and normalized to the collagen content (hydroxyproline). For the
femora, the epiphyses were removed, and the marrow was flushed with PBS (n=5-6/group). For
the mandibles, the central incisor, molars, and condyle were removed and cleaned with PBS
(n=5-6/group). Both bones were then demineralized with 0.5 M ethylene diamine tetracetic acid
(EDTA) for 72 hours, washed, suspended in TAPSO buffer, chopped, and reacted with sodium
borohydride to preserve the immature cross-links®@@)  Samples were then digested with
TPCK-treated trypsin at 37 C for 24 hours then defatted with 3:1 chloroform:methanol. This
digest was used for the pyrrole colorimetric assay, an additional aliquot of digest was used for
hydrolysis, mixing 1:1 with 12 M hydrochloric acid and baked at 110 C for 24 hours. A portion
of the hydrolysate was used for the hydroxyproline assay and the remainder was cleaned on an
SPE column (Bond Elut-Cellulose, 12102095, Agilent) as described® with a 35 mL wash with
8:1:1 (Acetonitrile: Acetic Acid: Water) and methods slightly modified by eluting with 5 mL of
LCMS grade water (W64, Fisher), Samples were then lyophilized and resuspended in 0.1%
formic acid (A117-50, Fisher) in LC-MS water spiked with pyridoxine as in internal standard for

subsequent LC-MS injection as a modification of previous methods®® to more closely match
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established LC-MS methods@®)@), LC-MS (Agilent 6545 LC/Q-TOF) conditions were adapted
from Naffa, et. al.?®@) and as follows: injection volume: 5 pL, gradient elution program:
Solvent A, 100% water/0.1% formic acid (v/v); solvent B, 100% acetonitrile/0.1% formic acid
(v/v). Gradient: 0 min 90% solvent B, 2 min 84% solvent B, 12 min 42% solvent B and 17 min
10% solvent B. Total run time was 17 min and flow rate was 0.4 mL/min followed by 4 min of

column equilibration time (total run time 21 min), column temp: 25 C.

The mass spectrometer used was the MS Q-TOF equipped with dual Jet Stream
Technology lon Source (AJS) Electrospray ionization spectrometry (ESI). Positive ion mode was
used in all runs. System parameters were: column temperature, 35 C; sheath gas (N2)
temperature: 320 C, flow: 10 L/min; Positive ion mode was used with a mass range of 50— 1200
m/z, scan rate: 2 spectra/second. All data were processed using Thermo Xcalibur 3.0 software.
Agilent MassHunter Workstation Qualitative Analysis software version B.06.01 SP1 (Agilent
Technologies, Santa Clara, CA, USA) was used for qualitative analysis and quantitation. A
known mass list (detailed in Table 3.1) was used for extraction of ion chromatograms for

quantification as compared to the standard curves for each species of cross-link.

Standards of the PYD (CAS# 63800-01-1, BOCSCI Inc.) and DPD (CAS # 83462-55-9,
BOCSCI Inc.) were purchased, DHLNL was purchased from ChemCruz (sc-207059C) and used
to quantify HLNL as well since they only differ by an oxygen and no standard is commercially
available. CML (Cayman, 16483) and PEN (Cayman, 10010254) were purchased from Cayman
Chemical. Pyrrole standard was purchased (Sigma, M78801) and used in a colorimetric
assay®?@9_ Individual cross-links as well as grouped values for total mature (PYD + DPD +
pyrroles), total pyridinolines (PYD + DPD), total immature (DHLNL + HLNL), total enzymatic
cross-links (total immature + total mature) were calculated. Relevant ratios reported are
DHLNL/HLNL, PYD/DPD, (total pyridinolines)/pyrroles, immature/mature, immature/(total
pyridinolines). Collagen content (hydroxyproline) ratios to demineralized and mineralized bone

weights were also calculated.

3.2.4 Histomorphometry

Mice treated with PBS or BAPN (C57BI/6, n=5-7) were prepared for dynamic

histomorphometry processing. In brief, bones were fresh embedding in poly-methyl-
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methacrylate (PMMA) (Koldmount, SPI Supplies), sectioned and polishing with a series of fine-
grit sandpaper as described®®. The fluorescent labels were visualized using a confocal
microscope (Nikon Eclipse Ti confocal microscope). Images were analyzed for mineral
apposition rate (MAR) at 3-5 locations along the ROI and averaged for each site using the Nikon

software.

3.2.5 Raman Spectroscopy

Mineral composition and matrix composition were measured via Raman Spectroscopy as
previously described@?@)@®) In brief, the polished section from the histomorphometry samples
(n = 6-8/group) were used, with the fluorescent regions of interest being probed with a 10 nm
laser spot to quantify mineral and matrix parameters. The peaks associated with mineral were
used to test the impact of altered collagen cross-linking on mineral quantity and quality.
Measurements of “mineral to matrix” included a variety of ratios of phosphate to individual
matrix bands: hydroxyproline (960 cm™/874 cm™), proline (960 cm™/854 cm™), phenylalanine
(960 cm™/1001cmt), or amide 1 (960 cm™/1660 cm™). Measurement of mineral quality were
described as “mineral stoichiometric perfection” or phosphate crystallinity (full width of 960 cm”
! peak at half maximum height), and “mineral maturity” or carbonate to phosphate ratio (960 cm™
/1069 cm™). Matrix (collagen) parameters were described as Amide | (1660 cm™/1694 cm™) and
(1660 cm™/1679 cmt), and Amide 111 1240 cm™/1263 cm™). All reported peaks are from peak

height at given wavenumber from processed and baselined spectra as previously described@?.

3.2.6 Nanoindentation

Tissue level mechanical properties were measured (n=6-8/group) and co-localized with
the histomorphometric and the Raman spectroscopic measurements (2 separate sites per bone
with 5-8 independent indents averaged per location). Samples were sectioned and polished with a
final polish of 0.25 um diamond suspension (Electron Microscopy Sciences, 50372-21) to create
a smooth surface as previously described®®. A Berkovich tip was then loaded at each site at 10
uNs?, to 1000 pN, then unloaded at 10 puNs?t using a 950 Tl Tribolndenter (Hysitron,

Minneapolis, MN, USA). Indentations were conducted in a humid state via surface hydration
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with calcium buffered PBS. Young’s modulus and hardness were extracted from the load-

displacement curve generated using the Oliver-Pharr method@®).

3.2.7 Statistics

The study was designed with a power calculation based on the primary outcome of
altered mineral (carbonate/phosphate via Raman spectroscopy) calculated with means and
variance from previous work@ for a two-tailed t-test and yielded a minimum of n=5. IBM SPSS
was used for statistical analysis. Raw data was analyzed for assumptions of normality (Shapiro-
Wilk) and homogeneity of variance (Levene). Where valid, independent treatment effects in each
compartment were assessed using a two tailed t-test. Site and bone comparisons were made with
a repeated measures ANOVA based on a generalized linear effect model (GLM) framework and
the use of Gaussier-Glass corrections for non-homogeneous data. Results are summarized as the
mean +/- the standard deviation for each compartment and metric. Factor effects and contrasts
(which represents direct comparisons between data grouped as site or treatment) are shown, the
interaction term was not significant and is not shown. Where relevant, the non-normal and non-
homogenous data is annotated. All values of p < 0.05 are considered significant, values of p <
0.1 are noted as trends.

3.3 Results

3.3.1 Mineral Apposition Rate and Total Mineral Density (TMD) are Anatomical Site-

dependent

To study the effect of collagen cross-link alteration on mineral quantity and composition,
the model of BAPN administration for LOX inhibition was chosen. Areas of interest included
rapidly growing regions of tissue to maximize the effects of BAPN. In addition to the underlying
compositional questions, the comparison of anatomical site (specifically craniofacial and long
bones) was undertaken to investigate differential perturbations to mineral and matrix
composition that are common in a variety of systemic disease conditionsC?®®D, The mice in

this study had a significant reduction (Welch’s t-test, p=0.010) in body weight due to BAPN
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administration®®. However, there was no significant difference in bone weight with treatment
(Table 3.2).

Both the mandible and femur contained areas of high- and low- mineral apposition rate
(MAR) (Figure 3.1), allowing for direct comparison of MAR dependent effects of cross-link
inhibition via BAPN treatment. There was no significant effect of BAPN treatment on MAR,
therefore the combined mean values of both treatments are presented and analyzed. The regions
of interest are highlighted in Figure 3.1A with the study design and timing of fluorophore
injections (Figure 3.1B). Typically, the femur would not be considered to have an area of high-
MAR, however, the cortical region at the distal epiphysis was primarily new tissue after the 21
days of this study due to the mice being young, growing mice (5.95 £ 1.25 um/day, Figure 3.1C).
Likewise, the interradicular bone of the first molar (2.44 + 0.43 um/day, Figure 3.1C) had a
relatively high-MAR. The trabecular compartment of the distal epiphysis of the femur (1.77
0.33 um/day, Figure 3.1C) as well as the mandibular buccal cortical near the first molar (1.33 +
0.28 um/day, Figure 3.1C) showed areas of lower-MAR. Each site was significantly different
than the other except for the femoral trabecular vs. mandibular cortical comparisons (GLM,
p<0.0001, Figure 3.1C).

Mineral quantity was assessed via micro-CT at each volume of interest. TMD was
highest in the cortical compartments of both bones, with the control group buccal cortex of the
mandible having a significantly higher TMD (1215.41 + 30.730 mg HA/cm®, Figure 3.2A) than
the femoral cortex (1118.00 + 20.07 mg HA/cm3, Figure 3.2A), interradicular bone of the
mandible (1068.88 + 18.6 mg HA/cm?, Figure 3.2A), and the femoral trabecular bone (835.45 +
32.00 mg HA/cm®, Figure 3.2A). No effects of BAPN on any micro-CT parameter were
observed in either bone or compartment (Table 3.3S) except for the BMD of the femur (GLM
contrast for treatment, p = 0.031, Table 3.3S). The individual t-tests for each site revealed a trend
towards decreased BMD with BAPN treatment in the femoral cortex (Welch’s t-test, p = 0.095,
Figure 3.2B). Each site was significantly different from every other site for BMD and TMD
(GLM, p<0.0001, Figure 3.2 A&B).
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3.3.2 Tissue Level Young’s Modulus and Hardness Were Higher Mandible as Compared to

the Femur but Were Not Altered by BAPN Treatment

The femoral cortex exhibited significantly higher modulus (10.92 + 3.99 GPa, Figure
3.2C) and hardness (0.67 = 0.23 GPa, Figure 3.2C) compared to the trabecular compartment
(modulus: 5.97 + 3.80 GPa, Figure 3.2C, hardness: 0.42 + 0.20 GPa, Figure 3.2D). Both
mandibular cortex (modulus: 16.68 = 1.96 GPa, Figure 3.2C, hardness: 0.969 + 0.125 GPa,
Figure 3.2D) and interradicular bone (modulus: 17.635 + 2.87 GPa, Figure 3.2, hardness: 0.937 £
0.14 GPa, Figure 3.2D) exhibited significantly higher tissue level mechanical metrics compared
to the femur (GLM, p < 0.001, Figure 3.2 C&D) yet did not differ from each other. No

significant effect of BAPN was found on tissue level Young’s modulus or hardness.

3.3.3 Collagen Cross-links Differ Between the Mandible and Femur and are Altered

Differently with BAPN Treatment

Direct measures of collagen cross-links from whole hemimandibles and femora revealed
significant compositional differences between bones (Table 3.2). The metrics presented are for
the whole, homogenized bones, therefore site comparisons (cortical vs. trabecular) were not able
to be made. Mandibles exhibited significantly higher collagen content (48.89 + 13.96 mol
collagen/mg whole bone weight) than femora (31.26 + 12.13 mol collagen/mg) (GLM, p =
0.012, Table 3.2) with no significant effect of BAPN treatment. Pyrrolic cross-links were almost
twice as high in the mandible (0.820 £+ 0.31 mol/mol collagen) compared to the femur (0.465 +
0.13 mol/mol collagen)(GLM, p<0.002, Figure 3.3B). Total mature cross-links were also
significantly higher in the mandible (Pyr+PYD+DPD) (GLM, p<0.003, Figure 3.3B) but not the
pyridinolines individually (Figure 3.3A). The (PYD+DPD)/Pyr ratio was significantly increased
in the femur (0.065 + 0.03 mol/mol collagen) compared to the mandible (0.007 + 0.001 mol/mol
collagen) (GLM, p = 0.019, Table 3.2).

Immature cross-links were significantly higher in the femur (0.803 + 0.04 mol/mol
collagen) than in the mandible (0.546 £ 0.21 mol/mol collagen) (GLM, p = 0.014, Figure 3.3C),
predominantly driven by DHLNL content (GLM, p = 0.011, Figure 3.3C) of which the femur

contained approximately 30% more DHLNL mol/mol collagen than the mandible. The
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DHLNL/HLNL ratio was also significantly increased in the femur (4.34 £ 1.00 mol/mol
collagen) compared to the mandible (3.70 = 0.40 mol/mol collagen) (GLM, p = 0.041, Table
3.2).

Ratios of the mature to immature cross-links also showed significant differences between
bones. The mandible contained significantly more mature/immature cross-links as calculated via
the ratios: PYD/(DHLNL+HLNL), (PYD+DPD)/(DHLNL+HLNL),
(PYD+DPD+Pyr)/(DHLNL+HLNL) (GLM, p<0.0001 for all three ratios, Table 3.2).

The advanced glycation end product, carboxymethyl-lysine (CML), was directly detected
here in mouse bone for the first time. There was significantly increased CML in the mandible
(0.282 = 0.21 mol/mol collagen) compared to the femur (0.013 + 0.004 mol/mol collagen)
(GLM, factor effect p <0.0001 for bone effects, Figure 3.3D). No significant differences in PEN

were detected between bones (Figure 3.3D).

BAPN caused a significant decrease in the PYD (Welch’s t-test, p = 0.038, Figure 3.4A),
DPD (Welch’s t-test, p = 0.032, Figure 3.4B), and PYD+DPD of the mandible (Welch’s t-test, p
= 0.028, Figure 3.4C), but not the femur. While immature cross-links were not significantly
altered by BAPN, there was a significant factor effect (GLM, factor effect p = 0.044 for BAPN
effects, Table 3.2) in HLNL content for both bones and trends (GLM, factor effect p = 0.094 and

p = 0.075 for BAPN effects, Table 3.2) towards decreased levels of both immature cross-links.

3.3.4 BAPN Causes Mineral Differences in the Femur and Matrix Differences in the

Mandible

The comparison of the mandible and femur also highlighted mineral and matrix
differences between these anatomical sites as measured via Raman spectroscopy (Figure 3.5 A-F,
Table 3.3S). The largest site-specific matrix differences existed in the amide I (1660 cm™/1694
cm™) band with the highest values in the femoral cortex (7.18 + 1.75 cm™/ cm™) and trabecular
bone (3.50 + 0.67 cm™Y/ cm™) compared to the mandibular interradicular bone (3.28 + 0.33 cm™Y/
cm?) and cortex (218 * 0.64 cm?/ cm?) (GLM, p < 0.0001, Figure 3.5A).
Hydroxyproline/proline ratio (874 cm™ /854 cm™ cm™), hydroxyproline+proline (874 cm™ + 854
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cm? cm™) (p = 0.035) and amide 111 (1240 cm™/1263 cm™) also were significantly different
between sites (GLM, p < 0.001, Figure 3.5F).

Mineral to matrix differences were seen in numerous Raman band parameters, including
mineral/phenylalanine (960 cm™/1001 cm™) (Figure 3.5B), mineral(hydroxyproline+proline)
(960 cm™/ (874 cm?™ + 854 cm?® cm)), mineral/amide 1 (960 cm™/1660 cm™), and
carbonate/amide 1 (1069 cm™*/1660 cm™) (GLM, p < 0.0001, Table 3.3S). Mineral differences
included crystallinity (1/FWHM of 960 cm™) (Figure 3.5C), carbonate/phosphate (1048 cm™/960
cm™) (Figure 3.5D) (GLM, p < 0.0001).

BAPN increased carbonate/phosphate ratios in the femoral cortex (Welch’s t-test,
p=0.019, Figure 3.5C) and decreased the hydroxyproline/proline ratio in the femoral trabecular
compartment (Welch’s t-test, p=0.012, Figure 3.5F). BAPN caused a decrease in the Amide 11
(1240 cm-1/1263 cm-1) in the mandibular buccal cortex (Welch’s t-test, p=0.024, Figure 3.5E).

3.4 Discussion

While methods of direct measures of collagen cross-links can be cumbersome, the
advances in LC-MS technology have alleviated some of the technical burden, expanding the
detectability of some species. To my knowledge, this is the first report of directly measurable
CML in mouse bone, as well as the first report of bone specific accumulation of CML (Figure
3.3 D). Direct measures of CML in human bone have only recently been reported@®.
Additionally, the trend (Welch’s t-test, p = 0.127, Table 3.2) towards increasing CML with
BAPN treatment begs the question of compensation or direct effect of LOX, both of which are
beyond the scope of this study. The mandible also has a lower immature cross-link content,
which has the same hydroxylysine formation site as AGE’s and therefore negatively competes
with AGE formation, unlike the mature cross-links“®). This competitive formation of the cross-
links could explain why less CML accumulation is seen in the femur (high immature cross-links
content). It is plausible to hypothesize that there are unknown mechanisms (cell source
dependent, bone formation rate dependent, or exercise/loading dependent) driving preferential
formation of CML over immature cross-links in the mandible. Site-specific cross-link formation

may render diseases that affect bone composition to be anatomic site dependent.
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My hypothesis focused on anatomical and mineral apposition rate dependent changes to
mineral with perturbed collagen cross-linking. However, site dependent changes to mineral
(Figure 3.2, Figure 3.5, Table 3.2) do not appear to be driven by differences in mineral
apposition rate (Figure 3.1) and are more dependent on the mature/immature collagen cross-link
profile (Figure 3.3, Table 3.2). This work highlights that bone composition is not “one size fits
all” -- that site specific compositional differences exist for both mineral and collagen which is
consistent with other reports®2©3), Compared to the femora, the mandible exhibits higher
crystallinity, lower carbonation, higher mature collagen cross-links and mature/immature ratios,
higher CML content (first report in mouse bone as well as first report of bone specific
accumulation), and higher tissue level strength and stiffness (Table 3.2 & Table 3.3S). The
implications of these results extend beyond the findings of compositional differences between
anatomical sites. These results also show how altered collagen compositions can drive changes
in mineral composition dependent on anatomical site, which could ultimately disrupt function
and response to repeated loading. While traditional logic may point to these changes being MAR
dependent, we studied the cortical compartment of the femur and the interradicular bone of the
mandible (both with high-MAR) as well as the cortex of the mandible and the trabecular bone of
the femur (both with low-MAR) (Figure 3.1C) to investigate the dependence of composition on
MAR. However, mineral and matrix compositional changes varied more with anatomical site
than MAR.

When cross-links are perturbed via BAPN inhibition of enzymatic cross-link formation,
the matrix changes (decreased amide Ill bands) in the mandible are apparent via Raman
spectroscopy (Figure 3.5E) as well as via direct LC-MS measures (deceased PYD and DPD)
(Figure 3.4 A&B). Yet, no significant alteration of mineralization or tissue level mechanics
(Figure 3.2 A-D) was detected in the mandible. The femur underwent less matrix changes with
BAPN treatment (Figure 3.4 A-D), yet a significant increase in carbonation occurred (Figure
3.4D), but without alteration to the modulus or hardness (Figure 3.2 C&D).

This study design of targeting collagen cross-link effects on mineralization allows for
investigation of the relationship of altered collagen to the carbonate band. An increase in
carbonate/phosphate is negatively correlated with fracture toughness and tissue level

mechanics®¥ and associated with increased fracture risk®®. | similarly observed a reduced
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modulus and hardness (Figure 3.2 C&D) with increased carbonation in the femur as compared to
the mandible (Figure 3.5D). In my original hypothesis, | suggested that there would be a site and
MAR mineralization dependence. Yet, since both the femur cortical compartment and the
mandibular interradicular bone had high-MAR but only the femur cortex exhibited increased
carbonate/phosphate ratios with BAPN treatment, this could not dependent on MAR. | now
suggest that bones with a higher immature/mature cross-link ratio (such as the femur) may be

more susceptible to altered mineralization, independent of MAR.

Few studies have compared mineral and collagen compositional differences between
anatomical sites, and even less have compared craniofacial and long bones. This study found that
BAPN inhibition of LOX resulted in an altered enzymatic cross-link profile that is site
dependent. Thus, disruption of cross-links is not only BAPN dose dependent®®, but also
anatomical site dependent. The mature enzymatic cross-link profile was significantly reduced in
the mandible, but not the femur (Figure 3.4 A-C). The femur was previously shown to have a
reduction in PYD and DPD with the same BAPN dose®?, while here there are trends toward
decreased PYD and DPD (Figure 3.3A). The current LC-MS method uses exact mass to four
decimal places instead of fluorescence, and therefore the results may be slightly different from
conventional HPLC. While BAPN is an established model of enzymatic cross-link
inhibition@2@)@Y this study highlights the importance of direct measures of cross-links in

different bones when testing whether a treatment or disease alters the cross-link profile.

Numerous collagen compositional differences exist between the mandible and femur.
Highlighted in this work are the significantly increased collagen content, mature/immature ratio,
CML, and pyrrolic cross-links in the mandible compared to the femur (Figure 3.3B and Table
3.2). This mouse data comparing the mandible to the femur is similar to human data showing that
the mandible has higher mineral content, collagen content, and decreased lysyl hydroxylation?.
An explanation for these compositional differences could be the bone formation rate (though not
measured here) which is known to be increased in the mandible®® as well as the exercised
femur®’, both of which correspond to increased mature/immature and pyrrolic cross-links®??.
The effects of BAPN inhibition of enzymatic cross-links are also more pronounced in the
mandible, with a significant decrease in the PYD and DPD cross-links with treatment (Figure 3.3

A&C, Table 3.2) and a corresponding decrease in the amide Il matrix band in the mandible
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cortex (Figure 3.5E). Yet, no mineral differences were detected in the mandible with BAPN
treatment (Figure 3.5 B-D). The bone-dependent compositional response to systemic BAPN
highlights that anatomical site comparisons are warranted and that there may be altered
responses to a variety of perturbations (such as mutations or drug treatment) between these sites
if mineral or collagen is affected. It is still unknown if the bone-dependent compositional
changes are purely due to cells of origin, mechanical loading, or other factors. Additionally, this
study focuses on cross-link depleted tissue during normal growth over a short time period (21
days) — essentially homeostatic conditions. It is also important to understand how cross-links

affect tissue during periods of rapid bone deposition like osseous wound healing.

Collagen cross-links may “pre-destine” a site for mineralization®. While not explicitly
confirmed in this study, my data provides evidence that altering the cross-link profile can alter
mineralization (carbonate/phosphate ratios), at least in the growing distal femora (Figure 3.5D).
In contrast, the cross-link profile was significantly altered in the mandible (Table 3.2, Figure 3.4
A-C), yet no changes to the mineralization pattern were observed (Table 3.3S). Therefore, |
suggest that a lower matrix maturity ratio may be required for collagen cross-link mediated

alteration in mineralization.

3.5 Conclusions

This study reveals that both mineral and collagen composition, including the newly
detected CML cross-link, has an anatomical dependence and there is a differential response of
these sites to collagen cross-links perturbation via BAPN treatment. In the femur,
carbonate/phosphate increased with BAPN treatment whereas in the mandible this metric did not
change. BAPN related matrix changes (both the amide 111 and the mature cross-links) were more
pronounced in the mandible compared to the femur. The mandible and the femur also exhibited
different collagen cross-link profiles, mineralization patterns, and tissue level mechanical
properties — which highlights the importance of investigating multiple anatomical sites for bone

compositional changes with disease or drug treatment.
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Table 3.1 Cross-links of interest with respective chemical formulas, molecular mass, and
accurate masses of [M+H]+ charged ions of cross-links. Key: Pyridoxine is the internal standard.
Mature cross-links (pyridinoline (PYD), deoxypyridinoline (DPD)), immature cross-links
(dihydroxylysinorleucine (DHLNL)), and advanced glycations end products (such as pentosidine
(PEN) and carboxy methyl-lysine (CML)).

Crosslinks  Formula E";?I::” [M+H]"

Pyridoxine  Cg Hyy N Oy 169.180 170.081
HLMNL C1a Hag Na Og 291.348 292187
DHLNL Caa Hag Ny Oy 307.347 308.182
PYD Cia Haa Ny Og 428.437 429198
DPD Ca Hag Ny Oy 412.433 413.203
PEN Ciy Hag Ng Oy 378.430 379.209
CML Ca Hyg N2 Oy 204 224 205118
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Figure 3.1 Dynamic histomorphometry of the mandible and femur. (A) Fluorescent images of
longitudinally sectioned mouse femur showing cortical bone and trabecular bone ROIs for
analysis via dynamic histomorphometry, nanoindentation and Raman spectroscopy. Fluorescent
images of longitudinally sectioned mandible showing the first molar and the buccal cortical and
interradicular bone of the first molar ROI’s used for the same analyses as were conducted in the
femur. (B) Schematic of the four fluorophores delivered at weekly injections, indicating tissue
growth during treatment, and highlighting the area used for analyses. (C) Mineral apposition rate
was significantly different between each compartment (p<0.0001, designated as ***)(All values
from Generalized Linear Model (GLM)).
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Figure 3.2 MicroCT and tissue level mechanics between bone compartments. (A) Total mineral
density (TMD) was significantly different between every site (p<0.0001), with decreasing TMD
from mandible to femur, with respective cortical site higher than woven bone counterparts. (B)
Bone mineral density (BMD) was significantly decreased between sites, with the mandible
having higher BMD than the femur (p<0.0001). (C) Young’s modulus varied between bones and
sites within the femur. The mandible had a higher modulus than both the femur cortical and
trabecular compartments (p<0.001, or as designated) and the femur cortex had a higher modulus
than the femur trabecular bone (p<0.001). (D) The same trend was seen with the hardness values
(p<0.05, or as designated). No significant effects of treatment were seen in TMD, BMD,
modulus or hardness.
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Figure 3.3 Differences in collagen cross-link profiles between bones. (BAPN groups excluded
for clarity) (A) Mature pyridinoline collagen cross-links did not vary between bones (p>0.18).
(B) Pyrrolic cross-links (p=0.002) as well as the sum of all mature cross-links (p=0.003) were
significantly higher in the mandible compared to the femur. (C) Immature cross-links were
significantly decreased in the mandible compared to the femur (DHLNL, p=0.010)(HLNL,
p=0.067)(DHLNL+HLNL, p=0.014). (D) No change in pentosidine (PEN) was measured
(p=0.108), between bones, however, there were significantly increased levels of carboxymethyl-
lysine (CML) in the mandible compared to the femur (p<0.0001).
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Table 3.2 Direct measures of collagen cross-link profile from mandibles and femurs as measured by LC-MS.

Mandible Femur
Factor Effects (a) (within subject)

Site PBS BAPN p-value PBS BAPN p-value Bone BAPN Sig.
Mature crosslinks

Pyrroles (Pyr) 0.820+0.31 0.700 £ 0.21 0.486  0.465+0.13 0.468 + 0.11 0.962 0.002 0.711 *x

Hydroxylyslpyridinoline (PY D) 0.039 + 0.01 0.024 +0.004 0.038  0.037+0.01 0.046 +0.03  0.518 + 0.184 0.663

Lyslpyridinoline (DPD) 0.009 £ 0.002  0.007 +0.001 0.032 0.008 + 0.002 0.008 + 0.003 0.838 0.693 0.071# *

Pyr+ PYD + DPD 0.868 + 0.32 0.730+0.21 0.428  0.510+0.14 0.523+0.12 0.872 0.003 0.675 folad

PYD + DPD 0.048 £ 0.01 0.030 = 0.005 0.028+ 0.045+0.01 0.054 + 0.03 0.554 + 0.199 0.555 *
Immature cross-links

DehydroxylysInoroluceine (DHLNL) 0.430+0.17 0.305+0.09 0.185  0.648 +0.03 0.511+0.28 0.364 0.011 0.094# *

Hydroxylyslnoroluceine (HLNL) 0.116 + 0.04 0.080 +0.03 0.138  0.155+0.03 0.112 + 0.06 0.253 0.067# 0.044 *

DHLNL + HLNL 0.546 + 0.21 0.386+0.12 0.172  0.803 + 0.04 0.623 +0.33 0.325 0.014 0.075# *
Cross-link Ratios

DHLNL/HLNL 3.70 £ 0.40 3.86+0.34 0.322 4.34+1.00 490+ 1.42 0.539 0.041 0.3 *

PYD/(DHLNL+HLNL) 0.072+0.008  0.063+0.009 0.111 0.040+0.003 0.044+0.009 0.381+ <0.0001 0.327 falaed

DPD/(DHLNL+HLNL) 0.007 +0.0008 0.006 +0.0009 0.727  0.007 + 0.001 0.006 + 0.001 0.359 0.614 0.08# #

(PYD+DPD)/Pyr 0.065 + 0.03 0.046 + 0.02 0.293  0.099 + 0.02 0.124 + 0.09 0.575 0.019 0.62 *

PYD/DPD 4.32+1.49 3.60+0.40 0.322 469+ 1.99 5.38+2.32 0.615 0.162 0.974

(PYD+DPD)/(DHLNL+HLNL) 0.090+0.011  0.081+0.011 0.187 0.050+0.005  0.055=+0.011 0.396 <0.0001 0.445 Fkk

(PYD+DPD+Pyr)+(DHLNL+HLNL) 1.41+0.376 1.12+0.230 0.158 1.26 + 0.097 1.12 + 0.352 0.476 0.503 0.135

(PYD+DPD+Pyr)/(DHLNL+HLNL) 1.75+ 0.662 2.01+ 0.657 0.525 0.57 + 0.084 1.01 + 0.605 0.198 < 0.0001 0.154 Frk
Advanced Glycation End Products (AGE's)

Pentosidine (PEN) (mmol/mol collagen) 0.0101 + 0.0036 0.0086 +0.0024 0.453 0.0077+0.0014 0.0077 +0.0021 0.966 0.108 0.699

Carboxymethyl-lysine (CML) 0.282+0.21 0.254+0.09 0.766+ 0.013+0.004  0.054+0.054 0.127 + <0.0001 0.893 Fkk
Whole bone

Mineralized weight 0.018+0.002  0.018+0.002 0.646 0.018+0.005  0.016 + 0.003 0.521 0.699 0.422

Collagen/mineralized weight 48.89 + 13.96 41.32 + 8.80 0.266  31.26 + 12.13 32.60 +9.30 0.84 0.012 0.466 *

(a) Repeated measures ANOV A for main effects; Interaction term was not significant and is not shown. Subsequent t-test for site specific treatment effects. Factor effect as marginal #(p < 0.1), or
significant *(p<0.01), **(p<0.001), ***(p<0.0001), +(uneaqual variance)
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Site specific reduction of mature cross-links with BAPN treatment
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Figure 3.4 BAPN significantly reduced the mature cross-links in the mandible but not the femur.
(A) PYD cross-links were significantly reduced with BAPN treatment in the mandible but not
the femur (p=0.038). The same was seen for (B) DPD cross-links (p=0.032) and (C) for the sum
of the total mature pyridinoline cross-links (PYD+DPD) (p=0.028).
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Figure 3.5. Numerous site-specific compositional differences between the mandible and femur
were seen in mineral and matrix as measured via Raman Spectroscopy. (A) The matrix maturity
(Amide 1) was significantly different between each site except the mandible cortex and
interradicular bone (p<0.0001). (B) The mineral to matrix ratio was significantly lower in the
femoral trabecular bone compared to every other compartment (p<0.0001). (C) Mineral
crystallinity was significantly different in every compartment except the interradicular bone of
the mandible and the femoral cortical bone (p<0.05 or as indicated). (D) Carbonate/phosphate
ratios differed significantly between compartments (p<0.0001 or as indicated), with higher
carbonation in the femur than the mandible. BAPN significantly increased carbonate/phosphate
in the femur cortex (p = 0.019). (E) The amide 11 ratio was significantly higher in the femoral
trabecular bone than any other compartment (p<0.05 or as indicated). Amide I11 was
significantly reduced in the mandible buccal cortex with BAPN treatment (p=0.024). (F)
Hydroxyproline/proline content was significantly lower in the mandible buccal cortex compared
to the other sites (p<0.05 or as indicated), as well as the femur trabeculae as compared to the
femur cortex (p<0.05). BAPN significantly reduced the hydroxyproline/proline ratio in the femur
trabeculae (p=0.012).
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Table 3.3S Supplemental summary table of tissue level mechanical data, histomorphometry, and MicoCT.

Mandible Femur
GLM Factor Differences  Differences
Buccal Cortical Interradicular Alveolar Cortical Trabecular Effects in in

Site PBS BAPN p-value PBS BAPN p-value PBS BAPN p-value PBS BAPN p-value Site Site BAPN Si; 3
Raman Matrix Parameters

Hydroxyproline/Proline Ratio (874 cm'/854 cm”) 0.574 = 0.058 0.543 = 0.046 0.26 0.618 = 0.046 0.622 + 0.055 0.848 0.652 + 0.018 0.638 = 0.035 0.386+ 0.638 = 0.029 0.600 = 0.016 0.012% <0.0001 0.047 0.144 ok

Hydroxyproline + Proline (874 cm™ + 854 cm'™) 0.097 + 0.016 0.095+ 0.009 0.778+ 0.086 + 0.009 0.091+ 0.015 0.401 0.090 + 0.007 0.092 + 0.004 0.576 0.092 + 0.008 0.101 +0.008 0.083# 0.035 0418 0.235 *

Amide | (1660 cm /1694 cm™) 2.813+ 0.636 2485+ 0.336 0.218 3.283+0.327 3.115+ 0.542 0.465 7.18+175 7.35+ 167 0.853 3.50+0.67 3.599 = 0.555 0.773 <0.0001~  <0.0001~ 0883" el

Amide | (1660 cm'/1679 cm”) 1.704 + 0.094 1.642+0.153 0.343 1.688+0.128 1.689 + 0.066 0.998 1.75+0.10 1.74+0.05 0.835 164+017 1.677+0.122 0.686 0.227 0.353 0.38

Amide 111 (1240 cm™*/1263 em™) 1.167 + 0.057 1.112 £ 0.023 0.024* 1.107 + 0.045 1123+ 0.031 043 1.14+0.031 1.121+0.047 0.406 1.188 = 0.040 1.165 + 0.047 0.385 <0.001 0.108 0.342 i
Raman Mineral Parameters

Mineral/Hydroxyproline (960 cm/g74 cm") 28623+ 3.571 30.461 + 3.102 0.290 27.831+4.088 27.497 = 3.026 0.855 28.33+2.13 28.05+1.69 0.793 28.23+2.33 26.38+1.87 0.139 0.306 0.85 0.757

Mineral/(Hydroxyproline+Proline) (960 cm /(874 cm™ + 854 cm™)) 10.596 + 1.384 10.607 + 1.0211 0.986 11.080 + 1.257 11.340 + 2.058 0.594 11.15+0.89 10.85+ 0.47 0451 10.85+0.94 9.93+0.71 0.068# 0.021 0.162 0.166 *

Mineral/Phenylalanine(960 cm*/1001cm™) 27.957 + 3.438 27.666 + 2.725 0.854 26.029 + 3.980 25.239 + 3.977 0.697 26.76 +0.73 27.062+2.14 0.731+ 19.08+1.78 18.63 + 1.67 0.653 <0.0001 0.127 0.706 il

Mineral/Amide I (960 cm /1660 cm™) 11.259 + 2.230 11.491 + 1.908 0.826 11.442 4+ 1.257 11.590 + 1.511 0.834 12.99+133 12.96 +1.08 0971 9.87 +0.62 9.47+0.74 0.320 <0.0001 0.149 0.397 Lk

Crystallinity (1/ FWHM at 960 cm") 0.057 + 0.0004 0.057 +0.0003 0.833 0.056 + 0.0007 0.056 = 0.0008 0.900 0.056 = 0.0006 0.085 + 0.0007 0.658 0.053 + 0.0006 0.053 + 0.0004 0.183 <0.0001 <0.0001 0.968 il

Carbonate/Phosphate (1069 cm /960 cm™) 0.118 = 0.005 0.112+0.011 0.184 0.116 + 0.004 0.114 4 0.004 0.312 0.153 = 0.004 0.160 = 0.006 0.019* 0.166 = 0.008 0.167 = 0.010 0.870 <0.0001 <0.0001 0.949 ok

Carbonate/Amide | (1069 cm /1660 cm™*) 1.331+0.255 1.333 £ 0.240 0.992 1.335+0.178 1.327+0.188 0.936 1.99+0.21 2.08+0.19 0418 1.64+0.16 157+0.13 0.313 <0.0001 <0.0001 0.643 Rl
Mechanical Data (Nanoindentation)

Modulus (GPa) 1717+ 161 15.72+3.01 0.675 17.46 +2.99 16.48 + 4.42 0.545 11.80+4.33 13.01+2.90 0.403 8.08+3.10 6.30+2.91 0.759 <0.0001 <0.0001 0.839 Hrx

Hardness (Gpa) 0.97+013 0.93+0.17 0.612 0.94+0.14 0.82+0.19 0.189 0.67+0.23 0.74+0.15 0.465 0.52+0.20 0.49+0.21 0.821 <0.0001 <0.001 0.873 el
Histomorphometry

Mineral Apposition Rate (um/day) 1.333+0.278 1.317+0.229 0.911 2.438 +0.431 2.221+0.902 0.581 5.95+1.25 5.64+211 0.757 177+0.33 2.00+0.26 0.225 <0.0001»  <0.0001~ 0.646 il
Micro-CT

Bone volume/Total volume (BV/TV) 0.840+ 0.048 0.803 = 0.050 0.098# 0.671+0.05 0.649 + 0.058 0.344 0.365+0.018 0.355+0.018 0.235 0.1678 + 0.062 0.152 +0.021 0.42 <0.0001~  <0.0001~  0.091# ol

Ml - - - -2.245+ 1314 -1.423 + 1.506 0.195 - - - 2.07+0.427 2.290+0.197 0.137 <0.0001~  0.604 0.205 il

Trabecular Number (1/mm) - - - 7.543 + 0.549 7.659 + 1.018 0.759 - - - 4.887 +0.378 5.058 + 0.249 0.224 <0.0001 ~  <0.0001 ~ 0.695 Hrx

Trabecular Thickness (mm) - - - 0.141 +0.015 0.145 + 0.169 0.63 - - - 0.052 = 0.008 0.047 + 0.004 0.125 <0.0001»  <0.0001~ 0916 el

Trabecular Spacing (mm) - - - 0.126 + 0.019 0.132+0.028 0.548 - - - 0.199+0.018 0.192 +0.012 0.288 <0.0001~  <0.0001~ 0.747 ol

Bone mineral density (BMD) 986.38 + 49.15 949.08 + 56.66 0.125 684.52 + 58.2 657.47 + 54.0 0.268 455.21 = 20.05 439.92 + 20.91 0.095# 152.89 + 42.46 139.26 + 16.34 0.332 <0.0001 ~  <0.0001~  0.031 il

Total mineral density (TMD) (mg HA/cm’) 1215.41+30.73 1219.44 + 20.06 0.712 1068.88 + 18.6 1075.64 + 12.7 0.311 1184.00 + 20.07 1180.13+8.18 0.565+ 835.45 + 32.00 815.75 + 27.47 0.137 <0.0001 ~ <0.001" 0.29 ok

(a) GLM model for main factor effects and overall differences between site and treatment; Interaction term was not significant and is not shown. Subsequent t-test for site specific treatment effects. Significance presented as marginal #(p < 0.1), or significant *(p<0.01), **(p<0.001), ***(p<0.0001), +(uneaqual variance), ~(failed sphericity)
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Chapter 4.
Sub-critical Defect Healing is Anatomical Site-Dependent as Well as Cellular and

Mechanical Response to Beta-aminopropionitrile

4.1 Introduction

Ensuring proper osseous wound healing in both craniofacial bones and long bones is
critical to restoring form and function in defects spanning in size from small (tooth extraction,
implant/plate placement, biopsy, etc.) to large (reconstruction, trauma, pathologies, congenital
defects, etc.). For both small (sub-critical) and large (critical) size defect healing, it is still
unknown why some patients heal better (i.e. more quickly, more robust bone formation measured
radiographically via density and volume) while others do not. Numerous diseases and lifestyle
elements predispose an individual to have a higher risk of delayed or impaired healing®@®) as
well as risk of anatomically site dependent healing complications such as osteonecrosis of the
jaw®. During healing or site specific pathologies are numerous systemic diseases display
perturbation to bone matrix composition including the collagen and mineral components and
delayed healing®®("®_\While changes to bone composition exist with impaired healing in both
craniofacial and long bones, there are limited studies on the direct effect of altered bone matrix

on bone healing® @9,

Bone matrix composition is different between craniofacial and long bones (Chapter 3).
Healing time frame and progenitor cell populations are also different®®. For critical size defects
of the femur, healing occurs through endochondral ossification, while intramembranous
ossification occurs in subcritical defects and cells regenerating the defect are primarily from the
marrow space. On the other hand, the maxilla undergoes intramembranous ossification for both
sub- and critical size defects and cells regenerating the defect are primarily from the periosteum.
Therefore, subcritical defect healing following small fractures, surgical trauma and implant

placement may be affected by altered bone matrix composition (via systemic conditions altering
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bone composition) in a site dependent manor and may ultimately compromise the quality of the
healed bone leading to refracture, implant failure, or site specific conditions such as

osteonecrosis.

To determine the effect of altered bone composition (without overt systemic cellular
disease) on the quality of the healing bone in both craniofacial and long bones, the model of
perturbed collagen cross-linking via beta-aminoproprionitrile (BAPN) was used?®®(Chapter
3). BAPN irreversibly binds and inhibits the lysyl oxidase (LOX) enzyme in a dose dependent
manor. LOX inhibition not only alters the enzymatic collagen cross-link profile“?®3(Chapter
3). LOX also exhibits differential activity between anatomical sites*¥). Therefore, my hypothesis
is that perturbed collagen via BAPN impairs the quality of bone healing dependent on

anatomical site due to inherent differences in LOX activity and healing rate.

4.2 Methods
4.2.1 Animals

All animal procedures were approved by Institutional Animal Care & Use Committee
(IACUC) at the University of Michigan. Adult, skeletally mature mice (11-week old, male
C57BI6 (Charles River)) were utilized to minimize growth as a covariate in the analysis of
healing. Animals were allowed to acclimate upon arrival for 7 days, then weight matched and
assigned to two treatment groups and two end points (7d and 14d post operation). Daily
subcutaneous injections of sterile phosphate buffered saline (PBS) or 350 mg/kg BAPN®® (Beta-
aminoproprionitrile fumarate salt, CAS: 2079-89-2, Sigma Aldrich, St. Louis, MO, USA) were
administered 7 days prior to surgery and daily until euthanasia (7d or 14d post surgery). 350
mg/kg was chosen to cause a mild perturbation to the cross-links that causes changes to fracture
toughness in the long bones of growing mice®®. To provide sequential fluorochrome labelling
for dynamic histomorphometric analysis and to identify newly deposited tissue (cross-link
deficient) for nanoindentation, weekly fluorochrome injections were administered — days -7
(alizarin complexone (Alizarin-3-methyl-iminodiacetic acid), 25 mg/kg, Sigma A3882), day 0
(day of surgery) (calcein, 15 mg/kg, Sigma C-0875) and again day 5 (post-surgery), followed by
day 12 (post-surgery) for the 14d group (Figure 4.1A). For surgical creation of a subcritical

osseous defect (Figure 4.1B), mice were anesthetized with isoflurane (5% induction, 2%
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maintenance) and adequate anesthesia was verified with toe pinch. Mice were given pre- and
post-op analgesics of carprofen 4.5 mg/kg as directed by IACUC. The maxillary defects were
created by retracting the mandible and each cheek to allow visualization and creation of a 0.412
mm transmucosal defect in the maxilla using a mini-kin drill with a slow speed (1500 rpm) drill,
1 mm anterior to the first molar along the maxillary ridge. The femoral defects were created by
first shaving off the hair on the distal femur, creating a sterile field, then an incision on the
antero-lateral border of the distal femur with blunt dissection to visualize the anterior-distal
femur. The same drill and speed were used to create a similar sized defect to the maxilla. Mice
were monitored for the duration of the experiment for any adverse reactions to surgery or BAPN.
Mice were euthanized at 7d or 14d post surgery by CO2 inhalation. Femora and maxillae were
harvested, cleaned of soft tissue, and stored frozen in gauze soaked in calcium buffered PBS as
reported?@ for histomorphometric identification of new bone and nanoindentation analysis. A
subset of maxillae and femora were harvested and immediately processed for microCT and

histology.

4.2.2 MicroCT

Femora (n = 6-7/group) and maxillae (n = 5-6/group) were harvested at sacrifice (7d or
14d) and fixed in 10% formaldehyde for 24 hrs at 4 C, washed and stored in 70% ethanol. Bones
were then scanned via microCT. Specimens were placed in a 19 mm diameter specimen holder
and scanned using a uCT2100 system (Scanco Medical, Bassersdorf, Switzerland). Scan settings
were: voxel size 12 um, 70 kVp, 114 pA, 0.5 mm AL filter, and integration time 500
ms. Analysis was performed using the manufacturer’s evaluation software, reoriented using
Scanco IPL to obtain a standard region of interest (ROI) and a fixed global threshold of 20%
(200 on a grayscale of 0—1000) was used to segment bone from non-bone. A 37 pixel (444 um)

diameter circle was centered in the defect and analysis was performed over 30 slices (360 um).

4.2.3 Histomorphometry and Immunohistochemistry

Following microCT, femora (n = 4-5/group) and maxillae (n = 3-6/group) were
decalcified with 0.5 M EDTA at 4 C for 14d, embedded in paraffin and sectioned (5 um) to

reveal the osseous defects in cross section. Slides were stained with hematoxylin and eosin
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(H&E), Masson’s trichrome, Picrosirius Red, tartrate-resistant acid phosphatase (TRAP; 387A,
Sigma, following manufacturer’s protocol), or LOX (Abcam; ab174316, 1:500 dilution for
immunohistochemistry following manufacturer’s IHC protocol). All images were analyzed with
Fiji®®. Bone surface was calculated from the Masson’s trichrome slides by thresholding and
creating a mask from the bone surface in a standardized region of interest (ROI), then using the
mask to normalize the osteoblast number (counted as cuboidal, single-nucleated cells on the bone
surface in the defect or flat, single-nucleated cells in non-defect sites). Osteoclasts were similarly
normalized to bone surface from the Masson’s trichrome serial section and counted as TRAP+
multinucleated cells on the bone surface using Fiji software and in accordance with American
Society for Bone and Mineral Research standards*®. LOX-stained sections were quantified for
positively stained bone area using Fiji. Bone area masks were created and applied to the defect
area. The entire defect was analyzed at a standardized threshold for either the femur (85) or
maxilla (60). Positive pixels/total defect pixels were used to represent positively stained bone

area.

Birefringent images were acquired from Picrosirius stained sections using a Nikon
Eclipse Ci microscope with bright field and polarized filters with standardized alignment and
image settings. Birefringence of Picrosirius stained sections was used to measure morphometric
changes to collagen in response to BAPN treatment. Red and green channels represent mature
and immature collagen, respectively, as measured via birefringence”. To quantify additional
collagen parameters (length, width, angle distribution, straightness, and number), the CT-FIRE
program™® was utilized with the red and green channel birefringent images analyzed separately.
Settings were changed from default for minimum fiber length: 0, image resolution: 300, fiber
line width: 0.5, max fiber width: 15.

Bones from mice treated with PBS or BAPN (C57BI/6, n=5-7) were prepared for
imaging of sequential fluorescent bone labels (alizarin red and calcein) to identify regions of
new, cross-link deficient bone. In brief, bones were fresh embedded in poly-methyl-methacrylate
(PMMA) (Koldmount, SPI Supplies), sectioned and polishing with a series of fine-grit sandpaper
as described®® and detailed in Section 4.2.4. The fluorescent labels were visualized using a
confocal microscope (Nikon Eclipse Ti confocal microscope). Images were used to locate areas

of new tissue for subsequent nanoindentation.
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4.2.4 Nanoindentation

Tissue level mechanical properties were measured from the 14 day end-point hemi-
maxillae (n=5/group) and femora (n=5/group) at locations that corresponded to the fluorescent
labels at day 7 bone (ie. 1 week old bone formed in the defect) and compared to the intracortical
bone of the same sample (old bone, formed prior to experiment). Comparisons were made
between the new (defect bone) and old (intracortical bone) in each bone (with 5-6 independent
indents averaged per site). Samples were sectioned to reveal the defects in cross-section, ground
with a series of sandpapers, polished and finished with 0.25 um diamond suspension (Electron
Microscopy Sciences, #50372-21) 9@ (Chapter 3). A Berkovich tip was then loaded at each
site at 2000 uNs?, to 10 mN, then unloaded at 2000 uNs™ with a 60 s hold time using a 950 TI
Tribolndenter (Hysitron, Minneapolis, MN, USA). This step load was adapted from Wu, et al.?V
to measure both viscoelastic behavior (creep), elastic measurements (Young’s modulus) and
plastic measurements (stiffness and hardness). All measures were done in a humid state (surface
hydration with calcium buffered PBS). Young’s modulus and hardness were extracted from the
load-displacement curve generated using the Oliver-Pharr method®?. Creep behavior was
extracted using a custom MATLAB code to fit the displacement-time curve to a Burgers
model® (Figure 4.2). This model utilized the instantaneous modulus (E:) and instantaneous
viscosity (n1) as well as the long term modulus (E2) and parallel viscosity (n2) to yield the

viscoelastic time constant (7).

4.2 5 Statistics

The study was designed with a power calculation (for analysis via 2-way ANOVA) based
on the desired primary outcome of bone healing (BV/TV) evaluated via microCT. Mean and
variance for this calculation were found in similar work studying sub-critical defects in femoral
bone. This calculation yielded a minimum of n=2. However, n=12/group was chosen due to lack
of similar data to predict healing differences in the maxilla, which heals at a slower rate®®. Prism
8 was used for statistical analysis. A two-way ANOVA was used to determine effects of BAPN
and time (days of healing) for each bone. For the nanoindentation data, a 3-way ANOVA was
used to analyze effects of bone, site and treatment and a mixed effects model (M-E model) for

repeated measures analysis of healing (defect) bone to adjacent, non-defect bone (intracortical).
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Data is presented as the mean +/- SD or as percent change in new, healing bone compared to
existing bone. Factor effects and direct comparisons of time and treatment are shown, the
interaction of time and treatment was not significant and is not shown. Significance was

considered if p < 0.05, values of p < 0.1 are noted as trends.

4.3 Results

4.3.1 BAPN Alters LOX Expression and Collagen Fibers Differently in Femoral and

Maxillary Osseous Wound Sites

To study the effect of perturbed collagen on intramembranous subcritical osseous wound
healing, small (0.45 mm dia.) cortical defects were created in the maxilla and femur, bilaterally.
All animals healed without infection and the maxillary defect healed without any need for
closure material (continuous epithelium present at 7d and 14d). Daily subcutaneous delivery of
350 mg/kg BAPN or PBS were administered, resulting in 7 days of pre-treatment and 7 or 14
days of treatment following osseous surgery. There was a significant decrease in anti-LOX+
stained bone in the maxillary defect with an overall treatment effect (p = 0.0198, 2-way
ANOVA), yet post-hoc tests did not reveal individual differences (Figure 4.3A). A trend of
reduced anti-LOX+ stained bone area was noted for an overall treatment effect in the femur
defect (p=0.0635, 2-way ANOVA) (Figure 4.3B). Defect sites showed an increase in anti-LOX+

bone area compared to the surrounding bone (data not shown).

Birefringent analysis (workflow depicted in Figure 4.4) revealed changes in the red and
green channel analysis for the femur and maxilla over time (Table 4.1). The red channel
(representing mature collagen) fiber length for the maxilla increased over time, as did the green
channel (representing immature collagen) fiber number and length (p < 0.05, two-way ANOVA).
The red and green channel fiber width increased over time for the femur (p < 0.05, two-way

ANOVA, Table 4.1). No significant effect of treatment was seen.
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4.3.2 Viscoelastic Properties are Altered in Defect Sites Compared to Existing Bone with

BAPN Treatment

Nanoindentation was used to determine the Young’s modulus, stiffness, hardness, and
viscoelastic creep properties of new, healing bone (defect), as compared to the adjacent, non-
defect bone (intracortical) that was unaffected by surgery or by BAPN (or control PBS)
treatment. Percent change from defect to intracortical bone is presented. The maxilla and femur
showed different responses to BAPN treatment, as exhibited by differences in mechanical
properties. The stiffness of the maxillae treated with BAPN decreased (15%, p < 0.05) but
maxillae treated with PBS had a non-significant decrease of only % (Figure 4.5A, M-E model).
The femora showed no change in stiffness (12-14% decrease in new bone for both groups, Figure
4.5A). Hardness (Figure 4.5B, M-E model) was decreased in the BAPN treated femora (26%, p <
0.05) but not in the PBS treated femora (21%). The maxilla showed no significant differences in
hardness with BAPN treatment (19-20%) (Figure 4.5B). Young’s modulus was decreased at all
sites (Femur PBS, 23%, Femur BAPN, 25%, Maxilla PBS, 17%, Maxilla Defect, 23%) (Figure
4.5C, p <0.05, M-E model). For overall bone effects, the hardness was significantly higher in the
maxilla compared to the femur (p < 0.05, 3-way ANOVA, Figure 4.5B).

Viscoelastic measures were extracted from the Burger’s model (Figure 4.2) to estimate
creep behavior. The primary comparison being made was healing bone (defect) vs. adjacent,
non-defect bone (intracortical) with/without BAPN treatment. Creep distance (A, M-E model)
was increased significantly in the BAPN treated femur (-30%, p < 0.05) and had trends of an
increase in creep distance in all other sites and with BAPN treatment (PBS femur (-25%), BAPN
maxilla (-30%), and PBS maxilla (-29%). The creep retardation time (7) was not changed with
treatment (B). Plastic work showed an increasing trend in healing bone compared to existing
bone (C, M-E model) (femur PBS, -19%, maxilla PBS, -24%, maxilla PBS, -22%), reaching
significance in the femora treated with BAPN (-23%) (p < 0.05). Elastic work showed an
increasing trend in the BAPN treated maxillae (-35%) (D, p = 0.085, M-E model). Plastic index
(ratio of plastic work to elastic work) remained unchanged (-3-1%) for each group (E).
Instantaneous creep constants (E: and ni, Figure 6 F&G) showed no change with treatment
except for E1 in the BAPN treated maxilla group (19%) (Figure 6G, p < 0.05, M-E model). The
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long-term modulus, E> (H) was decreased in the BAPN treated femora (28%, p = 0.05) and the
PBS treated maxillae (22%, p < 0.05, M-E model), with a trend in the BAPN treated maxillae
(22%, p = 0.07, M-E model). n2 showed a significant decrease in the PBS treated maxillae (25%,
p < 0.05, M-E model) and a trend in the BAPN treated maxillae (26%, p = 0.07, M-E model)
(Figure 4.61), but there was no difference in the PBS or BAPN treated femora. For overall bone
effects, E1, E2 and n2 were all significantly higher in the maxilla compared to the femur (p< 0.05,
3-way ANOVA)(Figure 4.5A and F,H,I).

4.3.3 Delayed Healing Rate in Maxilla Compared to Femur, Yet Healing Rate is Not Changed

with BAPN Treatment

Mineral density and percent bone-fill were assessed via micro-CT at 7d or 14d following
creation of osseous defects to determine the bone-fill healing rate (or increase in bone volume
from 7 to 14 days). Bone volume fraction (BV/TV) and TMD were unchanged with BAPN
treatment, but there were significant differences in healing rates between bones. Femoral bone-
fill increased by 60% from 7d to 14d (A)(p < 0.001, 2-way ANOVA), whereas the maxilla had
no significant change over this time frame (C). The femora showed a decrease in TMD from 7d
to 14d (B)(p < 0.01, 2-way ANOVA) and no change was detected in the maxillae (D). The

maxillae had more ectopic bone formation as compared to the femora (Figure 4.7).

4.3.4 Femur Osteoclast Numbers Initially Reduced with BAPN, then Increased at Day 14

Defect sites in the femur and maxilla were histologically assessed for osteoclasts
(TRAP-+, multinucleated cells), osteoblasts (pink cuboidal cells via Masson’s trichrome), and
osteocytes (occupied and empty lacunae via Masson’s trichrome). BAPN was not expected to
alter the number of osteoclasts, osteoblasts, or osteocytes. However, the number of TRAP+
osteoclasts per bone surface decreased at 7 days in femoral defects in BAPN treated mice
compared to PBS controls (A)(p < 0.05, 2-way ANOVA). A similar trend was seen in the
maxilla though not significant. There was a subsequent increase in osteoclasts/B.Pm. with BAPN
treatment in the femora at day 14 (B)(p < 0.05, 2-way ANOVA), but no change in the maxillae.
No change in osteoblasts or osteocytes was seen in either bone defect (S1). Because of the

difference in osteoclasts/B.Pm. with BAPN treatment in the defect, the osteoclasts, osteoblasts
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and osteocytes were also quantified in non-defect sites of the femur (distal trabeculae) and
maxilla (pre-maxillary suture). No difference was seen in osteoclasts or osteoblasts in either bone
or over time (S2). The only change in osteocytes detected was the % empty lacunae, with an
increase with BAPN at day 7 but no change at 14d as compared to PBS.

4.4 Discussion

Collagen cross-linking influences bulk mechanical properties of bone®¥(? yet less is
known about differential effects of cross-link changes between long bones and craniofacial
bones, especially during osseous wound healing. Since numerous systemic conditions can
negatively affect both collagen cross-linking and healing, this study sought to perturb collagen
cross-links without a systemic co-morbid disease state to determine the effect of perturbed
collagen cross-linking on bone healing. This animal model of systemic inhibition of LOX via
BAPN allows for comparisons between different bones undergoing a consistent mode of healing
- intramembranous ossification. This study showed that the femur has an accelerated healing
phase compared to the maxilla (Figure 4.7), with increased LOX+ bone (Figure 4.3). There was
also decreased hardness and Young’s modulus in BAPN affected healing bone (Figure 4.5). The
maxilla had lower LOX+ staining and healed minimally in the 14 day time period (Figure 4.3)
with reduced Young’s modulus and stiffness in BAPN affected healing tissue (Figure 4.5).
Reduced modulus and stiffness is suggestive of mineral changes (though not measured here),
which may be bone dependent rather than healing rate dependent since newly formed bone in
both the maxilla (slow healing) and femur (fast healing) exhibited reduced Young’s modulus
with BAPN treatment. Data in Chapter 3 also demonstrated an anatomical site dependent
alteration in mineral content with BAPN treatment during normal growth and development. The
implication of the findings presented in Chapter 4 is that mechanical properties of healing bone
are driven by collagen as well as anatomical location and therefore anatomical site differences
should be considered as a component of design criteria for fixed implantable devices as well as

for response to pharmacological therapies targeting improvement of bone mechanics.

The viscoelastic properties (Figure 4.7) were extracted from nanoindentation at local sites
to discern the matrix mechanical response at areas of new (defect) and existing (intracortical)

tissue. The Burger’s model was used to estimate the viscoelastic properties of bone by extracting
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several spring constants to fit a model of creep behavior to the experimental data. The long-term
spring constants (E1, Ez, 1 2) increase in the maxilla compared to the femur. Yet treatment effects
only manifested in a decrease in the E; metric in the maxillary defect, decrease in the E> metric
in the femoral defect and a trend toward a decrease in E> in the maxillary defect. Defect related
decreases were seen in the E> maxilla defect value and the n2 maxilla value. While all groups had
increased creep within the defect compared to intracortical bone, the femur BAPN group was the
only one to reach significance. The hardness was also significantly higher in the maxilla
compared to the femur, which trends with the higher E> and 7. Stiffness and E: both changed

with BAPN treatment in the maxilla, suggesting a possible relation between these parameters.

The increase in the E> and n2 constants in the maxilla compared to the femur is of
interest. The constants could relate to the mineral/collagen interaction in the bone matrix, as has
been shown with filler content in thermoset nanocomposites®. With increasing filler content
(similar for modeling purposes to the mineral component of bone) the E; and 72 values in man-
made composites increase. The collagen in craniofacial bones is also more highly cross-linked
(Chapter 3) with mature cross-links (like a 3-D conformation of a thermoset polymer) and

therefore the bone may be behaving similarly to thermoset nanocomposites.

The viscoelastic constants and mechanical properties are altered with BAPN treatment in
an anatomical site dependent fashion, highlighting the need to understand mechanical regulation
in a bone specific manor. There are numerous implications for changes in tissue level mechanical
properties in healing bone within a defect. These include resistance to mechanical deformation
around an implant/osseous screw, healing after microfracture, or removal of tissue due to
pathologies. All of these clinical scenarios could be impacted by systemic conditions that affect

collagen cross-linking, such as diabetes, smoking, or radiation®® ),

Surprisingly, BAPN also altered the osteoclast response in the defect bone, more so in the
femur (where LOX+ bone was higher) than the maxilla (Figure 4.3) and not in the non-defect
bone. BAPN altered collagen increases osteoclastic activity in vitro®” and loosely cross-linked
ECM promotes osteoclast maturation®). Conditions such as osteoporosis and diabetes lead to
impaired collagen cross-linking@®®) and reduced LOX®"®) as well as concurrent increase in
osteoclasts®?C%, There was no change in osteoclast number with BAPN treatment in the non-

defect sites, highlighting that the deceased osteoclast number is likely due to the new (BAPN
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affected) tissue being deposited as the non-defect sites are not rapidly forming bone and should
be relatively unaffected by BAPN treatment. While the direct mechanism is not shown here, it is
important to determine if targeting recovery of LOX in bone disease (e.g. under cross-linked)

tissue could reduce the concurrent increase in osteoclasts.

The osteoclast number is higher in the femoral defect than the maxillary defect, which is
consistent with other studies comparing long bone and craniofacial bone®Y®2, A potential cause
for these site specific differences is the difference in cell source for each bone (neural crest for
maxilla vs. mesoderm for femur), and compartment (periosteum for maxilla vs. marrow for
femur). The femur was occupied by primarily marrow cells (qualitative from H&E sections),
whereas the maxilla had infiltration of sinus tissue and cells appear to be primarily from the
periosteum (qualitative from dynamic histomorphometry and H&E). Pharmacological
intervention (ie. bisphosphonates) to control osteoclast number and activity is also site specific
during healing®Y®, Further studies on the LOX status with drugs such as bisphosphonates
could lead to another possible target for therapeutic intervention to not only improve mechanical

function, but also modulate the osteoclast response.

Systemic administration of BAPN reduced the tissue level mechanical properties of
newly formed bone in osseous defects in a site-specific manor. The mechanical loading
environment, healing rates, LOX expression, and osteoclasts are different between the femur and
maxilla and produce an altered response to perturbed collagen. Results from this study highlight
the need for consideration of anatomical site dependence of osseous wound healing. This work
opens doors to further investigate the potential to modulate LOX expression during healing to

improve mechanical properties of newly formed bone in a variety of disease states.
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Figure 4.1 Schematic of experimental design (A) 2 treatments (Phosphate buffered saline (PBS)
or 350 mg/kg beta-aminoproprionitrile (BAPN)) and two end points (7 day or 14 day post
surgery). Daily subcutaneous injections were given of PBS or BAPN and fluorophores (red =
alizarin red complexone, green = calcein) were injected at 5 days prior to surgery, day of
surgery, 5 days post surgery, and 12 days post surgery. (B) Images of defect location (maxilla or
femur) and size (0.43 mm diameter) with corresponding microCT images of the defects.

64



1

hz(t)—nP cotcota (1 vz)[1 + ! (1 e_%)+ t
20 E m:(1—v?)

E,
N

T =

H_]nl —

h?(t) is the indentation depth [nm] at time(t)
P is the peak force [mN]
a is the equivalent cone semi—angle (70.3° for a Berkovich indenter)
E; é T v is the Poissan’s ratio for the material
— E4 is the instantaneous modulus (Gpa)for the sample

71 is the long—term creep viscosity (Gpa s)

E is the long — term modulus for the sample

T is the creep time constant (s)

12 parallel viscosity (Gpa s)
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Figure 4.2 Equation used to calculate a fit of the Burgers model to the experimental data for
extraction of viscoelastic properties of the bone at either the defect location or intracortical

location. Terms are described in the figure.
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Figure 4.3 Immunohistochemistry depicting lysyl oxidase (LOX) enzyme positive bone areas in
the maxillary and femoral defects with phosphate buffered saline (PBS) or beta-
aminoproprionitrile (BAPN). (A) Anti-LOX bone area was significantly decreased with BAPN
treatment (p = 0.0198) compared to PBS in the maxilla. (B) Anti-LOX bone area showed a trend
of a decrease with BAPN treatment (p = 0.0635, 2-way ANOVA) in the femur compared to PBS
in the femur). *p < 0.05, **p < 0.001, ***p < 0.0001, 2-way ANOVA.
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Figure 4.4 Representative images of the workflow for birefringent analysis of the Picrosirius Red
histological sections. (A) Brightfield view of a femoral defect, showing areas of new bone (NB)
and existing, non-defect cortical bone. (B) Same view of image A under polarized light, using
consistent settings and alignment between samples. (C) Output from the CT-Fire program when
the image from B is split into Red, Blue, Green channels and the Red channel (representative of
mature collagen fibers) is analyzed. The program identifies individual fiber traces and quantifies
the number, alignment, length, width, and straightness (See Table 1). (D) CT-Fire output of the
Green channel image. (Blue channel was not analyzed — no signal).
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Table 4.1 Birefringent analysis of red and green channels using CT-FIRE for the femoral and maxillary defects. Both the femora (fiber
width) and maxillae (fiber length, number and straightness) showed changes to mature (Red) fibers and immature (Green) fibers with
time. However, there was no effect of BAPN treatment. Abbreviations: PBS, phosphate buffered saline (control group), BAPN, Beta-
aminoproprionitrile (test group); Values presented as mean £ s.d. n = 4-5 per group for femur, n = 3-7 per group for maxilla. *p <
0.05, **p < 0.001, ***p < 0.0001, effect of time (change in 7 to 14 days). No significant effect of BAPN, 2-way ANOVA.

Femur

Day 7 PBS Day 7 BAPN Day 14 PBS Day 14 BAPN
Red Channel
Fiber number 132.80 + 44.01 127.50 + 65.86 158.60 + 19.32 163.60 =+ 35.57
Fiber Length 35.74 + 1.82 37.90 + 1.88 39.34 + 2.05 37.66 + 2.41
Fiber Width * 5.72 + 0.65 5.60 + 0.29 6.30 + 0.38 6.14 F3 0.30
Fiber Angle 81.56 + 6.62 76.63 + 17.80 91.74 + 15.85 85.90 + 7.20
Fiber Straightness 0.94 + 0.01 0.94 + 0.00 0.93 E = 0.01 0.93 + 0.01
Green Channel
Fiber number 124.40 + 46.05 13050 + 62.63 15460 = 19.40 156.00 = 39.61
Fiber Length 34,74 + 3.14 38.30 + 2.79 37.18 + 2.82 36.90 + 2.77
Fiber Width** 4,96 + 0.38 5.05 + 0.18 5.49 + 0.32 5.54 * 0.19
Fiber Angle 84.44 + 10.72 76.73 + 17.46 92.26 + 13.73 85.36 + 8.23
Fiber Straightness 0.94 + 0.01 0.94 + 0.00 0.93 + 0.01 0.93 + 0.00

Maxilla

Day 7 PBS Day 7 BAPN Day 14 PBS Day 14 BAPN
Red Channel
Fiber number 169.20 + 58.68 119.75 =+ 28.00 16243 + 37.72 17833 =+ 62.07
Fiber Length *** 33.94 + 2.28 31.88 + 1.76 39.56 + 3.13 36.97 + 2.64
Fiber Width 5.49 E = 0.24 5.13 + 0.15 5.39 E = 0.29 5.49 + 0.48
Fiber Angle 80.52 + 7.50 82.48 + 11.17 82.00 + 12.46 82.63 + 8.47
Fiber Straightness 0.93 + 0.01 0.94 + 0.01 0.93 + 0.01 0.93 + 0.01
Green Channel
Fiber number* 139.00 + 45.54 90.25 + 33.71 15429 + 39.10 181.67 + 70.55
Fiber Length** 33.78 + 245 31.25 + 0.62 37.89 + 3.67 36.87 + 3.55
Fiber Width 4.83 + 0.25 4.51 + 0.10 4.78 + 0.20 4.85 + 0.30
Fiber Angle 83.44 + 9.39 88.40 + 10.87 83.77 + 11.42 82.00 + 6.07
Fiber Straightness ** 0.94 + 0.00 0.94 + 0.01 0.93 + 0.01 0.93 + 0.00

Abreviations: PBS, phosphate buffered saline (control group), BAPN, Beta-aminoproprionitrile (test group); Values presented as mean + s.d. n = 4-5 per group
for femur, n = 3-7 per group for maxilla. *p < 0.05, **p < 0.001, ***p < 0.0001, effect of time (change in 7 to 14 days). No significant effect of BAPN, 2-way
ANOVA.
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Figure 4.5 Nanoindentation was used to determine the Young’s modulus, stiffness, hardness, and
viscoelastic creep properties of new, healing bone (defect), compared to the adjacent, non-defect
bone (intracortical) that was unaffected by surgery or by beta-aminoproprionitrile (BAPN)
treatment. Changes in properties from defect to intracortical regions of bone are presented. (A)
Stiffness was only decreased in defect bone of the maxillae treated with BAPN (p < 0.05). (B)
Hardness was only decreased in the BAPN treated femora (p < 0.05). For overall bone effects,
the hardness was significantly higher in the maxilla compared to the femur (p < 0.05, 3-way
ANOVA) (C) Young’s modulus was decreased at all sites (Femur PBS, Femur BAPN, Maxilla
PBS, Maxilla Defect) (p < 0.05 for PBS groups and p < 0.01 for BAPN treated groups). (p<
0.05). *p < 0.05, **p < 0.001, ***p < 0.0001, Mixed-Effect model unless otherwise noted.
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Figure 4.6 Viscoelastic measures were extracted from the Burger’s model to estimate creep

behavior. The primary comparison made was healing bone (defect) vs. adjacent, non-defect bone
(intracortical) with/without beta-aminoproprionitrile (BAPN) treatment. (A) Creep distance was
increased in the BAPN treated femora (p < 0.05) and there were trends of an increase in creep
distance in all other sites and with BAPN treatment (p < 0.1). (B) The creep retardation time ()
did not change with BAPN treatment. (C) Plastic work showed an increasing trend at all sites,
reaching significance in the femora treated with BAPN (p < 0.05). (D) Elastic work showed an
increasing trend in the BAPN treated maxillae (p = 0.085). (E) Plastic index (ratio of plastic
work to elastic work) remained unchanged for each group. (F) Instantaneous modulus (E1)
showed no change with BAPN treatment except for in the maxillae (p < 0.05). E; was also
increased in the maxilla compared to the femora (p< 0.05, 3-way ANOVA). (G) Long term creep
viscosity (n1) showed no change between sites or with BAPN treatment. (H) The long-term
modulus (E2) was decreased in the BAPN treated femora (p = 0.05) and the PBS treated maxillae
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(p < 0.05) with a trend in the BAPN treated maxillae (p = 0.07). E1 was also increased in the
maxillae compared to the femora (p< 0.05, 3-way ANOVA). (1) Parallel creep viscosity (12)
showed a significant decrease in the PBS treated maxilla (p < 0.05) and a trend in the BAPN
treated maxilla (p = 0.07), but no difference in the PBS or BAPN treated femora. . was
significantly higher in the maxilla compared to the femur (p< 0.05, 3-way ANOVA). *p < 0.05,
**p < 0.001, ***p < 0.0001, Mixed-Effect model unless otherwise noted.
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Figure 4.7 Representative images (TOP LEFT - FEMUR, AND RIGHT - MAXILLA) of
microCT 3D images of the defects at day 7 and 14 for control (PBS) and beta-
aminoproprionitrile (BAPN) groups. (A) Bone volume/total volume (BV/TV) in the femur was
increased by about 60% from 7 days post surgery to 14 days post surgery ( p <0.0001), but no
change occurred with BAPN treatment. (B) Total mineral density (TMD) was decreased from 7
days post surgery to 14 days post surgery (p < 0.01), but not by BAPN treatment. (C) BV/TV
was unchanged in the maxilla between 7 and 14 days of healing or with BAPN treatment. (D)
BV/TV was unchanged in the maxilla between 7 and 14 days of healing or with BAPN
treatment. *p < 0.05, **p < 0.001, ***p < 0.0001, 2-way ANOVA.
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Figure 4.8 Representative images (TOP LEFT - FEMUR, AND BOTTOM LEFT - MAXILLA)
of tartrate resistant alkaline phosphatase (TRAP) staining to highlight osteoclasts in the healing
defects at day 7 and 14 for the control (PBS) and beta-aminoproprionitrile (BAPN) treatment
groups. (A) Femoral defect osteoclasts per bone perimeter (OC/B.Pm.) increased from 7 days to
14 days (p < 0.01), decreased with BAPN treatment at day 7 (p < 0.05) and increased at day 14
(p <0.01). (B) Femoral defect osteoblast/osteoclast ratio (OB/OC) had a trend of a decrease from
7 days post surgery to 14 days post surgery (p = 0.093) in the BAPN treatment group. (C)
Maxillary defect Oc/B.Pm. showed no significant change with time of healing or BAPN
treatment. (D) Maxillary defect OB/OC ratio showed no significant change with time of healing
or BAPN treatment. *p < 0.05, **p < 0.001, ***p < 0.0001, 2-way ANOVA.
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Figure 4.9S1 Representative images (TOP LEFT - FEMUR, AND BOTTOM LEFT -
MAXILLA) of Masson’s trichrome staining to highlight collagen in the healing defects at day 7
and 14 for both the control (PBS) and beta-aminoproprionitrile (BAPN) groups. (A) Femoral %
empty lacunae decreased from 7 days to 14 days (p < 0.01) in the BAPN group only, but there
was no change in the PBS control group. (B) Femoral defect # lacunae/bone area remained
unchanged. (C) Maxillary defect % empty lacunae showed no significant change with time of
healing or BAPN treatment. (D) Maxillary defect # lacunae/bone area showed no significant
change with time of healing or BAPN treatment. *p < 0.05, **p < 0.001, ***p < 0.0001, 2-way

ANOVA.
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Figure 4.10S2 Non-defect sites (pre-maxillary suture or distal femur trabeculae) of tartrate

resistant alkaline phosphatase (TRAP) staining to highlight osteoclasts and masons trichrome
staining to highlight collagen for the defects at day 7 and 14 for both the control (PBS) and beta-
aminoproprionitrile (BAPN) groups were quantified for changes to osteoclasts, osteoblasts and
% empty lacunae. Of these, only the maxillary non-defect % empty lacunae showed an increase
with BAPN treatment at day 7 (p< 0.05). *p < 0.05, **p < 0.001, ***p < 0.0001, 2-way
ANOVA.
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Chapter 5.

Discovery of a Novel Serum Detectable Bone Collagen Cross-link

5.1 Introduction

It critically important to develop additional methods to estimate bone quality. Traditional
clinical methods of determining bone mineral density (BMD) via the gold standards, dual X-ray
absorptiometry (DEXA) or peripheral quantitative computed tomography (pQCT), do not
consistently predict fracture risk. In the Rotterdam study, ~18% of men and ~13% of women®
having a normal BMD still experienced fracture. This clinical study highlights that for a large
portion of the population DEXA fails to identify patients at risk for fracture. More recently, an
emphasis is being put on understanding the contribution of structural properties: size, shape and
microarchitecture as well as material properties: microdamage, mineral-to-matrix ratio, mineral
crystal size, collagen type and cross-links, to determine bone quality®@®®®), Since bone is a
composite material, comprised of both mineral (confers the property of stiffness) and collagen
(provides tensile strength, toughness, and ductility), understanding both compartments is critical

to understanding fracture risk.

Bone collagen cross-links form either enzymatically or non-enzymatically, with different
resulting mechanical properties depending on the amount, proportion and level of modification.
Most cross-links occur enzymatically via lysyl hydroxylase (LH) and lysyl oxidase (LOX)
enzymes which catalyze the formation of the immature and mature cross-links. The immature, or
reducible, cross-links are the dehydro-dihydroxylysinonorleucine (deh-DHLNL) and dehydro-
hydroxylysinonorleucine (deh-HLNL). The mature cross-links are the non-reducible cross-links
(pyridinoline (PYD), deoxypyridinoline (DPD) or the pyrroles) and form from addition of a
hydroxyallysine to the deh-DHLNL or deh-HLNL, respectively. Studies of altered collagen
cross-links by chemical inhibition of enzymatic cross-link formation have shown that the ratios
of mature to immature cross-links contributes to the whole bone fracture toughness in mice,

while ratios of different mature cross-links are significant contributors to tissue strength®. In
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studies of human bone, by introducing age (a covariate for the non-enzymatic collagen cross-
links) and immature cross-link content (DHLNL/HLNL) to total mineral density (TMD),
predictive capacity of tissue level strength nearly doubled to an R? of 0.56®). Together, these
findings highlight the importance of analyzing both the mineral and collagen components of

bone for better prediction of tissue level mechanical properties.

Clinical assessment of collagen can only be done invasively via a biopsy to yield samples
for direct measures of collagen via high performance liquid chromatography (HPLC). Such
invasive and destructive methods are therefore is not widely used clinically. Mature, trivalent,
collagen cross-links in bone (pyridinoline and deoxypyridinoline) can be measured by urine and
serum using commercially available enzyme-linked immunosorbent assays (ELISA) raised
against the pyridinoline bound peptides or HPLC) measurements of free pyridinolines. Together
these cross-link fragments are used clinically as markers of bone resorption and turnover. Serum
detectable cross-links are primarily from the skeleton due to the more rapid turnover rate of bone
compared to other tissues’. The surrogate measures of bone turnover are the collagen
degradation products, amino- (N) and carboxy- (C) terminal telopeptides (NTx, CTXx,
respectively) and free pyridinolines, and have shown promise for screening and monitoring for a
variety of diseases such as Pagets®, cancer metastasis to bone®, and osteoporosis“?. However,
there is wide variation between individuals in these laboratory values and conflicting reports on

their relationship to bone density and predictive value for fracture risk9(2),

The pyridinoline cross-links are found in collagen in cartilage, bone, ligament and blood
vessels while deoxypyridinoline is thought to be exclusive to bone and dentin®. Yet, these
mature cross-links are not the predominant cross-links in bone. Likely due to the increased
turnover rate compared to other tissues, bone has a higher ratio of immature/mature cross-
links5)®_ However, immature cross-links, deh-DHLNL and deh-HLNL, to our knowledge,
have not been detected in serum or any other body fluids. Immature cross-links may have been
overlooked due to additional processing steps required ex vivo using sodium borohydride to
reduce them in their stable, reduced forms, DHLNL and HLNL, that are resistant to acid
hydrolysis. However, like the other enzymatic cross-links, these immature cross-links are also
located between the terminal telopeptides and the helix of two collagen molecules®®®3(Figure

5.1, adapted from Seibel, 2005!%). These telopeptide regions are then degraded during bone

80



turnover by osteoclasts and released into serum. This is the form from which serum detectable
mature cross-links were first identified and shown to correlate with bone turnover®”(),
Therefore, | hypothesized that immature cross-links DHLNL and HLNL (measured in reduced
form), are detectible in serum at higher ratios than mature pyridinolines. This is the first report of
measurement of immature cross-links in mouse and human serum. This discovery presents a
valuable tool to work towards correlating serum detectable cross-links with collagen cross-links
measured directly from bone as a first step towards investigating the potential use of a broad
panel of serum detectable cross-links as a non-invasive indicator of bone quality.

5.2 Methods

5.2.1 Serum Samples

All animal procedures were approved by Institutional Animal Care & Use Committee
(IACUC) at the University of Michigan. 12-week old, male C57BI6 (Charles River) were
euthanized by CO, inhalation and cardiac puncture was performed to collect the maximum
volume of whole blood. Blood was allowed to clot at room temperature in a 1.5 mL Falcon tube
for 1 hour, then centrifuged at 8000 RPM for 15 min. A clear supernatant formed and was
removed and stored as whole serum. Human serum was purchased (Sigma-Aldrich, H6914),
aliquoted and stored at - 20 C until used for analysis.

5.2.2 Protein Quantification, Depletion and Visualization

Protein interferes with subsequent processing steps (Figure 5.2) for analysis of the
collagen cross-links, therefore large molecular weight proteins (albumins and IgG’s, > 65 kDa
MW) must be depleted. To assess efficiency of > 65 kDa MW protein depletion, quantification
using a Bradford assay (Sigma, B6916) was performed against a bovine serum albumin (Sigma,
A7906) standard. Protease inhibitor cocktail (ThermoFisher, #78410) was added to serum per

manufacturer’s instructions.

Depletion was done by mixing the starting volume of raw serum with ice cold acetonitrile
(ACN) (Fisher, A9554) in a 1:2 ratio (serum: ACN), vortexing for 5 seconds, letting sit on ice for
30 min. Samples were then centrifuged at 13,000 RPM for 15 min. The resulting supernatant was
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removed (as well as equivalent volumes of un-depleted serum), dried using a vacuum line, and
resuspended in original volume of water (Fisher, W6-4). Raw serum samples were then diluted
1:100 in Milli-Q water, depleted serum was used as is. The Bradford assay was then conducted
per manufacturer’s instructions (Sigma, B6916-500ML) and allowed to react in the dark for 10

min and protein concentration was read at UV wavelength (1) 595 nm.

A starting concentration of 2 pg/uL of protein in raw serum (or equivalent starting
volume of protein depleted serum) was mixed with 2x laemmli buffer (Bio-Rad, #161-0737)
containing 5% beta-mercaptoethanol, denatured on a heat block (70°C) for 10 minutes, loaded
onto a 4-20% Tris-Glycine SDS-PAGE gel and ran at 225 mV for 45 min. Proteins were fixed in
place with 40% deionized water (DI), 10% acetic acid, 50% methanol solution) for two hours.
The gel was stained with Coomassie stain (40% DI water, 10% acetic acid, 50% methanol
solution and an additional 0.25% (by weight) Brilliant Blue R-250 (ThermoFisher, 20278))
overnight. Excess dye was removed with 67.5% DI water, 7.5% acetic acid, 25% methanol over

the course of 36 hr. Protein bands were then imaged using a ChemiDock MP Imaging System.

5.2.3 Cross-link Quantification via LC-MS

Serum processing for cross-link detection via Ultra-high performance liquid
chromatography with tandem mass spectrometry (LC-MS) is outlined in Figure 5.2. Serum was
first reduced with 0.01 mg/uL sodium borohydride in 1 mM sodium hydroxide over 1 hour
producing intense bubbling. The serum was then mixed 1:2 with ice cold ACN and vortexed for
5 seconds, then allowed to precipitate on ice for 30 min. Samples were centrifuged at 13,000
RPM for 15 min. The supernatant was then dried on a heat block (110 C) for 30 min,
resuspended in 6 M hydrochloric acid (HCI) in LC-MS water at the same starting volume of raw
serum and left on the heat block for 24 hours. Raw serum was also reacted with sodium
borohydride, then mixed 1:1 with 12 M HCI and applied to the heat block. Acid hydrolysate
fractions were then cleaned via SPE (Chapter 3). Lyophilized samples were suspended in LC-MS
grade water spiked with pyridoxine as in internal standard for subsequent LC-MS injection (as
presented in Chapter 3). The column was a Hydrophilic interaction liquid chromatography
(HILIC) normal phase column (Microsolv, 70000-15P-2). LC-MS (Agilent 6545 LC/Q-TOF).

Conditions were as follows: injection volume: 5 pL, gradient elution program: Solvent A, 100%
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water/0.1% formic acid (v/v); solvent B, 100% acetonitrile/0.1% formic acid (v/v). Gradient: 0
min 90% solvent B, 2 min 84% solvent B, 12 min 42% solvent B and 17 min 10% solvent B.
Total run time was 17 min and flow rate was 0.4 mL/min followed by 4 min of column

equilibration time (total run time 21 min), column temp: 25 C.

The mass spectrometer used was the MS Q-TOF equipped with dual Jet Stream
Technology lon Source (AJS) Electrospray ionization spectrometry (ESI). Positive ion mode was
used in all runs. System parameters were: column temperature, 35 C; sheath gas (N2)
temperature: 320 C, flow: 10 L/min; Positive ion mode was used with a mass range of 50— 1200
m/z, scan rate: 2 spectra/second. All data were processed using Thermo Xcalibur 3.0 software.
Agilent MassHunter Workstation Qualitative Analysis software version B.06.01 SP1 (Agilent
Technologies, Santa Clara, CA, USA) was used for qualitative analysis and quantitation. A
known mass list (detailed in Table 5.1) was used for extraction of ion chromatograms for

quantification as compared to the standard curves for each species of cross-link.

Standards of the PYD (CAS# 63800-01-1, BOCSCI Inc.) and DPD (CAS # 83462-55-9,
BOCSCI Inc.) were purchased, DHLNL was purchased from ChemCruz (sc-207059C) and used
to quantify HLNL as well since they only differ by an oxygen and no standard is commercially
available. CML (Cayman, 16483) and PEN (Cayman, 10010254) were purchased from Cayman

Chemical.

5.3 Results

5.3.1 Depletion of High Molecular Weight Proteins from Serum was Required to Detect

Collagen Cross-Links via LC-MS

Due to the high sensitivity of LC-MS, overabundance of molecules in the mass range (50
-1200 m/z) of detection limits the ability to detect the cross-links®®. Previous methods of
detection for the mature cross-links could work around this issue by using a reverse phase
column with ion-pairing agents. However, this methodology narrows the scope of the MS
capabilities as the ion-pair agents interfere with negative ion mode and contaminate the system.
The method chosen here uses a HILIC normal phase column to work around the ion-pairing

agent issues®9@D, For the directly hydrolyzed raw serum, an overabundance of molecules (50 —
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1200 m/z range) were detected, lacking any peak clarity on the total ion chromatogram (TIC)
(Figure 5.3A) whereas with protein precipitation (Figure 5.3C) there were distinguishable peaks
formed on the TIC. The internal standard, pyridoxine, signal was also suppressed under
hydrolysis conditions (Figure 5.3B, no signal). Decreasing the injection volume marginally
improved the signal, but suppression still existed. When protein precipitation was utilized, the

pyridoxine signal became clearly distinguishable (Figure 5.3D).

ACN precipitation is a simple, yet effective method for depleting interfering high
molecular weight (HMW) proteins (> 65 kDa) such as albumin and IgG, enriching the low
molecular weight fraction (LMW) (< 65 kDa). Mouse and human serum were quantified for
protein concentration, with mouse serum showing 49,150 ng/uL and human serum containing
33,025 ng/uL (Figure 5.4A). Upon acetonitrile depletion, 5,930 ng/uL remained in mouse serum
and 9,665 ng/uL remained in human serum. This resulted in an efficiency of 87.9% depletion in
mouse and 70.7% in human (Figure 5.4A). Serum was enriched for LMW proteins via protein
precipitation in both species as visualized in the SDS-PAGE (Figure 5.4B). Here, fractions above
65 kDa in the protein precipitation for mouse and human are reduced compared to the raw
serum, while still maintaining clear bands in the < 30 kDa range (where telopeptide cross-links

would be seen).

5.3.2 Novel Detection of DHLNL and HLNL in Mouse and Human Serum

To the best of my knowledge, immature cross-links have never been detected in serum.
Modifying LC-MS methods of detecting cross-links in bone (detailed in Chapter 3) allowed for
detection and quantification collagen cross-links via LC-MS in serum. Cross-links were
compared to standards of mature cross-links (pyridinoline (PYD), deoxypyridinoline (DPD)),
immature cross-links (dihydroxylysinorleucine (DHLNL)), and advanced glycations end
products (pentosidine (PEN) and carboxy methyl-lysine (CML)) (Figure 5.5). No commercially
available standard exists for and hydroxylysinorleucine (HLNL). The method developed showed
clear peaks at the identifiable m/z for each cross-link (Table 5.1).

Mouse serum showed quantifiable peaks for each cross-link (Figure 5.6A), with serum
detectible immature cross-links (HLNL: 0.1978 pmol/uL, DHLNL: 0.1227 pmol/uL), mature
cross-links (PYD: 0.2676 pmol/uL, DPD: 0.0419 pmol/uL), and advanced glycation end-
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products (PEN: 0.8986 pmol/uL, CML: 0.3285 pmol/uL) (Table 5.2). Human serum also
showed quantifiable peaks for each cross-link (Figure 5.6A), with serum detectible immature
cross-links (HLNL: 0.0515 pmol/uL, DHLNL: 0.0631 pmol/uL), mature cross-links (PYD:
0.1645 pmol/uL, DPD: 0.0261 pmol/uL), and advanced glycation end-products (PEN: 0.4351
pmol/uL, CML: 0.1677 pmol/uL) (Table 5.2). Mouse serum contained 3.84X the amount of
HLNL compared to human, while only 1.95X the DHLNL. The mature cross-links had almost
identical ratios in mouse to human serum (PYD: 1.63 and DPD: 1.61). The AGE’s also had
similar ratios (PEN: 2.07, CML: 1.90) (Table 5.2).

5.4 Discussion

The discovery of new serum-detectible collagen cross-links, dihydroxylysinorleucine
(DHLNL) and hydroxylysinorleucine (HLNL), while preliminary, could serve as a fundamental
expansion in the clinical utility of serum collagen cross-link assays. Currently, serum detectable
cross-links are primarily used as a turnover marker. The results of Aim 3 of this dissertation
enable the quantification of ratios of immature to mature cross-links, potentially leading to better

prediction of disease state or fracture risk.

Recent advances in MS technology have opened avenues for more breadth and depth in
quantification of serum detectible collagen cross-links. Chromatography methods are generally
coupled with methods of detecting each species of interest. Options include fluorescence,
ultraviolet, or mass spectrometry. The specific detection method depends on the inherit
properties of each species. Mature cross-links (pyridinoline (PYD) and deoxypyridinoline
(DPD)) as well as the AGE, pentosidine (PEN) are naturally fluorescent. However, immature
cross-links (dihydroxylysinorleucine (DHLNL) and hydroxylysinorleucine (HLNL) must be
reacted with o-pthaldehyde to be detected via fluorescence®@®), yet known chemical formulas
allow for detection via mass spectrometry). Additionally, the AGE, carboxy methyl-lysine
(CML) is non-fluorescent and has only recently been measured directly in human bone®? and
mouse bone (Chapter 3) (both via LCMS). Depletion of the high molecular weight protein
fraction (> 65 kDa)(Figure 5.4) was necessary to reduce the number of interfering compounds (<
1200 m/z) to allow for adequate detection of the internal standard (pyridoxine) (Figure 5.3) as

well as the cross-links (not detectible without protein precipitation, data not shown).
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The serum processing and LC-MS analysis presented in this work revealed not only the
mature (PYD, DPD) and AGE (CML, PEN) cross-links, but also the detection of the immature
(HLNL, DHLNL) cross-links for the first time in mouse and human serum (Figure 5.6, Table
5.2). These cross-links varied in concentration from ~0.2 pmol/uL to 0.9 pmol/uL), depending
on species and cross-link. For mouse serum, the most abundant cross-link was PEN followed by
CML. These cross-links are not bone specific and therefore their high abundance is not a surprise
and well documented®’@®_ PYD was the next most abundant mouse serum cross-link, followed
by HLNL, DHLNL, then DPD. Human serum cross-links followed the same trend in prevalence,
except DHLNL had slightly higher amounts than HLNL (Table 5.2). Ratios of mouse to human
serum cross-links showed the greatest separation in the relative pmol/uL of HLNL (3.84X more
in mouse than human), whereas all other cross-links were around 1.6-2X higher in mouse than
human. One explanation for the increased HLNL could be that the mouse serum was from a 12-
week old mouse (static, middle aged mouse timepoint yet still likely younger than human),
whereas the human serum was pooled from a number of male human donors and therefore age
may not have been controlled. Additionally, the increase in cross-links per similar volume of
serum for mouse compared to human is of interest. A possible explanation is that protein content
was also higher, so it is possible that mice have more “concentrated” serum than humans as a

whole.

While my original hypothesis was that the immature cross-links would be detectible in
higher amounts than the mature cross-links, the opposite is reported here, yet more experiments
will be needed to fully determine if this was a product of the groups analyzed or a universal
phenomenon. An explanation for the increase in PYD compared to HLNL and DLNL is that of
the enzymatic cross-links described, PYD is the least “specific” to bone, as the abundance of
PYD is much higher in tissues with low turnover rates such as skin®). HLNL and DHLNL are
the predominant cross-link in bone, and DPD is thought to be relatively specific to bone®® and
diminish with disease such as osteoporosis®®. While specificity of these cross-links to bone is
not proven here, a wide array of studies show that immature/mature collagen cross-link ratios are
higher in long bones than other tissues®. The mouse ratio of immature/mature was 1.03,
whereas the human ratio was 0.6 (Table 5.2). These discrepancies between species should be
further studied with larger samples size, different ages, and diseases to determine the source of
this variation. While these are limitations to the presented data, | believe that the presence of
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both HLNL and DHLNL in two species is supporting evidence of the mechanisms as
hypothesized, that they originate in the type | collagen and are excreted during the degradation of

bone via osteoclasts. However, this was not directly tested in this study.

While cross-links from bone should dominate the serum profile due to the higher
turnover rate of bone compared to other tissues, studies should be conducted to determine the
direct contribution of bone cross-links to serum cross-links. However, the detection of plasma
pentosidine, a non-enzymatically formed collagen cross-link, is linearly correlated with patients’
cortical bone pentosidine levels®” and positively associated with vertebral fractures in diabetic
patients®®. Increased pentosidine levels are detrimental to bone mechanical properties as
measured directly® and by serum®@®. Therefore, serum concentrations of pentosidine can serve
as a surrogate for bone quality despite bone not being the only source of pentosidine in serum.
Likewise, our next steps are to measure the full set of cross-links (PYD, DPD, HLNL, DHLNL,
PEN, CML) in serum and correlate to directly measurable cross-links in bone of the same
animal. Future studies should focus also on diseases of bone or a collagen perturbation model,
such as in Chapters 3 and 4, to determine the contribution of direct bone cross-link changes to

serum.

5.5 Conclusions

Here we presented quantification of immature cross-links in serum for the first time in
mouse and human serum. This discovery was made possible by depleting high molecular weight
proteins and processing the serum with an additional reduction and hydrolysis steps to select for
acid resistant cross-link species. These cross-links included a full panel of bone related crosslinks
including the mature (PYD, DPD), the novel detection of the immature (HLNL, DHLNL), and
advanced glycation end products (PEN, CML). It is of interest to further study the specificity of
the full suite of collagen cross-links in serum to direct measurements of cross-links from bone.
The ability to survey these cross-links as a “liquid biopsy” of the bone would allow for
minimally invasive real-time monitoring of bone cross-link status. Such a diagnostic could
provide information over time and with aging and may provide better indication of fracture risk

or diseases effecting enzymatic and non-enzymatic cross-linking.
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Figure 5.1 Bone collagen serum formation markers are considered to be cleavage products at the
N- and C- terminal regions of type | collagen where cross-linking occurs. The subsequent
degradation products can be analyzed in serum as the N- and C- terminal propeptides (NTX and
CTX, respectively), the non-helical ends of the telopeptide cross-links to nearby helices by
mature (trivalent) or theoretically, the immature (divalent) cross-links. Following degradation of
the collagen molecules via osteoclasts, the NTX and CTX regions are released into circulation
and contain the mature (pyridinoline, deoxypridinoline, and pyrroles) collagen cross-links. I am
suggesting that the immature cross-links could also be released following this mechanism as they
are also thought to be contained in these NTX and CTX regions (from Herrmann and Seibel,
2008 with permission).
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Figure 5.2 Schematic highlighting the workflow optimized for measuring mature and immature
collagen cross-links from serum using ultra-high performance liquid chromatography with
tandem mass spectrometry (LC-MS). First, whole blood is processed for collection of serum via
clotting at room temperature followed by centrifugation. The serum is then removed and reacted
with sodium borohydride (NaBHa) for 30 minutes. The protein is then precipitated with 1:2 ratio
serum: acetonitrile, vortexed, and allowed to precipitate for 15 minutes followed by
centrifugation. The supernatant is decanted and utilized as “High molecular weight depleted
serum” for further processing for LC-MS. This includes, acid hydrolysis, solid phase extraction
(SPE) cleaning with a series of organic washes and elution with water. Lyophilized samples are
resuspended in LC-MS water spiked with internal standard and injected on the LC-MS system.
Figure created with BioRender.
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Table 5.1 Cross-links of interest with respective chemical formulas, molecular mass, and
accurate masses of [M+H]+ charged ions of cross-links. Key: Pyridoxine is the internal standard.
Mature cross-links (pyridinoline (PYD), deoxypyridinoline (DPD)), immature cross-links
(dihydroxylysinorleucine (DHLNL)), and advanced glycations end products (such as pentosidine
(PEN) and carboxy methyl-lysine (CML) (repeated from Chapter 3).

Crosslinks  Formula E;?:?H [M+H]"

Pyridoxine  Cg Hyy N Oy 169.180 170.081
HLMNL C1a Hag Na Og 291.348 292187
DHLNL Caa Hag Ny Oy 307.347 308.182
PYD Cia Haa Ny Og 428.437 429198
DPD Ca Hag Ny Oy 412.433 413.203
PEN Ciy Hag Ng Oy 378.430 379.209
CML Ca Hyg N2 Oy 204 224 205118
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Directly Hydrolyzed Prep

A Total lon Chromatogram B Internal Standard

Pyridoxine
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C Total lon Chromatogram D Internal Standard

Mouse Serum

Figure 5.3 Protein precipitation of mouse serum enhances mass spectrometry signal for the
internal standard, pyridoxine. (A) Total ion chromatogram for directly hydrolyzed mouse serum
(akin to historical preparation of serum for cross-link detection) contained a large fraction of
irrelevant signals that diminished detection of the internal standard, pyridoxine, in panel (B). (C)
The addition of protein precipitation with 1:2 acetonitrile produced more defined peaks in the
total ion chromatogram and (D) enhanced signal of the internal standard, pyridoxine.
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Protein Concentration (ng/ul)
Serum Raw Serum Protein Precipitation | % Protein Depleted
Mouse 49,150 5,930 879
Human 33,025 9,665 70.7
B
Protein Precipitation Raw Serum

Acetonitrile + + - -

Figure 5.4 Protein precipitation depleted most of the protein in the high molecular weight
(HMW) (> 65 kD) fraction. (A) Bradford assay results of raw serum revealed that mouse serum
contained higher protein ng/uL than human serum. A higher percentage of protein was also
depleted in the mouse serum (87.9%) compared to human serum (70.7%). (B) SDS-PAGE of
equal protein concentration of either human protein precipitated serum (HP), mouse protein
precipitated serum (MP), mouse raw serum (MR), or human raw serum (HR) followed by
Coomassie staining showed that protein precipitation removed proportionally more HMW
proteins than low molecular weight proteins, where our desired fraction for cross-link analysis
lies.
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Cross-link Standards

TIC

(No HLNL standard
available)

Internal Standard

Figure 5.5 Quantification of cross-link standards. Total ion chromatogram (TIC) and extracted
ion chromatogram (remaining panels) of the cross-link standards separated on a Cogent Diamond
Hydride column. Solvent A, 100% water/0.1% formic acid (v/v); solvent B, 100%
acetonitrile/0.1% formic acid (v/v). Gradient: 0 min 90% solvent B, 2 min 84% solvent B, 12

min 42% solvent B and 17 min 10% solvent B. Total run time was 17 min and flow rate was 0.4
mL/min.
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Figure 5.6 Chromatograms of cross-links in mouse and human serum. Extracted ion
chromatogram (remaining panels) of the cross-links from mouse serum (A) and human serum
(B), both separated on a Cogent Diamond Hydride column (following the same protocol as the
standards presented in Figure 5.5). Solvent A, 100% water/0.1% formic acid (v/v); solvent B,
100% acetonitrile/0.1% formic acid (v/v). Gradient: 0 min 90% solvent B, 2 min 84% solvent B,
12 min 42% solvent B and 17 min 10% solvent B. Total run time was 17 min and flow rate was
0.4 mL/min.
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Table 5.2 Summary of serum detectible collagen cross-links in mouse and human serum. Mature
cross-links (pyridinoline (PYD), deoxypyridinoline (DPD)), immature cross-links
(dihydroxylysinorleucine (DHLNL)), and advanced glycations end products (such as pentosidine
(PEN) and carboxy methyl-lysine (CML)). Ratios of the mouse (pmol/uL) to human (pmol/uL)
for each cross-link are also presented.

Serum

Cross- Mouse Human Ratio

links (pmol/uL) (pmol/uL) (Mouse/Human)
HLNL 0.1978 0.0515 3.84
DHLNL 0.1227 0.0631 1.95

PYD 0.2676 0.1645 1.63

DPD 0.0419 0.0261 1.61

PEN 0.8986 0.4351 2.07

CML 0.3185 0.1677 1.90
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Chapter 6.

Conclusions and Future Directions

6.1 Bone Matrix Composition and Response to Cross-link Perturbation are Anatomically

Site-Dependent

Craniofacial and long bones are derived from different cell types, embryologically®, and
are uniquely susceptible to certain pathologies®®® that also display altered bone composition
(collagen or mineral). However, limited studies exist that directly compare bone matrix
composition (i.e. collagen cross-links and mineral quantity and quality) or mechanics (modulus,
harness, stiffness, or viscoelastic properties) between craniofacial and long bones. The work
presented in Chapter 3 of this thesis highlights the differences in bone matrix composition
(Figure 3.3) between the mouse mandible and femur. Data in Chapter 3 also demonstrates
differences in susceptibility of each bone to alterations in mineral following alterations in
collagen cross-linking. While initially it was hypothesized that mineral apposition rate (MAR)
would drive compositional differences as is the case with long bones®, the low mineral
carbonation in the mandible independent of MAR indicates that different processes drive
mineralization in craniofacial bones and long bones (Figure 3.1, Figure 3.5, Table 3.3S). One
explanation for the different response to collagen alteration is that the mandible contains more
mature/immature cross-links compared to the femur (Figure 3.3). While the mature cross-links
were significantly decreased via beta-aminoproprionitrile (BAPN) inhibition of lysyl oxidase
(LOX) (Figure 3.4), the mandible did not display any change in mineral carbonation (Figure 3.5).
Conversely, the femur did not display a significant change in mature cross-links (Figure 3.4) yet
a significant increase in carbonation of the mineral occurred in response to BAPN (Figure 3.5).
These results suggest that either an increased mature/immature ratio is protective against
carbonation or some unknown compensatory mechanism may exist between the mandible and

the femur.
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One possible compensatory mechanism could be the amount of the advanced glycation
end product, carboxymethyl-lysine (CML), which was directly measured in mouse bone for the
first time (Figure 3.3). The CML content was ~22X higher in the mandible than the femur, which
is also the first description of an anatomical site dependent accumulation of CML (Figure 3.3).
The suggestion of CML “protecting” a bone against an increase in carbonation with perturbed
collagen is supported by the trend towards increased CML in the femora treated with BAPN,
possibly to counteract any further increase in carbonation (Figure 3.4). The inherit carbonation of
the femur was ~30% higher than the mandible, which had dramatically higher CML content.
This intriguing finding warrants further investigation into the possibility of CML providing
compensatory mechanical or biochemical features to the bone collagen matrix. The current
understanding is that CML accumulation is spontaneous and occurs at the same hydroxylysine
formation site that immature cross-links compete for. Since there is bone specific accumulation
of CML and possibly a compensation mechanism in the femur with BAPN treatment, further
studies investigating the direct mechanism of action and functional consequence of CML
accumulation is an important future direction. Such studies could be conducted if a verified
model of a directly measurable increase in CML could be established. Likely model candidates

include aging or diabetes.

6.2 Craniofacial and Long Bone have Altered Healing Rates and Osteoclast Response to

BAPN

There are a number of clinical situations where healing is site dependent, such as
osteonecrosis of the jaw™. However, the predominant understanding of bone healing has been
derived from investigating anatomical sites in isolation, a vast majority of historical osseous
healing studies have been conducted only in long bones in isolation (not in comparison to a
craniofacial defect). While there is a growing body of craniofacial bone healing literature®( the
direct comparison of long bones v. craniofacial bones has not been well studied. Additionally,
the influence of bone matrix composition on the healing rate and mechanical outcomes has not
been well studied in either craniofacial or long bones. Changes in composition and mechanical
properties are critical signs of disease and identifying changes in these outcomes could identify
differential effects of disease at different skeletal sites.
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Research presented in Chapter 4 furthered the findings in Chapter 3 (normal growth
conditions) by introducing rapid bone formation during healing in a sub-critical osseous defect
model with perturbed bone collagen cross-links. The findings showed a bone-dependent
reduction in the accrued bone volume in the maxilla (no measurable increase) compared to the
femur (60% significant increase), but no change in bone-fill with perturbed collagen in either
bone defect (Figure 4.7). The healing rate contrast between the maxilla and femur highlights that
the mechanisms driving healing in long bones and craniofacial bones are different. One possible
explanation could be that the progenitor cells (bone or immune) involved in intramembranous
osseous repair come from different sources between the maxilla and femur®. Further
investigation via cell transplantation (maxilla osteoblast progenitors - femur defect or femur
osteoblast progenitors - maxilla) could aid in understanding the cell v. environment question.
The data presented in Chapter 4 showed that there is a matrix environment component to the
healing process, as the osteoclast number was significantly decreased (day 7), then increased
(day 14) with BAPN treatment (Figure 4.8). The maxilla did not show a significant alteration in
osteoclast number (Figure 4.8). However, maxillary and femur osteoclasts are derived from
different embryonic lineage (neural crest for maxilla and mesoderm for femur)® and the
collagen cross-links are different between the bones (Figure 3.3). Therefore a cell transplant
experiment for the osteoclasts would further our understanding of the role of collagen cross-links

on osteoclasts between craniofacial and long bones.

6.3 LOX as a Therapeutic Target in Healing

One of the most surprising findings of Chapter 4 was the response of osteoclasts to
BAPN (or loss of LOX) in the femur, but no significant osteoclast response in the maxilla. The
number of osteoclasts in the femur was also ~2X that of the maxilla (Figure 4.8), which is
consistent with other studies“"?. Most therapies developed to alter osteoclast response
(bisphosphonates or antibody therapies such as denosumab) are developed to improve bone
density in long bones by reducing osteoclast activity. These therapies have a rare, but concerning
side effect of osteonecrosis of the jaw (ONJ)®, especially following dental extraction where
osteoclasts are needed to remodel bone at the extraction site. A potential solution to mitigate
ONJ would be to develop a way to locally overcome systemic osteoclast suppression at sites of

extraction or surgery. Since there were site-to-site differences in osteoclast number (Figure 4.8)
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and no systemic affect (S2), experiments designed to test the effect of local LOX up- or down-
regulation during healing could give insight into strategies to modulate a local response of
osteoclasts for improved bone healing. These studies should also be performed in the presence of
a bisphosphonate or denosumab (which at high doses can cause ONJ in a mouse model®9(2)), to
determine the therapeutic potential of LOX mediated osteoclast response to reduce the side
effects of ONJ.

6.4 Craniofacial and Long Bone Mechanical Response to BAPN

Research presented in Chapter 3 investigated the mechanical response to BAPN in newly
formed bone during normal growth and identified distinctions in response between craniofacial
and long bones. | found no significant difference in the Young’s modulus or hardness with
BAPN treatment (Table 3.3), however, only areas of new bone were compared, not new bone to
existing bone. Experiments presented in Chapter 4 sought to introduce rapid bone formation via
a sub-critical osseous defect healing model with perturbed bone collagen cross-links. In the sub-
critical model, both the femur and maxilla heal via intramembranous ossification. The
viscoelastic properties were determined for both newly formed bone in the defect and adjacent
intracortical bone. The healing process caused an increase in local LOX compared to adjacent
tissue in which LOX was suppressed by BAPN (Figure 4.3). LOX inhibition caused a decrease
in Young’s modulus in both the femoral and maxillary defects compared to adjacent bone at day
14 (Figure 4.3). Numerous specific changes to the viscoelastic spring constants are described in
detail (Figure 4.6). Of particular interest for future work is the increase in the E2 and n2 constants
in the maxilla compared to the femur (Figure 4.6). The constants could relate to mineral/collagen
interaction in the bone matrix, as similar viscoelastic properties have been investigated with filler
content in synthetic thermoset nanocomposites®®. With increasing filler content (similar for
modeling purposes to the mineral component of bone) the E> and n» values increase. The
collagen in craniofacial bones is more highly cross-linked (Chapter 3) with mature cross-links
(like a 3-D conformation of a thermoset polymer) and therefore the bone may be behaving

similarly to thermoset nanocomposites.

While microCT was used to analyze bone in the defect region (Figure 4.7), the resolution

is only applicable to the mineral component, but does not give indication of carbonation or
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crystallinity of the mineral or changes to the ratio of mineral/collagen at the location that the
nanoindentation data was collected. Changes in carbonation (1069 cm™/960 cm™) (Figure 3.5))
or crystallinity (1/FWHM 960 cm™) can alter the slippage of the mineral and collagen during
loading?. Experiments designed to test the alteration of mineral/matrix, carbonation, and
crystallinity compared to the locally extracted spring constants in a controlled way would further
the understanding of the compositional regulation of viscoelastic properties of bone during health

and disease.

6.5 Serum Detectible Collagen Cross-links Specificity to bone to Translate to a Minimally

Invasive Indicator of Bone Quality

In Chapter 5 I sought to identify and quantify the full suite of bone collagen cross-links in
serum. While the mature cross-links (pyridinolines) have been described for over 30 years, the
immature cross-inks (dihydroxylysinorleucine and hydroxylysinorleucine) have never been
measured in serum. Utilizing knowledge gained in Chapter 3 for application of ultra-high
performance liquid chromatography with tandem mass spectrometry (LC-MS) to quantify the
cross-link profile in mouse bone (Figure 3.3), | was able to modify the preparation of the serum
(with protein depletion) (Figure 5.4) to allow for a full cross-link profile quantification in mouse
and human serum (Figure 5.6, Table 5.2). While this work is preliminary, it is a fundamentally
important step towards using serum derived collagen cross-links as a minimally invasive

indicator of bone quality.

The next step in this work is to correlate the collagen cross-link profile in serum to the
profile of cross-links measured in bone. Any type | collagen (not only from bone) can contain
cross-links. However, the cross-link ratios are tissue specific. Monitoring the ratios (possibly in
combination with a separate bone turnover marker such as serum alkaline phosphatase, tartrate-
resistant acid phosphatase form 5b (TRACP 5b) or propeptide of type | procollagen (P1NP)) may
augment the utility of these widely used serum assays. Additionally, the processing of the serum
required to predictably identify dihydroxylysinorleucine and hydroxylysinorleucine presented
here does not allow for analysis of the peptides still covalently bound to fragments of the

collagen as a product of tissue degradation.
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Assays used clinically for measuring C- and N-terminal telopeptides of type | collagen
(CTX and NTX, respectively) are examples of how antibodies can be raised against the whole
multi-peptide fragment for translation to a clinical assay. However, the molecular mass (and
variability in mass) specific to each cross-link have not been analyzed. Future work should
characterize the full proteomic profile of cross-link containing type | collagen fragments in
serum. There is likelihood that the mass of the remaining type 1 collagen fragments is due to
enzymatic cleavage, which could help in identifying where that cross-link originated within the
body (such as cathepsin K from osteoclasts or varying site specificity of the matrix
metalloproteases (MMP’s))®?. Experiments could be designed to isolate these cross-link
containing fragments and analyze the mass distribution dependent on the enzyme used to
degrade the type 1 collagen. Additionally, experiments could be designed to answer several
questions. First, what serum detectible cross-links come directly from the skeleton as a whole?
This could be answered by creation of and osteoblast specific (osteocalcin Cre) driver with
conditional knockout of lysyl oxidase (LOX) or lysyl hydroxylase (LH) animal and analyze the
change in the serum enzymatic cross-link profile in response to perturbed collagen cross-linking
from either LOX or LH. Second, how do cross-link profiles change between individual bones in
the body and how do these direct measures relate to serum levels of bone cross-links? The same
animals could then have each bone surveyed to determine the contribution of direct cross-links to
serum cross-links. These results would likely be influenced by individual bone cross-link profiles
as well as turnover rates. Third, can changes to enzymatic cross-links in a subset of bones be
detected and distinguished in serum? This thesis work showed that the cross-link profiles are
inherently different between the mandible and femur (Figure 3.3). Therefore, to distinguish the
contribution of craniofacial (neural crest derived) bones v. long bones (mesenchyme derived), an
additional cross of a neural crest driver (such as Wntl) could be used to determine the direct
contribution of craniofacial bone cross-links to the serum profile. Lastly, can organ specificity of
cross-links be determined? Such specificity to other tissues (such as the heart, vasculature, lungs,
etc.) could be achieved using other Cre-drivers to attribute the “off target” contribution of bone
cross-links in serum, while also opening the possibility of surveying serum cross-link profiles for

each organ.
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6.6 Assay of Hydroxylation Status and Implications for Serum Detectable Cross-links

Profiles in Additional Tissues (Systemic and Local)

It is well understood that the serum detectible collagen cross-links arise from any cross-
linked collagen in the body, not specifically bone. However, due to the high turnover rate of
bone, a large portion of cross-links in serum originate from bone. Additionally, subsets of cross-
links are more specific to bone (including the deoxyprydinoline and the immature HLNL and
DHLNL). Tissue specific cross-link profiles and maturation of the cross-links also exist. This
maturation process (conversion of immature > mature cross-links) is thought to happen
spontaneously, however, the hydroxylation of the mature and immature cross-links is altered
with BAPN and exercise ®. Therefore, this conversion rate could possibly be monitored via
serum at a systemic level (e.g. HLNL - DPD and DHLNL - PYD, or PYD/DPD and
DHLNL/HLNL) and may apply to all tissues (of which have varied initial cross-links and

patterns) if the mechanism of this conversion is genetically or enzymatically controlled.

If systemic hydroxylation rates hold true, then an additional tissue that could contribute to
serum cross-links is the vasculature, which has different cross-link ratios than bone. Global loss
of LOX during development leads to aortic aneurysms, prenatally. Additionally, in Marfan’s
syndrome (mutation in fibrillin), the aortic tissues showed have adequate LOX activity and
inhibition of LOX induces aortic dissection prematurely”. Therefore, assessing systemic LOX
activity via the relative cross-link profiles could potentially serve as an early indicator of
inadequate cross-linking in a variety of tissues. Furthermore, LOX could be targeted, locally or
systemically, as a therapeutic to recover cross-link deficiencies in these tissues.

Lastly, BAPN could be altering additional systemic enzymatic cross-links such as
histidinohydroxymerodesmosine (HHMD) and histidinohydroxylysinonorleucine (HHL) in skin,
or other cross-links that have not yet been described. A differential proteomic study coupled with
mass would determine the sum of cross-links altered in tissue or serum and would be more
comprehensive than targeting only the cross-links described in this dissertation. A pitfall to this
approach is a lack of standards for many of the cross-links. Therefore, isolation and structural
characterization of any potential cross-links would be required. However, due to the harsh

processing via hydrolysis that are required for degradation of the covalent bond between the
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cross-link and collagen backbone, any structures left after acid hydrolysis are likely a cross-
link®®. Linking the detected masses back to a biological or mechanical function would be
critical to verify the role of identified structures as verifiable collagen cross-links. The field of
mass spectrometry has developed so much in the last two decades that these sorts of studies are
now more accessible and could provide key information to understand the variety of roles that

collagen cross-links play.

6.7 Concluding Remarks

The work presented in this thesis details the bone matrix composition differences
between craniofacial and long bones during normal growth as well as in response to perturbed
collagen cross-linking. These studies also provided evidence of altered healing (mechanical
properties and osteoclast number) between the femur and the maxilla. Collectively, this work
broadened our understanding of bone-dependent changes to mineralization, collagen cross-
linking, and healing, and improves our ability to target collagen cross-linking enzymes or
specific subsets of cross-links in development of new therapeutics for improving bone quality
and healing. To further the clinical translation of the findings, we sought to identify the full panel
of mature and immature serum detectible cross-links for the first time. Establishing the methods
to identify and quantify the immature serum detectable cross-links is a critical step in applying

these findings to the prediction of bone quality and assessment of disease.
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