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Abstract Bone mineral density alone cannot reliably pre-
dict fracture risk in humans and laboratory animals. There-
fore, other factors including the quality of organic bone
matrix components and their interactions may be of crucial
importance to understanding of fragility fractures. Emerging
research evidence shows, that in addition to collagen, certain
noncollagenous proteins (NCPs) play a significant role in
the structural organization of bone and influence its mechan-
ical properties. However, their contribution to bone strength
still remains largely undefined. Collagen and NCPs undergo
different post-translational modifications, which alter the
quality of the extracellular matrix and the response of bone
to mechanical load. The primary focus of this overview is on
NCPs that, together with collagen, contribute to structural
and mechanical properties of bone. Current information on
several mechanisms through which some NCPs influence
bone’s resistance to fracture, including the role of nonenzy-
matic glycation, is also presented.
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Introduction

The molecular origin of the remarkable mechanical proper-
ties of bone is still not fully understood. Over the lifetime of
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vertebrates, mechanical properties deteriorate and lead to
weaker bones that are prone to fracture. Bone is a hierarchi-
cally structured nanocomposite consisting of mineral (hy-
droxyapatite) and organic matrix. The organic matrix is
composed of fibrillar (primarily collagen I) and a variety
of nonfibrillar proteins [1]. Traditionally, the inorganic
hydroxyapatite part has been considered to be the most
important factor influencing the mechanical properties of
bone, because it provides stiffness and strength to bone.
To date, the amount of mineral in a patient is used
worldwide to predict fracture risk and to assess response
to therapy. However, despite the association between low
bone mineral density (BMD) and high risk of fracture, there
is an overlap in BMD between fracture and non-fracture
patients [2, 3]. Additionally, a small fraction of patients un-
dergoing long-term bisphosphonate treatment show an in-
creased risk for femoral shaft fractures despite an increase in
BMD [4, 5, 6¢].

The assessment of BMD relies primarily on dual-energy
X-ray absorptiometry (DEXA), a technique that provides
limited information on bone structure and matrix. Other
imaging modalities such as high-resolution peripheral quan-
titative computed tomography (HR-pQCT) and magnetic
resonance (MR) offer characterization of bone architecture,
but their cost and inaccessibility have precluded them from
becoming widely used [7]. None of the aforementioned tech-
niques are able to monitor the variations in bone matrix
quality, which result from the alterations of the bone’s
organic matrix, and these variations are known to be the major
contributors of post-yield deformation and fracture [8].

Importantly, the deterioration of bone quality resulting in
more fragile tissue cannot be attributed solely to one com-
ponent of bone, but rather to the changes that occur in the
mineral and collagen as well as alterations to noncollagenous
proteins (NCPs). NCPs regulate the matrix assembly and
vary during aging, disease, and anti-osteoporosis treatments
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[9-11]. These undesired changes tend to increase frac-
ture risk. Often, low bone mass leads to fragility frac-
tures; however, many patients diagnosed with low bone
mass do not experience severe fractures [12]. Thus, it is
important to take into account the organic portion of bone
to understand the complex changes in bone that occur
at macro-, micro-, and nanoscale levels, and to determine
what parameters contribute to the decreased bone quality of
osteoporotic tissue. Such new information will enable the
development of new diagnostic tools and more effective
therapies.

Extracellular Bone Matrix

Collagen is the most abundant component of the extracellu-
lar bone matrix. In addition to collagen, bone matrix con-
tains approximately 180 to 200 NCPs. In a simplistic view,
NCPs can be divided into two major groups. One group
plays a primarily structural and mechanical role (Table 1)
and the other modulates function of different bone cells by
interacting with their cell-surface receptors, proteases, hor-
mones, and other biomolecules including proteoglycans and

collagens (Table 2) [13]. Notably, some proteins may play
multiple roles and can be categorized into either group (eg,
osteocalcin [OC] or osteopontin [OPN]). A variety of NCPs
[1, 13], including fibronectin, OC, OPN, osteonectin, bone
sialoprotein II, decorin, and biglycan, are present in a sub-
stantial amount (0.1% to 2.0%). Of this group, only OC and
bone sialoprotein II are specific to bone. Other NCPs are
also present in a number of noncalcified tissues.

The second group of NCPs includes growth factors, and
many of them are stored in the bone matrix [14]. Growth
factors regulate distinct cellular processes including bone
cell proliferation, differentiation, and matrix remodeling of
bone. Examples include transforming growth factors-f3
(TGF-31, TGF-f32, and TGF-£33) [15], insulin-like growth
factors [16], and bone morphogenic proteins (BMPs) [17¢].

Members of the two NCP groups described above interact
with each other and with collagens at different levels such as
regulation of cellular gene expression and protein activity. For
example, bone sialoprotein I and OPN increase intracellular
calcium in osteoclasts [ 18]. Decorin has been shown to bind to
TGF-f3 and enhance its activity [19]. TGF-3 modulates OPN
and OC production [14, 20]. A variety of NCPs interacts with
collagen and regulate bone mineralization. The role of NCPs

Table 1 Group I of major extracellular bone matrix proteins that significantly contributes to the formation of a scaffold for mineral deposition and

mechanical properties of bone

Protein name Function References
Collagens
Type 1 Most abundant collagen type in bone, forms scaffold for mineral deposition, binds an array [1, 95]
of proteins that play different roles in bone matrix
Type 11T Forms fibers, regulates the diameter of fibers [1, 21]
Type V Forms fibers, serves as a template for collagen type I assembly [1, 95]
Type VI Forms beaded microfilaments, intercalates proteins of bone matrix [1, 21]
Major NCPs
Osteocalcin (OC)* (Gla protein, BGP)  Specific to bone, multifunctional protein, regulates bone formation and resorption, [96]
regulates bone formation and resorption, together with collagen type I forms Scaffold for
mineral deposition, controls hydroxyapatite crystallization
Osteopontin (OPN)* (member of Multifunctional protein, regulates bone formation and resorption, together with collagen [50, 51,
SIBLINGS) type I forms scaffold for mineral deposition, controls hydroxyapatite crystallization 54, 69]
Osteonectin (ONT)* (SPARC, BM-40)  Multifunctional protein, supports bone remodeling, regulates the diameter of collagen [62—-67,
fibers, regulates cell proliferation and cell-matrix interactions 69]
Fibronectin Multifunctional protein, regulates osteoblasts differentiation and survival, regulates cell ~ [1, 25]
proliferation and differentiation, indirectly regulates mineralization by binding to other
matrix proteins and modifying their activities
Thrombospondin-2 Regulates bone cell precursors, influences collagen fibril formation [97]
SIBLINGs (small integrin-binding Various acidic proteins with unstructured regions, show no amino acid sequence [98]
ligand N-linked glycoproteins) homology, strong gene synteny, extensively phosphorylated
Bone sialoprotein (BSP) Regulates mineralization [98]
Matrix extracellular protein (MEPE) Regulates mineralization [98]
Dentin sialophosphoprotein (DSPP) Regulates mineralization [98]

#NCPs selected for more detailed discussion in this overview due to their influence on mechanical properties of bone

NCP noncollagenous protein
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in mineralization is discussed in the next section after a brief
overview of collagens and collagen type I fibrils.

Collagens

Collagen types, their amount, and distribution in bone vary
during the development and growth of an adult skeleton. In
addition to collagen type I, developing fetal bones contain
much higher levels of collagen III, V, and VI compared to
bones of children and adults [21, 22]. For example, in fetal
bone, type VI collagen is present in discrete fibrils separate
from type III collagen, and by the age of 7 years, it becomes
restricted to the margins of bone cells and bone surfaces
[21]. In adults, collagen type I represents about 90% of the
total protein matrix and it forms fibrils that are 80 to 100 nm
in diameter and 10 um or more in length. The fully assem-
bled three-dimensional fibrils have a regular series of gaps
and channels. Mineral deposits occur within these gaps and
channels [23e, 24¢]. The pore-hole combination provides
space for growth of plate-like crystals transversely through
the collagen fibrils. Therefore, the nucleation of mineraliza-
tion in bone is also quite specific to the collagen type.
Several unique NCPs have been shown to strongly associate
with the mineralized collagen and contribute toward the qual-
ity of the filamentous scaffold. Some of these proteins are

central to this overview and will be discussed in more detail in
the following sections.

Collagens also interact with many other proteins and
peptides in the extracellular matrix that do not directly
contribute to the nucleation and growth of crystals. Such
proteins include fibronectin [25], laminins [26, 27], and
proteoglycans [28], as well as some cell-surface receptors
such as integrins [29]. Proteoglycans play an important role
in organizing the bone extracellular matrix and take part in
the structuring of the tissue as active regulators of collagen
fibrillogenesis. The most abundant modification of proteo-
glycans is heparin. Type V collagen possesses a site that
binds heparin/heparin sulfate under physiological conditions
[30]. Proteoglycans also display selective patterns of reac-
tivity with cytokines and growth factors, such as TGF-f3 or
osteoprotegerin [14] and, thus, modulate the availability and
biological activity of these proteins in bone.

Growth factors and hormones form very large and di-
verse superfamilies that play a central role in cellular
growth, differentiation, survival, and cell cycle progression
in different tissues. They also have a profound effect on
bone remodeling processes. In this overview, only selected
studies will be discussed to illustrate recent research devel-
opments, with a specific focus on the TGF-3 superfamily
and its role in osteoporosis and bone fragility. A number of
excellent reviews are available and recommended for readers

Table 2 Group II of major extracellular bone matrix proteins that are stored in bone and are responsible for bone development and maintenance

Protein name Function References
Growth factors
TGF-Bs: TGF-B1* Bone development and maintenance [42]
IGFs: IGF-1 Bone development and maintenance [31, 32, 39]
Bone morphogenetic proteins (BMPs: BMP-1  Members of TGF-f superfamily Multifunctional proteins [17¢]
to -18)
BMP-3 (osteogenin) Negative regulator of bone morphogenesis
BMP-5 Limb development, bone and cartilage morphogenesis
BMP-6 (Vrgl, Dvr6) Bone morphogenesis
BMP-7 (OP1) Skeletal repair and regeneration

BMP-8a (OP2)
BMP-9 (GDF2)

Bone morphogenesis
Bone morphogenesis

BMP-14 Skeletal repair and regeneration
BMP-16 Skeletal repair and regeneration
Proteoglycans

SLRPs (small leucine-rich proteoglycans)
and function
Biglycan (SLRP, PG-I)
bone mass
Decorin (PG-II) cleavage

Regulates collagen fibril diameter, protects collagen fibrils from by proteases,

Organize extracellular bone matrix interact with structural proteins, cytokinins, [28]
and growth factors
Interact with the surface of collagen fibrils, influence collagen assembly

1, 28]

Regulates collagen fibril diameter, binds TGF-f, a genetic determinant of peak [1]

[1, 19]

binds TGF-p, inhibits cell attachment to fibronectin

# Growth hormones selected for more detailed discussion in this overview due to their influence on mechanical properties of bone

IGF insulin-like growth factor; 7GF transforming growth factor
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interested in a broad, in-depth survey of other growth factors
[15, 16, 17, 31] and growth factor-related proteins [16, 32].

Transforming Growth Factor-3

The TGF-f3 superfamily is an evolutionary conserved family
of structurally related dimeric cytokines with representatives
in organisms as diverse as mammals and invertebrates. The
superfamily includes TGF-f3s, BMPs [17¢], growth and
differentiation factors, activins [33], inhibin [34], and anti-
Miillerian hormone [35, 36]. TGF-f31 is the most abundant
isoform among TGF-3s. The largest sources of TGF-31 are
platelets (20 mg/kg) [37] and bone (200 pg/kg) [38]. All
three isoforms of TGF-s (TGF-1, -2, and -33) are
detected in bone. The TGF-1 isoform is the most abundant
at the protein level [39]. Members of the TGF-{3 family are
secreted as latent complexes. Thus, TGF-f3 latent complexes
need to be activated to exhibit biological activity. Once
activated, TGF-[3s can interact with their receptors to induce
signaling [40]. The Smad proteins play a central role in the
transmission of signals from all receptors activated by the
TGF-f3 superfamily members to target genes in the nucleus
[41, 42].

Mouse models of increased (D4 and D5 mice) and de-
creased (DNTRII, Smad3+/— and Smad3—/— mice) TGF-f3
signaling have been generated and mechanically tested to
investigate their role in determining the composition of bone
matrix and fragility [43]. Using nanoindentation in combi-
nation with atomic force microscopy, Balooch et al. [43]
established that TGF-f3 regulates elastic (Young’s) modulus
and hardness of bone matrix. Mice tibias with increased
TGF-f3 levels (D4 and D5 mice bones) displayed consider-
able heterogeneity in the local elastic modulus compared to
wild-type mice bones. These mice also showed decreased
mineral concentration throughout the tibia. Conversely, re-
duced TGF-{ signaling in DNTRRII or Smad3—/— mice led
to increased mineral concentration. As a result, decreased
levels of TGF-f3 increased elastic modulus and hardness of
bone matrix by 33% in DNTBRII mice and up to 42% in
Smad3—/— mice compared to wild-type controls.

To investigate the role of TGF-f3 signaling in the macro-
mechanical properties of bone, Balooch et al. [43] subjected
mice femurs to a 3-point bending test. Femurs from D4 and
D5 mice showed a 31% or 29% decrease in fracture tough-
ness, respectively, relative to wild-type bones. Conversely,
bones from DNTRRII or Smad3+/— mice with decreased
TGF-f3 responsiveness exhibited 43% and 49% higher frac-
ture toughness compared to the wild-type controls [44].
Consistent with its decreased bone mass and bone mineral
concentration, 2-month-old Smad3—/— bone had a 30% low-
er resistance to fracture than the wild-type controls. Data
collected by Balooch et al. [43] also showed that TGF-f3
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signaling regulates the mechanical properties of bone matrix
independently of changes in bone mass and architecture.
This seminal work is yet another indication that bone matrix
proteins are critical determinants of material properties of
the bone and the variations in their amount and quality
should be carefully investigated when determining the effi-
cacy of drug treatments on bone quality.

Contributions of NCPs to the Mechanical Properties
of Bone

The contributions of noncollagenous components of the
extracellular matrix to bone strength are largely undefined
and their roles are mainly limited to non-architectural ele-
ments of bone matrix [43, 45, 46]. NCPs comprise a total of
approximately 10% of the organic matrix [47]. A number of
NCPs interacts with collagen fibrils and may function as
“glue” enhancing bone’s resistance to fracture. NCPs also
facilitate crystal nucleation, crystal growth, shape, and ori-
entation [48, 49] and, thus, are involved in the formation of
the fundamental building blocks of bone tissue, the miner-
alized collagen fibrils. A better insight into the role of
certain NCPs has been achieved recently and these results
are discussed in the following sections.

Osteopontin

OPN is one of the most abundant NCPs in bone matrix (1%
to 2% out of total 10% NCPs in a healthy bone). This
multifunctional protein is highly expressed in bone and
many other organs. It is involved in both physiological
and pathological processes including but not limited to bio-
mineralization, inflammation, leukocyte recruitment, and
cell survival [50]. While most of the noncollagenous bone
matrix proteins are nearly homogeneously distributed
throughout bone, particularly high levels of OPN are ob-
served at cement lines in remodeling bone and at the lami-
nae limitantes on bone surfaces [51]. Thus, it came as a true
surprise when mice lacking OPN (OPN(—/-)) showed nor-
mal development and bone structure [52]. Since the evi-
dence prior to generation of OPN(—/—) mouse indicated the
involvement of OPN in the calcification of skeletal tissues,
Rittling et al. [52] proposed that hard tissues can utilize
alternative calcification strategies, which do not involve
OPN. Consequently, a variety of anionic proteins have been
identified as regulators of calcification in vertebrates and
invertebrates.

Recent work from the field of biomechanics, specifically
from testing of bone’s resistance to fracture, has brought
additional new and interesting insights into the biomechan-
ical role of OPN in bone tissue. When bone fails due to
tensile or compressive mechanical overload, the main fracture
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mechanism appears to be microcracking resulting from the
delamination of mineralized collagen fibrils [53]. Fantner et
al. [54] demonstrated the role of Ca®*-ion-mediated networks
in the energy dissipation by bone. Moreover, these authors
were able to link the energy dissipation effects in bone to
NCPs, specifically OPN [55]. In the same work, it was also
established that OPN functions as glue holding the bone
matrix together. The authors proposed that a nonfibrillar pro-
tein such as OPN may act as glue to prevent the separation of
the mineralized collagen fibrils, and thereby counteract the
formation of cracks. This protective effect relies on energy
dissipation through the rupture of weak intramolecular bonds
of the glue protein and its stretching. Intramolecular bonds are
weak, but they exist in large numbers in the extracellular bone
matrix due to the relatively high amount of OPN in bone
(0.1% to 0.2%) and its large size (~62 kDa). Consequently,
the external energy needed to break all weak bonds and
fracture bone is large. After removal of the applied force the
weak bonds (termed “sacrificial bonds™) can undergo com-
plete or partial restoration, and this behavior allows bone to
regain some of its lost strength. How all the above knowledge
can be translated to possibly reverse the effects of osteoporosis
remains an open question.

Our recent work on the biochemical analysis of younger
(osteonal) and older (interstitial) bone tissue revealed a three-
to fourfold decline in the amount of OPN in bone due to an
increase in tissue age [56°¢]. Less OPN implies less glue to
prevent separation of collagen fibers under the applied me-
chanical force and less energy to rupture OPN’s sacrificial
bonds. It is also known, that at the structural level, OPN
interacts with collagen, OC, and other NCPs. Decline in the
OPN amount in bone will impact such interactions and may
lead to diminished quality of bone due to matrix-based differ-
ences in collagen mineralization that are observed between
normal and aged tissues [57¢].

Osteocalcin

OC is the most abundant NCP of bone extracellular matrix
and is synthesized exclusively by osteoblasts [58, 59]. This
multifunctional protein is known as a regulator of the hy-
droxyapatite crystals’ growth and it controls the size of
growing crystals in a concentration-dependent manner with-
out impairing bone resorption or mineralization. OC-
deficient (OC—/—) mice developed by Ducy et al. [60] were
normal at birth and showed no skeletal defects. However, as
opposed to OPN(—/—) mice, over time, the OC(—/—) mice
developed abnormalities in bone remodeling, which became
clearly noticeable at 6 months of age. Specifically, the long
bones from OC(—/—) mice had increased cortical thickness
and density compared to the wild-type littermates. The 9-
month-old animals showed additional increase of the width
of the diaphysis and had more cancellous bone than the

wild-type littermates. These changes suggest that the lack
of OC may lead to increased mineral acquisition.

Recently, using the proteomics approach, we determined
that younger osteonal bone tissue contains significantly
higher OC (also OPN, as discussed above) levels than older
interstitial bone [56¢¢]. In particular, there was 20-fold
higher content of OC in osteonal bone compared to intersti-
tial bone. Since both OPN and OC have been shown to
regulate bone remodeling [61], the observed differences
reveal unexpected changes in bone matrix composition dur-
ing aging. In this context, it would be important to deter-
mine how mouse OC(—/—) bones differ from OPN(—/-)
bones when mechanically tested.

Osteonectin

Osteonectin, also known as SPARC (secreted protein acidic
and rich in cysteine), is a multifunctional, 32- to 50-kDa
glycoprotein (the determined molecular size differs between
organisms and conditions used for gel separation) that is
expressed in many different tissues, including bone [62]. As
a multifunctional protein, osteonectin supports bone remod-
eling [63], regulates cell proliferation and cell-matrix inter-
actions [64, 65], and stimulates angiogenesis and the
production of matrix metalloproteinases, including gelati-
nase, stromelysin, and collagenase-1 [66, 67]. In vitro stud-
ies show the osteonectin-collagen type I complex binds
synthetic apatite crystals and the available free calcium ions.
The complex also nucleates mineral phase deposition in
vitro from metastable balanced salt solutions [62]. Antibod-
ies raised against osteonectin cross-react with bone and, to a
lesser extent, with dentin [68]. In bone, the protein is local-
ized to mineralized trabeculae and is present in a higher
amount in the matrix than in the cells of bone [63]. Some
studies suggest that, in bone, osteonectin (ONT) links the
mineral and collagen, perhaps by initiating active minerali-
zation in normal skeletal tissue [62, 69].

Mice with a homozygous-null mutation in the osteonec-
tin gene are born with no obvious abnormalities [70, 71].
However, as early as at 1.5 months of age they undergo
progressive early-onset cataractogenesis. Subsequent com-
prehensive study of the skeleton of the ONT(—/—) mice
revealed that the ONT-null mutation severely affects trabec-
ular bone present in vertebrae and the metaphysis of long
bones [60]. Particularly detrimental was the effect of ONT-
null mutation on trabecular bone microarchitecture (60%
fewer trabeculae than the age-matched control animals).
The trabecular bone volume in mutant mice was approxi-
mately 50% lower than in control mice. Decreased radio-
graphic density and decreased trabecular bone were also
evident in the metaphyseal and epiphyseal regions of the
tibia and femur. It is noteworthy that trabecular bone is
responsible for much of the metabolic function of bone
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and it is most readily lost during calcium deficiency, estro-
gen deficiency, or loss of weight bearing [72, 73]. The ONT
(—=/—) mice did not show significant difference in cortical
bone thickness at any age [60]. The differential effect of the
ONT-null mutation on trabecular and cortical bone may
depend on biochemical differences and distinct regulatory
mechanisms between these bone tissues.

Biomechanical studies of bones from ONT(—/—) animals
assayed through a 3-point bending test revealed that, begin-
ning at 17 weeks of age, there was some decrease in bone
strength (maximum load resistance) and bone flexibility
(stiffness). Since several bone matrix proteins, including
OC and OPN, are produced at a similar level in ONT(—/-)
mouse as in control animals, other NCPs may compensate
for some structural inadequacies of bone matrix in the
osteonectin-null mutant mouse. The ONT(—/—) mouse, how-
ever, differs from mice carrying null mutations in other NCPs
genes.

Normal human trabecular bone has 20- to 40-fold more
ONT than cortical bone [74], which may make trabecular
bone more sensitive to age-related ONT changes in the
body. Senile osteoporosis in aged humans results in de-
creased cortical and trabecular bone. It has been proposed
that polymorphism in osteonectin genes may play a role in
inherited susceptibility to osteoporosis [75]. This concept
appears to be supported by another mouse model, the fro/fro
mouse. The fro/fro mouse displays bone fragility phenotype,
and interestingly shows a lower level of osteonectin RNA
and the ONT protein synthesis [76].

Fibrillins

Fibrillin-1 and -2 are ubiquitous proteins that form filamen-
tous complexes known as microfibrils of approximately
10 nm in diameter. Fibrillins form morphologically distinct
assemblies in skeletal tissues. Fibrillin microfibrils associate
or interact with several other extracellular matrix proteins,
including some glycoproteins and latent TGF-3-binding
proteins. They crosslink elastin macromolecules with non-
collagenous architectural elements of hard and soft tissue
matrices [77]. A deficiency in either fibrillin-1 or -2 in mice
decreases BMD through alterations of local TGF-3 and
bone morphogenetic proteins. Although fibrillins are not
known to play a direct structural role in supporting mineral
deposition in bone matrix [78], they are a part of the non-
collagenous component of the bone architectural matrix [79].
These proteins are known to influence osteoblast-driven oste-
oclast activity [78, 80].

Recently, two types of mice mutants have been generat-
ed, one underexpressing fibrillin-1 FBN(mgR/mgR), and
the other one lacking fibrillin-2 (FBN(—/—)) [81e¢]. Clear
skeletal differences were noted between these mice as well
as their respective wild-type littermates. Compared to wild-
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type controls, the femurs of FBN(mgR/mgR) mutant mice
were longer, while those of the FBN(—/—) mutants were
shorter. Furthermore, the FBN(mgR/mgR) mutants had dif-
ferent shape and different morphology of cortical and tra-
becular bone compared to the wild-type controls. Different
morphology of femurs deficient or lacking fibrillin-1 or -2
demonstrated distinct modeling responses to mechanical
loading with smaller effects on material quality. For exam-
ple, a 4-point bending test performed on FBN(—/—) femurs
demonstrated a 29% decrease in maximum load and a 30%
decrease in stiffness compared to wild-type femurs. Inter-
estingly, the FBN(mgR/mgR) femurs did not differ from
wild-type animals. Thus, fibrillin-2 assemblies may have
much greater impact on the mechanical properties of bone
than fibrillin-1 [81¢]. As mutations in fibrillin-1 and -2 cause
two clinically distinct disorders (Marfan syndrome and con-
genital contractural arachnodactyly, respectively), an in-
creased understanding of the role of extracellular microfibril
assemblies in bone physiology can lead to the development
of appropriate treatments for these diseases as well as
0steoporosis.

Glycation and Mechanical Integrity of Bone

Unique fracture properties of bone originate from its ability
to form small-scale microdamage during load-induced ab-
sorption of energy [82—84]. The quality of bone matrix can
affect the formation of particular morphologies of micro-
damage [82—86]. Therefore, microdamage accumulation
and morphology are both risk factors for osteoporotic frac-
tures. Various enzymatic (eg, phosphorylation, glycosyla-
tion) and nonenzymatic (eg, glycation, oxidation) post-
translational modifications of extracellular bone matrix pro-
teins and collagen are important factors of bone quality,
because they influence mineralization, microdamage forma-
tion, and bone’s mechanical properties.

The collagen triplex undergoes numerous post-translational
modifications and is eventually stabilized by intra- and
intermolecular crosslinks formed through both enzymatic
and nonenzymatic processes. For example, trivalent enzymat-
ic crosslinks, such as pyridinoline (PYD) and deoxypyridino-
line (DPD), serve as indicators of collagen maturity. They are
produced during enzymatic oxidation (by lysyl oxidases) and
hydroxylation (by lysyl hydrolases) of lysine residues as
immature crosslinks, which subsequently undergo rearrange-
ment to their mature forms. Hydroxylation of lysine, which is
regulated by lysyl hydrolase 1, is reflected by the ratio of PYD
to DPD. PYD predominate in cartilage, while DPD is more
specific to bone. Normally, PYD and DPD are excreted in the
urine. When bone resorption is increased, not only larger
quantities of PYD and DPD are excreted in urine but the
normal (~ 4.0-8.0) ratio of PYD/DPD changes. The PYD/
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DPD ratio is also influenced by the patient’s health (eg,
presence or absence of rheumatoid arthritis, osteoporosis,
vitamin D deficiency, hyperparathyroidism, corticosteroid
therapy, etc.). PYD and DPD derive mainly from bone matrix
degradation and are, therefore, convenient markers of bone
resorption [87ee].

Biochemical, nonenzymatic changes to collagen and non-
collagenous bone matrix proteins increase with aging and
different bone diseases. Age-related changes in abnormal
bone remodeling are primarily associated with the diminish-
ing quality of collagen due to undesired glycation, the
process that results in chemical modifications of proteins
by carbohydrates [88, 89]. Advanced glycation end products
(AGESs) have been shown to differ between non-fracture and
fracture patients. However, the observed higher levels of
AGE:s in fractured bones compared to non-fracture ones do
not establish causality between AGEs and fracture [10].
AGE:s correlate with the stiffness of the organic matrix of
bone, but it is unclear how this increased stiffness affects
bone fracture toughness. The increased organic matrix stiff-
ness can reduce microcracking and collagen deformation
[90]. Consequently, changes in the matrix due to AGEs
can decrease bone toughness by modifying the toughening
mechanisms. More importantly, because AGEs accumulate
with age, it is thought that the nonenzymatic glycation-
mediated changes may help to explain age-related loss of
bone toughness, differences in morphology of microdamage
accumulation, and increase in bone fractures [91, 92]. We
have demonstrated an increase in protein modifications
through accumulation of AGEs [56¢¢, 93] and have used
AGEs to predict in vitro fracture properties measured in aged
human samples [91] and in dogs treated with bisphosphonates
[10].

Pentosidine (PEN) represents nonenzymatic, pentose-
derived crosslink formed between lysine and arginine resi-
dues of collagen and is used as a biomarker for cumulative
nonenzymatic glycation damage to proteins. Recent studies
demonstrate that the measurements of PEN can predict
vertebral fractures independently of BMD in vivo and in
vitro [94]. However, it is noteworthy that PEN is only
present in very small amounts in bone and its relationship
to total fluorescent AGEs is currently unknown. Moreover,
AGEs and PEN in bone account for modifications to colla-
gen; however, the other components of the organic matrix
that contribute to fracture may also undergo glycation and
these have not been taken into consideration.

Conclusions
The role of noncollagenous components of the extracellular

matrix in bone strength has recently begun to be recognized
as an important contributor to bone fracture resistance.

Current evidence indicates that together with collagen, cer-
tain major NCPs may influence bone fracture independently
from bone mass. These proteins may also play a significant
role in the formation of specific morphologies of micro-
damage. Nonenzymatic glycation is an important variable
in analysis of bone’s fracture resistance, because it signifi-
cantly alters bone’s organic matrix and, therefore, it may
serve as a potentially useful predictor of bone fragility.
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