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Abstract

The remarkable mechanical behavior of bone is attributed to its complex nanocomposite structure 

that, in addition to mineral and collagen, comprises a variety of non-collagenous matrix proteins 

or NCPs. Traditionally, NCPs have been studied as signaling molecules in biological processes 

including bone formation, resorption and turnover. Limited attention has been given to their role 

in determining the mechanical properties of bone. Recent studies have highlighted that NCPs can 

indeed be lost or modified with aging, diseases and drug therapies. Homozygous and heterozygous 

mice models of key NCP provide a useful approach to determine the impact of NCPs on bone 

morphology as well as matrix quality, and to carry out detailed mechanical analysis for elucidating 

the pathway by which NCPs can affect the mechanical properties of bone. In this article, we 

present a systematic analysis of a large cohort of NCPs on bone’s structural and material 

hierarchy, and identify three principal pathways by which they determine bone’s mechanical 

properties. These pathways include alterations of bone morphological parameters crucial for 

bone’s structural competency, bone quality changes in key matrix parameters (mineral and 

collagen), and a direct role as load bearing structural proteins.
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Introduction

The complex hierarchical structure and composition of bone provides it with exceptional 

resistance to fracture. However, the unique contribution of each material component in the 

prediction of bone fracture, is not fully elucidated. Bone mineral density (BMD) is most 

commonly used to predict fracture risk, but fracture and non-fracture populations show an 

overlap in BMD values [1–2]. Therefore, inclusion of other factors such as bone quality may 

help improve the determination of fracture risk [3–5]. Non-collagenous proteins (NCPs), an 
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integral component of bone’s organic matrix, have been implicated to play a role in bone 

quality. For example, in osteoporotic bone, NCPs are modified [6] and their amount in bone 

matrix is reduced [7]. Further understanding of the role of NCPs in bone quality and fragility 

may improve the determination of fracture risk.

NCPs exhibit multifunctional roles in bone that are critical for the determination of bone 

quality and fracture resistance. They have been shown to affect bone modeling and 

subsequently alter bone geometry through regulation of osteoblast and osteoclast activity [8–

9]. The changes that occur in cortical (diameter and thickness) and trabecular (number and 

thickness) bone structure by removal of NCPs from bone matrix can impact bone strength 

and alter its resistance to fracture. Similarly, NCPs are involved in bone remodeling, thereby 

affecting bone matrix microarchitecture, also through their influence on osteoblast and 

osteoclast activity [10–11]. In that regard, NCP mediated alterations in microarchitectural 

features such as porosity, connectivity and anisotropy are important considerations in bone 

strength.

The mineralization of bone matrix, a key determinant of matrix quality and mechanical 

properties, is also influenced by NCPs [12–14]. Studies have shown that NCPs impact 

hydroxyapatite crystallinity [15], formation of collagen fibrils [16] and coordinate cell-

matrix interactions [13,17]. Therefore, alterations in NCPs can affect bone material 

properties such as hardness through their effect on mineralization [18–19].

Recent evidence suggests that NCPs also play a direct structural role in bone. Various 

conceptual models postulate that the spatial arrangement of NCPs within bone matrix, places 

them as structural elements that may determine bone’s propensity to fracture. These models 

propose that NCPs act as “glue” at the collagen-mineral interface to resist the separation of 

the mineralized fibrils and consequently enhance toughness [17, 20–22]. The removal of 

NCPs at this interface translates through the hierarchical scales in bone and impairs its 

mechanical properties including toughness [22].

The contribution of NCPs to bone mechanical properties has been most commonly studied 

using genetically modified mouse models devoid of one or more NCPs. Complete removal 

of NCPs from bone matrix can elucidate the role of individual NCPs and their relationship 

with other NCPs that may impact bone strength and fracture. While there are several NCPs 

in bone, only a few have been investigated in regard to their impact on bone phenotype and 

structural properties. More importantly, several clinical studies have shown the utility of a 

small number of NCPs as potential biomarkers for identifying fracture and non-fracture 

groups [23–24]. This review summarizes the mechanistic roles of various NCPs in bone 

mechanics and fracture. We discuss the role of NCPs on bone mechanical properties through 

their impact on bone structure, mineralization and as key structural components of bone’s 

extracellular matrix, and identify areas of future research.

NCPs Impact Whole Bone Morphology

As discussed previously, the size and shape of whole bone is critical to its mechanical 

properties and a major predictor of fracture risk. It has been shown that the outer diameter of 

long bones can predict ~55% of the variation in bone strength [25], and bones with thinner 

Morgan et al. Page 2

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cortices are more susceptible to fracture [26]. In addition, the geometry of bone affects the 

distribution of its mass and BMD, which are known to play a role in bone strength [27–28]. 

Bone size and shape is determined by bone formation and resorption at different surfaces 

and rates through bone modeling. NCPs have been demonstrated to act as biological stimuli, 

influencing these processes, thereby determining bone structure and contributing to bone 

biomechanics (Table 1)

Osteocalcin (OC) is one of the most abundant NCPs in bone and is produced exclusively by 

osteoblasts [29]. Mice deficient in OC expressed a phenotype of increased bone mass and 

cortical thickness compared to wild type controls (WT) [8]. The substantial increase in bone 

size and shape was attributed to the osteoblastic cells in OC−/− mice producing up to 50% 

more matrix than in WTs. The increase in cortical thickness and bone mass of OC−/− mice 

coincided with higher failure loads. It was therefore concluded that OC when present, acts as 

an inhibitor of bone formation, and consequently a determinant of bone structure.

Unlike OC, other NCPs such as biglycan, fibrillin-2 and osteonectin impair bone formation 

when they are absent from the matrix. Biglycan (Bgn), a highly expressed small leucine rich 

proteoglycan (SLRP) in bone matrix [30] severely affects bone structure. Bgn−/− mouse 

bones exhibited reduced bone mass and length, with thinner cortices [31]. The change in 

bone structure was attributed to a net reduction in bone formation in the Bgn−/− mice, due 

to inhibition of osteoblastic activity and no effect on the activity of osteoclasts. The 

consequence of biglycan’s deletion from bone matrix and concomitant alterations in bone 

structure, was a reduction in bone strength and ductility compared to WT controls [31] 

(Figure 1).

Decorin (Dcn), like biglycan, is a member of the SLRP family. However, unlike Bgn 

mutants, mice deficient in Dcn exhibit no overt skeletal changes. Since Bgn and Dcn are 

structurally related NCPs, the interplay between these SLRPs was assessed using a biglycan/

decorin double knockout mouse model (Bgn-Dcn−/−;−/−). The long bones of Bgn-Dcn−/−;

−/− were shorter and wider compared to WTs and single mutants (Bgn−/− and Dcn−/−). The 

cortical and trabecular bone mass in this model was also significantly reduced [43]. 

However, the impact of changes in bone morphology on whole bone mechanical properties 

in Bgn-Dcn−/−;−/− mice has not been investigated.

A similar phenotype was observed in Fibrillin-2 (Fbn2) mutant mice. Fbn2 is expressed by 

differentiating osteoblasts and plays a role in bone formation through the signaling of 

transforming growth factor -β (TGF-β) and bone morphogenetic proteins (BMP). The 

femora of Fbn2−/− mice were 4.5% shorter with smaller endosteal and periosteal diameters 

compared to WTs. The slender morphology of the mutant group when assessed 

mechanically, exhibited a 30% decrease in stiffness, 29% decrease in maximum load and 

25% decrease in total work [32]. However, the mechanism by which Fbn2 influences bone 

mechanical properties is not understood as osteoblast and osteoclast activities were not 

quantified.

Osteonectin, also known as Secreted Protein Acidic and Rich in Cysteine (SPARC) exhibits 

multiple functions in mineralized bone matrix [33]. Although no change in cortical thickness 

Morgan et al. Page 3

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was observed in SPARC−/− mice, a rapid decrease in bone mass was observed with age 

[34]. Consequently, the mechanical properties of SPARC−/− mice were age dependent and a 

lower stiffness and maximum load were observed in SPARC−/− mice compared to WT 

controls.

The NCP periostin is preferentially localized in the periosteum of bone and is critical for 

skeletal growth and development [35]. Mice deficient in the periostin gene (Postn) exhibited 

dwarfism [35]. These mutants also expressed altered cortical and cancellous bone 

microarchitecture and lower BMD [36]. The reduction in cortical and trabecular bone mass 

impaired the mechanical properties (decreased stiffness and ultimate strength) in mice 

deficient in periostin [36].

Bone Sialoprotein (BSP) and Matrix Extracellular Protein (MEPE) are other NCPs 

expressed by osteoblasts, and both of these are known to play a functional role in bone 

formation [37–38]. In vivo, the femora of BSP−/− mice, like Bgn mutants, are shorter, have 

thinner cortices and exhibit lower BMD as compared to WT. Similar to BSP, MEPE is 

restricted to mineralized tissues and clusters with BSP on human chromosome 4 [9]. Mice 

deficient in MEPE showed increased trabecular bone content with larger endosteal and 

periosteal circumferences compared to controls but no changes were noted in cortical 

thickness [37]. The net increase in trabecular bone volume observed in MEPE knockout 

mice was attributed to an increase in osteoblast-mediated bone formation. The number of 

osteoblasts and the percentage of bone surface occupied by osteoblasts were significantly 

larger in the knockouts than in controls. Bone formation and mineral apposition rates were 

also higher in MEPE−/− mice [37]. The changes observed in bone structure and the 

associated mechanical properties in MEPE and BSP deficient mice are unknown at this 

point.

It is noteworthy that the removal of NCPs from bone matrix, does not always result in 

alteration of bone geometry. For example, the gross skeletal phenotype of osteopontin 

deficient mice (OPN−/−) is normal [11]. Measures of BMD, cortical thickness or porosity of 

the mutant femora do not significantly differ from controls [39]. However, Duvall et al 

demonstrated via whole bone testing, a significant increase in elastic modulus of 10-week-

old OPN−/− femora. Furthermore, there was a reduction in maximum load, work to fracture 

and post yield deformation [40]. Thus, it appears that OPN increase bone strength and 

reduces its ductility. Since the lack of changes in geometric distribution or bone mass 

observed for OPN−/− mice cannot account for the changes in mechanical properties 

observed, these results suggest that factors other than bone morphology and structure could 

influence whole bone fracture. These factors are discussed in sections below.

NCPs Impact Bone Material Quality

The material quality of bone matrix takes into account the composition and organization of 

its organic and mineral constituents, the prevalence of matrix microdamage and cortical/

trabecular microarchitecture. Bone remodeling alters the material quality of bone matrix, 

and is critical for maintaining the mechanical integrity of bone. NCPs such as OC, OPN and 

SPARC are involved in remodeling by participating in the recruitment and attachment of 
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cells to bone matrix [10, 41–42]. Removal of NCPs from bone matrix is associated with 

changes in the degree of matrix mineralization [14], collagen fibril geometry [43], and 

microdamage accumulation (Table 2) [44]. The degree of mineralization is associated with 

bone’s stiffness such that with increasing mineralization, bone becomes brittle and its 

resistance to fracture is lowered [45–46]. Furthermore, structural modification of collagen 

fibrils has been shown to impact bone strength [5,47–48]. By participating in bone 

remodeling and matrix organization, NCPs can affect bone material properties and 

determine bone fragility.

The lack of morphological changes in the OPN knockout model suggests that this NCP may 

affect mechanical properties of bone by altering bone remodeling. Yoshitake et al 

demonstrated that OPN−/− mice are resistant to ovariectomy-induced bone loss and show 

only a modest reduction in bone volume compared to ovariectomized controls. Bone 

formation was also normal in these animals [49]. At the mineral level, OPN is involved in 

matrix mineralization. It inhibits the formation of hydroxyapatite crystals through the 

binding of phosphate and carboxylate groups binding to mineral [50]. Mouse bones deficient 

in OPN (12–16 weeks old) showed increased mineral content with larger, more perfect 

crystals [18]. Nanoindentation tests do not show changes in hardness or elastic modulus of 

these OPN−/− mouse bones. However, both properties were significantly decreased in 

younger animals (<12 weeks) compared to controls [19, 39], and suggests that OPN is 

involved in the earlier stages of mineralization. The reduction in material properties may be 

explained by previous studies [51–52] that show a decrease in fracture properties such as 

strength and ductility with increase number of large crystals within the bone matrix. In 

addition, whole bone fracture toughness in OPN−/− mice was reduced by 30% compared to 

WT. The loss in toughness of the OPN−/− bones, however, did not correlate with changes in 

crystallinity or mineral concentration (calcium variability), suggesting that other factors such 

as matrix heterogeneity may vary with loss of OPN [39] or OPN may itself play a direct role 

in fracture [20,22].

Similar to OPN, OC is involved in matrix mineralization by binding to hydroxyapatite 

through its three Gla residues [12,53]. More specifically, the affinity of OC to 

hydroxyapatite allows it to participate in mineral maturation. Boskey et al. demonstrated that 

OC−/− mouse femora have mineral crystals that are smaller, less mature/crystalline and 

contain lower type B carbonate substitutions compared to WTs [15]. In contrast, 

Kavukcuoglu et al. showed that the mineral crystallinity in OC−/− mice femora is higher 

and is accompanied by increased intra bone variations [54]. The effects of increased 

crystallinity was associated with an increase in bone hardness but had little effect on 

elasticity [54]. Further work is required to address the discrepancy between the two studies. 

More recently, Poundarik et al showed that the absence of OC creates a ~35% reduction in 

fracture toughness compared to controls [22]. These findings support the argument that OC 

and OPN are important for bone quality and mechanics, but their effects on bone fracture 

cannot be explained by altered mineralization. It is noteworthy that fracture properties of 

bone are quantitatively more dependent on post-yield deformation and crack propagation 

[55–56] and these properties are determined by the organic matrix [57–58]. Thus, similar to 

OPN, OC may also play a direct structural role in bone fracture as a constituent of bone’s 

organic matrix.
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Other NCPs like Fbn2 also affect mineral maturation and matrix composition. Although 

Fbn2−/− mouse femora exhibited a non-significant increase in crystallinity and mineral: 

organic ratio over WT [32,59], there was a significant decrease in elastic modulus and 

hardness across the entire bone cross-section compared to WTs [59]. In addition, intra-bone 

variations in mechanical properties and measures of mineral quality (crystallinity and 

carbonate substitutions) were noted. The absence of Fbn-2 had the greatest influence in the 

mid-cortical section, where crystallinity increased and mechanical properties decreased. 

Because the mid-cortical section contains more mature bone, Fbn-2 may play a more active 

role in the mechanical properties of a fully mineralized matrix [59]. The lower fracture 

resistance observed in the knockouts is unlikely due to changes in the mineral phase of bone 

as no significant differences were noted in mineral crystallinity and mineral: organic ratio of 

Fbn2−/− mouse bones. As such Fbn-2 knockout mouse bones can provide additional insight 

into the role of this protein and the organic matrix in bone fragility.

In addition to alteration of mineral composition and crystallinity, NCPs also affect bone 

quality through their impact on collagen maturity. As previously mentioned, removal of Dcn 

from bone matrix, caused no overt changes on whole bone morphology. However, Dcn’s 

impact on bone quality is linked to its effect on the organic matrix where it acts as a 

regulator of collagen fibrillogenesis [60]. More specifically, its protein core binds non-

covalently to the triple helical domain of type I collagen and retards the degree and rate of 

collagen formation [61]. Additional evidence was seen in Dcn−/− mice where the average 

fibril diameter was decreased and fibrils possessed irregular cross-sectional profiles 

compared to WTs [43]. Dcn also acts as an inhibitor of matrix mineralization where it 

prevents the mineralization of collagen fibrils [62] and crystal growth by binding to 

hydroxyapatite and calcium ions [63–64]. Therefore, it is possible that Dcn (and/or Bgn) can 

negatively affect bone material properties, however, no information on either model is 

currently available.

Periostin is a γ-carboxylated Gla NCP like OC but unlike OC, it contributes to bone matrix 

quality through a different mechanism. In particular the effect of Postn on bone 

microarchitecture and organization is linked to altered bone turnover and its effect on 

collagen crosslinking [65]. The amount of mature and immature collagen crosslinks 

observed in Postn−/− mouse tibiae are indeed lower than controls [44] and both of these are 

known to alter bone fragility and affect the mechanical competence of bone [48]. Indeed, 

low levels of enzymatic crosslinks in Postn knockouts were associated with reduced local 

hardness and elastic modulus [44].

SPARC and Bgn are two NCPS that affect the matrix quality of, both, collagen and mineral. 

SPARC binds strongly to collagen and hydroxyapatite, and plays a direct role in bone 

mineralization [68]. The SPARC-deficient mouse tibiae also showed significant changes in 

mineral content, crystallinity (crystal size and perfection) and collagen maturity [69] (Figure 

2). As the animals matured (36-weeks) the crystallinity began to increase compared to WT 

controls. The observed increase in crystal size and perfection in the older SPARC-deficient 

mice is consistent with their reduced ability to remodel. The lack of remodeling accounts for 

the observed increase in collagen maturity (crosslinks) and brittleness [69]. Altered levels of 
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collagen crosslinks have been shown to be detrimental to bone mechanical properties [70–

71] but their impact has not been evaluated in SPARC-deficient mice.

Biglycan (Bgn) binds strongly to hydroxyapatite, in vitro, through its glycosaminoglycan 

(GAG) side chain, and inhibits crystal growth [63–64]. However, it has been shown that 

Bgn’s interaction with collagen in vitro reduces its inhibitory role [63]. X-ray diffraction 

analysis of hydroxyapatite in Bgn−/− mouse bones revealed that crystal size and shape were 

unaffected [31] but there is a significant reduction in the mineral: organic ratio. It is 

therefore possible that Bgn deficiency has a local effect on mineral formation. Bgn is also 

involved in collagen fibrillogenesis, and the loss of Bgn from bone matrix results in irregular 

collagen fibrils with increased average fibril diameter [43]. Moreover, the abnormal collagen 

structure was also seen in the Bgn-Dcn−/−;−/− mouse model. The basic circular fibril 

geometry of type I collagen was completely lost and fibrils appeared serrated (Figure 3) 

[43]. It is widely known that type I collagen has several functions in bone including serving 

as a template for mineral deposition [72], absorbing energy during fracture [47,58] and 

providing viscoelasticity [73]. Consequently, the reduced mineral content in Bgn−/− mice 

and abnormal collagen fibrils in both Bgn−/− and Bgn-Dcn−/−;−/− can have severe impact 

on tissue hardness and elastic modulus as well as on other mechanical properties of bone. 

However, no information is currently available on either models.

Thus, the effect of certain NCPs at the matrix level, as manifested through changes in 

collagenous or mineral components, significantly impacts local and whole bone mechanical 

properties. However as noted in this section, in addition to their contribution to bone fracture 

through modeling (or morphological) and remodeling (or matrix level), NCPs may directly 

partake as mechanical elements in bone matrix and affect bone fragility. This particular 

aspect is reviewed in the section below.

Direct Structural Role of NCPs

The spatial arrangement of nanoscale elements and their material properties, are finely tuned 

to create complex hierarchical materials with superior mechanical performance [74]. In 

natural and biological materials, the addition small amount of protein inclusions [75] within 

the nanoscale elements have been shown to improve fracture resistance [20,76–77]. NCPs 

comprise ~10% of the organic matrix in bone and have recently been demonstrated to act as 

structural molecules to enhance bone toughness [22,78].

As previously discussed, OC and OPN interact with both collagen and mineral, and hence 

have been postulated to play a seminal role at the organic-mineral interface. Both OC and 

OPN, form a high-affinity complex with each other through calcium bridges [79], and Solid 

State Nuclear Magnetic Resonance (SSNMR) has been used to elucidate their structural role 

at the interface. Nikel et al. [17] demonstrated that deletion of OC and OPN alters the 

organic-inorganic interface in bone. In particular, less abundant amino acids including lysine 

move in closer proximity to the inorganic component, hydroxyapatite, while preserving the 

organic matrix and mineral. Thus NCPs, including but not limited to OC and OPN, can 

indeed be important components of the organic-inorganic interface in bone and consequently 

influence its propensity to fracture.
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Studies have shown that crack formation occurs between the mineralized fibrils when they 

separate under loading [80–82]. During separation, energy is initially dissipated through the 

sacrificial bonding mechanism. Sacrificial bonds are hidden random networks of bonds 

between mineralized fibrils [82]. In sacrificial bonding, NCPs like OPN interact with 

divalent Ca2+ cations forming and reforming bonds, thereby dissipating energy and 

increasing bone’s fracture toughness [83]. These bonds are weak, and break before the 

stronger bonds that hold the structure together. However, the energy required to break the 

sacrificial bonds, increases the total energy (or toughness) that is required to fracture bone.

In addition to sacrificial bonding, NCPs like OC and OPN have a mechanical function in 

bone matrix, through dilatational band formation. The interaction between OC and OPN has 

been proposed to impact the mechanical properties across the levels of hierarchy in bone. 

During separation of mineralized fibrils, ellipsoidal voids called dilatational bands are 

formed between fused mineral aggregates. These voids are ~100 nm and result due to 

extension and failure of the OC-OPN complex [22]. Microdamage accumulates in regions of 

dilatational band formation, as diffuse damage, and colocalizes with both OC and OPN. In 

the absence of either OC, OPN, or both, from bone matrix, diffuse damage formation is 

significantly reduced. Since diffuse damage allows bone to dissipate large amounts of 

energy [67,84] the lack of diffuse damage formation compromises the ability of the bone to 

dissipate energy and increases its propensity to fracture.

A comparison between knock-out mice gives insight into the dilatational band mechanism. 

In the OC-OPN−/−;−/− mice bone, the fracture toughness was significantly reduced 

compared to WT and there were no differences between OC−/−, OPN−/− and OC-OPN−/−;

−/− bones. This indicated that the interaction between OC and OPN is akin to “links in a 

chain” whereby removal of OC, OPN, or both will result in altered microdamage 

morphology and reduced crack propagation toughness [22] (Figure 4). An examination of 

damage mechanisms revealed that the reason for bone’s inability to resist failure was due to 

the inability of the single and double knock-out bones to form diffuse damage. The 

resistance to failure was ultimately translated through the hierarchical scales in bone (Figure 

5).

It is possible that other NCPs besides OC and OPN may together play a structural role in 

bone. For example, the morphological and material quality changes observed in Bgn-Dcn−/

−;−/− knockout suggests that Bgn and Dcn could potentially act in synergy. As discussed 

previously, these NCPs also play a role in mineral formation individually but how they 

affect bone mineral quality, when both absent, is unknown. The impact of altered skeletal 

phenotype, abnormal collagen and impaired mineral quality on bone mechanical properties 

in this mouse model requires further investigation.

Summary

In conclusion, non-collagenous proteins in bone matrix contribute to bone mechanical 

properties and bone fracture through multiple mechanisms including alterations of bone 

morphological parameters crucial for bone’s structural competency, bone quality changes in 

key matrix parameters (mineral and collagen), and a direct role as load bearing proteins. 
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There has been an increase in literature studying the effect of NCPs on bone quality and 

mechanics. However, much needs to be addressed, as highlighted throughout this review, to 

further expand the understanding of NCPs and their role in bone fracture.

For example, many investigations on NCPs focus only on morphological or bone material 

quality changes. Using a plethora of tools from nano-indentation and AFM to microCT and 

whole bone three-point bending tests can allow for a comprehensive evaluation of protein 

knockout genotypes and provide a better understanding of how NCPs transcend the scales of 

hierarchy in bone, and ultimately affect bone fracture.

Additionally, increased use of heterozygotes (mice lacking one allele of a particular gene 

encoding the protein), conditional knockouts (mice lacking a specific gene associated with 

an NCP but only in specific organ system) and double knockouts (mice lacking in two 

separate proteins) mouse models will further our current understanding of NCPs in bone. 

Heterozygotes can allow investigators to assess the effect of dose response of implicated 

proteins like osteocalcin, osteopontin and SPARC, on bone fracture. Conditional knockouts 

can be useful where the NCP under investigation is vital for other physiological functions, 

and its global absence can lead to several systemic changes and potentially death. Double 

knockouts on the other hand can provide greater insight into the role of protein interactions 

and their independent contributions to bone quality and fracture.

Understanding the effects of NCPs on skeletal mechanical properties in humans through the 

use of mouse models has proven to be useful because bone matrix proteins are common 

between the two systems. Such research, in many instances, has allowed increased 

understanding and modulation of bone morphology and material quality in humans. 

However, due to inherent differences in microstructure and bone turnover mechanisms 

between human and mouse bones, the results from mouse models should be explored in 

humans through the use of aging or pathological tissues obtained from cadaveric or surgical 

models. Well-designed in vitro and in vivo studies should enhance the current understanding 

and further elucidate the role and pathway by which NCPs affect bone mechanical 

properties.
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Figure 1. 
Radiological analysis of wild type (+/0) and bgn knockout (−/0) bone morphology. Femoral 

length, bone mass and cortical thickness decreased with age at three (a), six (b) and nine 

months (c). Detailed high resolution radiographs of 6 months old (d, e) with * indicating 

regions of reduced trabecular bone mass, and white arrow highlighting the wider angle 

between the femoral neck and greater trochanter in the mutants. From Xu et al [31] with 

permission obtained from Nature Genetics.
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Figure 2. 
FTIR imaging of 11-week-old wild type (WT) and SPARC-deficient (KO) mouse femora. a) 

mineral: organic ratio and b) mineral crystallinity (1030/1020 intensity ratios) are lower in 

KO while c) collagen maturity is higher compared to WT. From Boskey et al [69] with 

permission obtained from Journal of Bone and Mineral Research.
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Figure 3. 
Electron Microscopy images of 2-month-old wild type (A–C) and Bgn-Dcn−/−;−/− (D–F) 

mouse tibiae. (B) and (F) are TEM images of (A) and (D) modified for improved 

visualization of collagen fibril profiles. In Bgn-Dcn−/−;−/− mice the collagen fibrils appear 

serrated and lack circular cross-sectional profile. The typical collagenous texture seen in WT 

(C) from quantitative backscattered electron imaging was completely loss in the mutant (F) 

and replaced by a uniform glassy mineralized matrix. From Corsi et al [43] with permission 

obtained from Journal of Bone and Mineral Research.
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Figure 4. 
Schematic of the OC-OPN-OC complex at the organic-mineral interface in bone. The first 

stage (left) illustrates two sites of dilatational band formation. Each site comprises two OC 

molecules (red) and an OPN molecule (green). The OC and OPN molecules are sandwiched 

between two fused mineral aggregates. Application of a load (center) causes the OC-OPN-

OC protein complex to unfold. Dilatational bands (highlighted in yellow) form and extend 

until the maximum extension of 135 nm is reached. Continuous loading causes OC and OPN 

to separate (right). The separation of OC and OPN dictates the subsequent rupture and shear 

of collagen fibrils. Shear is shown by the difference in longitudinal displacement of the 

fibrils. From Poundarik et al [22] with permission obtained from PNAS.
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Figure 5. 
Hierarchical model of bone toughness showing that dilatational bands and diffuse damage 

are linked to higher-level toughening mechanisms in bone. Removal of OC and OPN 

translates through the different scales of hierarchy and reduces bone matrix toughness. From 

Poundarik et al [22] with permission obtained from PNAS.
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Table 1

Summary of morphological changes and structural properties of NCP mouse models.

Mouse Model Morphological Traits 
(compared to WT)

Type of 
Mechanical 

Test

Structural Mechanical Properties 
(compared to WT) Ref

Osteocalcin (OC−/−) Increased bone mass and cortical 
thickness Strength Increased ultimate load [8]

Biglycan (Bgn−/−)
Reduced bone length, bone mass 

and cortical thickness Strength Reduced bone strength and ductility [31]

Fibrillin-2 (Fbn2−/−)
Decreased length and BMD, 

thick cortex Strength Decreased in stiffness, maximum load 
and total work [32]

Osteonectin (SPARC) Decreased cortical and trabecular 
bone mass Strength Decreased stiffness and maximum 

load [34]

Periostin (Postn−/−) Decreased cortical and trabecular 
bone mass Strength Reduced stiffness, ultimate force and 

strength [35,36]

Bone Sialoprotein (BSP−/−) Reduced length, BMD and 
thinner cortices NA NA [38]

Matrix Extracellular Protein 
(OF45−/−)

Increase endosteal and periosteal 
circumference, increased 
trabecular bone content

NA NA [37]

Osteopontin (OPN−/−) NA Strength
Increased elastic modulus, decreased 
maximum load, work to fracture and 

post yield deformation
[40]
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Table 2

Summary of bone matrix microarchitectural changes and mechanical properties of NCP mouse models.

Mouse Model Material Traits 
(compared to WT) Type of Mechanical Test Matrix Mechanical 

Properties (compared to WT) Ref

Osteocalcin (OC−/−)

Smaller and less 
mature crystals; 
increased crystallinity; 
decreased type B 
carbonate substitution; 
reduction in diffuse 
damage

Fracture toughness, Nanoindentation Increased hardness, reduced 
fracture toughness [15,22,54]

Biglycan (Bgn−/−)

Reduced trabecular 
number, thickness and 
poor trabecular 
connectivity

NA NA [31,43]

Decorin (Dcn−/−)
Irregular fibril 
geometry, decreased 
fibril diameter

NA NA [43,61]

Fibrillin-2 (Fbn2−/−) Decreased type B 
carbonate substitution Nanoindentation Decreased hardness and elastic 

modulus [32]

Osteonectin (SPARC)
Increased mineral 
content and 
crystallinity

NA NA [68,69]

Periostin (Postn−/−)

Decreased collagen 
crosslinks, increased 
crack number and 
surface

Fatigue, Nanoindentation Reduced hardness, stiffness [44]

Osteopontin (OPN−/−)

Reduced mineral: 
protein ratio (4 
weeks); reduction in 
diffuse damage; 
increased mineral 
content and crystal 
size (12–16 weeks)

Fracture Toughness, Nanoindentation
Reduced elastic modulus, 

hardness and fracture 
toughness

[18,19,22, 39]
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