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ABSTRACT 

EFFECTS OF ZOLEDRONATE DURING SIMULATED WEIGHTLESSNESS ON 
BONE STRUCTURE AND MECHANICS 

 

by Ryan T. Scott 
 

 Spaceflight causes astronauts to experience an unbalanced level of bone 

remodeling favoring resorption.  The combination of an antiresorptive drug and 

weightlessness may have negative effects on the mechanical and structural 

properties of bone by increasing elastic stiffness but diminishing plasticity.  At 16 

weeks of age, skeletally postpubescent male mice (n = 32, C57BL/6) were evenly 

divided and subcutaneously given either zoledronate (45 µg/kg) or vehicle 

(saline, same volume).  Three days postinjection, half of each group were divided 

to undergo 3 weeks of hindlimb unloading or act as a control undergoing normal 

ambulation (n = 8 for each of the 4 groups).  Ex vivo µCT assays showed 

zoledronate preserving cancellous mineral, bone, and cortical bone.  Hindlimb 

unloading reduced cortical bone.  Three-point bending of the femoral mid-shaft 

showed zoledronate increased stiffness, ultimate force, and total energy (+28%, 

+17%, +15%, respectively).  Hindlimb unloading reduced stiffness but increased 

postyield displacement, a measurement of plasticity (-29%, +20%, respectively).  

The combined treatment resulted in increased stiffness, with zoledronate not 

modulating the hindlimb unloading main effect on postyield displacement.  

Though stiffness increased, contrary to the hypothesis, the combination of 

zoledronate and hindlimb unloading did not result in a decreased plasticity. 
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Chapter I  

Introduction 

Problem  

 A central challenge in conducting human spaceflight missions is the 

maintenance of bone health.  More basic scientific research is needed to 

elucidate the deleterious effects of microgravity on animal and human bones.  In 

the coming decades, missions will be scheduled to advance humanity into a new 

frontier of exploration past the Van Allen belts, toward Mars, establishing lunar 

bases, or toward Lagrange points.  A better understanding of bone 

mechanobiology will be needed to facilitate the development of effective 

countermeasures and mitigation regimens to enable long-term human 

spaceflight.  

Frost (2003) is credited with first describing the skeletal system’s 

biological interaction with its environment being akin to a “mechanostat,” with the 

bone structure adapting to the specific imposed environmental demands.  This 

bone remodeling is accomplished through both bone formation and resorption.  

Other factors in this mechanostat theory include bone geometry, metabolic 

status, genotype, tissue interaction, and local tissue response (Beaupre, Orr, & 

Carter, 1990).  Osteoclasts are the cells of the bone responsible for resorption, 

osteoblasts are responsible for bone formation, and osteocytes are thought to 

coordinate the response to mechanical and metabolic signals (Crockett, Rogers, 

Coxon, Hocking & Helfrich, 2011). 
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      Adverse spaceflight-related bone alterations are partly due to prolonged 

periods of weightless unloading referred to as microgravity.  This arises from a 

lack of muscular and gravitational forces upon bone as would be experienced on 

Earth.  The lack of weight experienced by astronauts assigned to the 

International Space Station (ISS) is from free fall.  The vacuum of space (outside 

of Earth’s atmosphere) and the gravity of Earth both factor into objects falling 

toward Earth at the same rate, irrespective of an object’s mass (Turner, 2000).  

This unloading effect from microgravity on the musculoskeletal system negatively 

alters bone structure, reduces the collagen matrix mineralization, impacts 

osteocellular activity, decreases the amount of bone, and impairs mechanical 

properties (Keyak, Koyama, LeBlanc, Lu, & Lang, 2009; Smith et al., 2014).  This 

can lead to increased probability of fracture.  For astronauts who are tasked with 

physically strenuous work such as extravehicular activities, this could lead to 

devastating consequences during spaceflight missions (Orwoll et al., 2013). 

      During 6-month ISS missions, bone remodeling favors resorption by 

osteoclasts (Smith, Wastney, et al., 2005).  This increase in bone resorption is 

notable, with bone formation undergoing little change compared to ground 

controls (Calliot-Augusseau et al., 1998; Smith, Zwart, Block, Rice, & Davis-

Street, 2005).  Astronauts present with a rate of bone loss about 10 times greater 

than the rate of bone loss by postmenopausal women on earth (Smith et al., 

2014). 
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      Microgravity-induced bone loss occurs preferentially at the site of weight-

bearing bones, with an early and pronounced loss of cancellous bone (Collet et 

al., 1997; Lang et al., 2004; LeBlanc et al., 2000; Vico et al., 2000).  Vico and 

colleagues (2000) investigated astronauts who served on 2-month and 6-month 

missions.  The loss of vertebral bone mineral density (BMD) was 0.9% per 

month, and hip BMD losses were 1.4% per month.  Through the application of 

computed tomography scanning and finite element modeling techniques, the loss 

of bone strength in the femur of astronauts has been shown to be much greater 

than the changes in BMD (Keyak et al., 2009).  

      With the recent ISS utilization of the Advanced Resistive Exercise Device 

(ARED), crews have had access to high-force resistance training protocols.  The 

ARED is able to generate absolute loads up to 272 kg (600 lbs) of force (Loehr et 

al., 2010).  This has resulted in bone formation increases during flight (Smith et 

al., 2014).  While the inclusion of ARED was the first successful countermeasure 

for astronaut bone loss by increasing bone formation, this has not necessarily 

solved the challenge of heightened bone resorption.  Spaceflight ARED heavy 

resistance training did not inhibit the increases of osteoclast activity and bone 

resorption.  Both bone resorption and bone formation indices from blood and 

urinary markers have been shown to stay above prelaunch baselines during 

missions with astronauts using ARED (Smith et al., 2012).  The increase in the 

skeletal remodeling rate is referred to as high bone turnover, with increases in 

both osteoblast bone formation and osteoclast bone resorption.  Chronic high 
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bone turnover experienced by astronauts during long duration spaceflight raises 

potential concerns of negative structural and mechanical side effects on bone 

health, such as atypical femoral fractures and stress fractures.  Additional 

countermeasures to specifically inhibit bone resorption have been researched 

and considered for astronauts during extended space missions (LeBlanc et al., 

2013).   

 Zoledronate, a member of the bisphosphonate class of drugs, has been 

proposed for long-term spaceflight missions as an antiresorptive countermeasure 

targeting osteoclasts.  It can prevent weightlessness-induced bone loss in a 

hindlimb unloading rodent model, and it is currently prescribed by physicians as 

an effective agent for the management of osteoporosis (Lloyd, Travis, Lu, & 

Bateman, 2008; Reid et al., 2002).  

 Medicinal chemists specifically developed zoledronate, which contains a 

nitrogen atom within heterocyclic rings at the R2 side chain of the carbon atom of 

the phosphate-carbon-phosphate (P-C-P) backbone common among all 

bisphosphonates (Kavanagh et al., 2006; Russell, 2011).  Zoledronate is the 

most potent antiresorptive drug, having the highest mineral binding affinity 

(Ebetino et al., 2011).  With bisphosphonates inhibiting osteoclasts and bone 

resorption, the amount of hydroxyapatite (HAP) mineral increases due to 

unhindered osteoblast bone formation activity.  The result is a greater amount of 

mineral per bone volume (Allen & Burr, 2007; Boivin, Chavassieux, Santora, 

Yates, & Meunier, 2000; Burr et al., 2003).  Whole-bone mechanical properties of 
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stiffness and strength (ultimate force) increase with bisphosphonate treatments 

(Allen & Burr, 2007, 2011).  Mineral HAP is considerably stiffer than the bone 

collagen molecules to which it is bound (Fratzl & Weinkamer, 2007).   

 Several factors affect the pharmacological impact and lasting potency of 

bisphosphonates.  Once delivered through the bloodstream, the bisphosphonate 

compounds specifically target and bind to bone according to the drug’s mineral 

binding affinity.  Osteoclasts migrate and undergo a process of polarization, 

vesicular trafficking, mineral dissolution, and ultimately bone resorption.  The 

bisphosphonate previously bound to the bony matrix is released as bone is 

resorbed and taken up into the cell (Coxon & Taylor, 2008).  

      Once taken up by the osteoclast, bisphosphonates inhibit bone resorption 

through intracellular effects.  When a nitrogen-containing bisphosphonate is 

incorporated into the osteoclast cell, it has been shown to interrupt a prominent 

target enzyme in the mevalonate biosynthetic pathway: farnesyl pyrophosphate 

synthase (FPPS) (Amin et al., 1992).  The interruption of this pathway leads to 

substrate depletion of farnesyl pyrophosphate (FPP) and geranylgeranyl 

pyrophospate (GGPP) lipid groups (Rogers et al., 2000).  Small GTPase proteins 

including Rac, Rho, and Rabs each rely on posttranslational covalent addition 

(prenylation) of these lipid substrates onto their respective cysteines.  This 

cysteine residue is located fourth from the end in a CaaX or CxC motif, adjacent 

to the polybasic region of the protein chain (Weivoda & Oursler, 2014; Zhang & 

Casey, 1996).  Without prenylation of FPP and GGPP, the small GTPases do not 
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localize correctly in the cell membrane to exert their specific actions, relying on 

FPP and GGPP as anchors in the cell membrane (Zhang & Casey, 1996).  

Without properly functioning small GTPases, many functions of the osteoclast 

and resorption are impaired: vesicle transport, cellular polarization, actin 

reorganization, and overall cell activity (Coxon, Thompson, & Rogers, 2006; 

Crockett et al., 2011; Ory, Brazier, Pawlak, & Blangy, 2008; Rogers et al., 2000).  

Dunford and colleagues (2001) examined zoledronate in vivo and in vitro.  They 

found that its antiresorptive potency stems from the nitrogen atom within the 

heterocyclic rings inhibiting FPPS rather than the degree of cellular uptake or 

pharmacokinetics of zoledronate.  Two other pharmacodynamic factors of 

bisphosphonates include the critical inhibition of the dissolution of HAP mineral, 

and the different binding affinity profile of each bisphosphonate based on its 

chemical structure (Nancollas et al., 2006; Russell, 2011).  

The great cost of conducting human and rodent science on the ISS has 

led researchers to pursue ground analogs to simulate conditions of microgravity-

like weightlessness.  One such protocol is the 30° hindlimb unloading (HU) model 

in mice and rats (Morey-Holton & Globus, 2002).  Musculoskeletal disuse 

simulates weightlessness, which increases osteoclast activity and decreases 

bone structure (Heer, Baecker, Mika, Boese, & Gerzer, 2005; Nabavi, Khandani, 

Camirand, & Harrison, 2011; Tamma et al., 2009).  Animal studies allow 

techniques of both destructive mechanical testing and radiographic structural 

morphology scanning.  These studies also have scientific value in enabling 



	 	 	
	

	

7 

researchers to control study variables such as duration, unloading, age, drug 

administration, and temperature.  

Lloyd et al. (2008) provided evidence that, in a growing mouse model (6 

weeks old), an effective antiresorptive dosage of zoledronate is 45 µg/kg to 

counteract skeletal hindlimb unloading and to maintain bone stiffness.  Pozzi and 

colleagues (2009) examined zoledronate’s efficacy on bone remodeling in the 

growing mouse model (5 weeks old), reporting that 100 µg/kg was no more 

effective of an antiresorptive than 50 µg/kg.  Utilizing a rat immobilization model 

with the right hindlimb affixed to the abdomen, Khajuria, Razdan, and Mahapatra 

(2015) found a zoledronate dosage of 50 µg/kg to be effective at countering the 

deleterious impact of limb immobilization on mechanical properties.       

      Potential negative side effects on the mechanical and structural properties 

of astronaut bone should be examined when heightened turnover, high-force 

exercise, and antiresorptive bisphosphonate drug treatments are combined.  This 

is of note due to clinical concerns of atypical femoral fractures along the 

diaphysis and osteonecrosis of the jaw with long-term bisphosphonate use 

(Iwata, Mashiba, Hitora, Yamagami, & Yamamoto, 2014; Reid, 2009; Shane et 

al., 2010; van der Meulen & Boskey, 2012).  Zoledronate is an attractive 

countermeasure candidate due to its intravenous 6-month injection timeline.  

Other bisphosphonates require a weekly oral dose and have several negative 

drawbacks such as possible gastrointestinal intolerability, myalgia, and arthralgia 

(LeBlanc et al., 2013; Silverman & Christiansen, 2012).  
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Work by Currey (2012) illustrated the principle that as the degree of 

mineralization increases in bone, there is a corresponding linear increase in 

stiffness.  As a bone becomes more mineralized, it becomes stiffer, but at a 

certain point there is a rate of diminishing returns.  Currey generated data that 

argued the elastic stiffness and plasticity of bone can have an inverse 

relationship.  If a bone becomes too stiff from overmineralization, it becomes 

more brittle and less tough.  Brittleness is an inverse measure of plasticity. 

Brittleness is also measurable in terms of reduced strain required to initiate 

permanent deformation, the point where bone structural integrity yields.   

The organic bone matrix, with its major constituent of collagen, is 

disproportionately responsible for bone plasticity and contributes to toughness.  

Small changes to the quality of bone collagen would have little effect on bone 

stiffness, with mineral HAP having around 114 GPa (gigapascals) and collagen 

1.5 GPa (Zioupos, Currey, & Hamer, 1999).  Because collagen is composed of 

numerous organic constituents such as crosslinks and water, changes in 

collagen quality and composition could have dramatic effects on bone toughness 

and plasticity.  From the yield point onwards, it is the collagen and the organic 

matrix that absorb and disperse energy until abject failure of the bone (Burr, 

2002; Currey, 2012; Currey, Brear, & Zioupos,1996). 

Zoledronate treatment results in greater bone mineralization and retention.  

The purpose of this study was to assess the effects of zoledronate on bone 

mechanical and structural properties of bone during simulated weightlessness.  It 
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was hypothesized that the zoledronate-treated mice experiencing simulated 

weightlessness would increase their whole-bone elastic stiffness but have 

diminished mechanical plasticity, making the bones stiffer but more brittle.   

Objective 

      The objective of this work was to examine the effect of zoledronate on 

bone mechanical and structural properties in an experimental model designed to 

mimic spaceflight weightlessness.  The 30° hindlimb unloading model was used 

to mimic the effects of weightlessness and induce musculoskeletal disuse in 

mice.  The expectation is that this work will add to the body of knowledge to 

enhance the development of countermeasures to enable prolonged space 

exploration in the future.  

Delimitations 

      This study was focused on the mechanical and structural impact of 

hindlimb unloading musculoskeletal disuse and zoledronate administration in 

mice.  Treatment effects were examined ex vivo using the left femur from the 

animals.  All mice were of the same age (16 weeks), gender (male), genetic bred 

strain (C57BL/6), and they were subject to similar housing, feeding (ad libitum), 

and handling.  

Limitations 

      This experimental model was designed to simulate the conditions 

astronauts experience in spaceflight.  Although mice and humans are both 

mammalian species, there are a few significant differences.  They include the 
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size of human versus mouse bone and the growth plate of bones.  Unlike the 

human growth plate, which closes at maturity, the mouse growth plate does not 

fully attain closure at any point in the lifespan.  Additionally, mouse cortical bone 

presents with lamellae and adjacent osteocytic lacunar networks rather than the 

osteonal Haversian canal networks found in human cortical bone.  Lastly, the 

mechanical properties of toughness and plasticity of bone were measured in this 

study.  There is consensus in the field that the behavior and characteristics of 

collagen are responsible for the plasticity of bone (Burr, 2002; Viguet-Carrin, 

Garnero, & Delmas, 2006).  Without an assay for collagen measurements, a full 

characterization of the molecular changes due to the treatment is not possible. 

Overview 

This thesis is divided into five chapters.  Chapter II presents background 

on general bone structure, the femurs of both humans and mice, the hindlimb 

unloading model, micro-computed tomography (µCT) scanning, and the 3-point 

(3-pt) bending mechanical test.  Chapter III provides specifics on study design, 

specimen preparation, data collection procedures, and statistical analysis.  

Results are presented in Chapter IV, followed by Chapter V, which includes 

conclusions, a discussion of the significance of the findings, and 

recommendations for future work.  
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Chapter II 

Review of Literature  

Bone Components  

The skeleton has a hierarchical level of organization.  While there are 

variations between species in the shapes of their bones, all bones on the gross 

level are considered to be either long, short, flat, sutural, pneumatic, irregular, or 

sesamoid.  When a long bone is examined, there is identification of distal and 

proximal epiphyses separated by the intervening diaphysis.  In a femur, there is a 

distal region known as the metaphysis, which is rich with a lattice, strut-like plate 

network referred to as cancellous bone.  This structure is extremely porous, with 

the thickness of individual trabeculae measuring 100 to 300 µm in humans (Fratzl 

& Weinkamer, 2007).  Encapsulating the bone’s cancellous compartment is a 

sturdy layer with low porosity, known as cortical bone.  

Mice provide researchers a remarkable model to explore the biology of the 

mammalian skeleton and enable extensive studies of disease.  The model is 

utilized to understand structural and mechanical properties of bone (Jepsen, 

Silva, Vashishth, Guo, & van der Meulen, 2015).  Despite a big difference in 

lifespan (human ≈ 80 years, mouse ≈ 2 years), they both present with analogous 

age-related bone changes at similar points in their respective lifespans 

(Ferguson, Ayers, Bateman, & Simske, 2003; Halloran et al., 2002).  A few 

aspects of the mouse model are of note.  Mouse bones have different anatomical 

skeletal arrangements and ambulate in a quadrupedal manner.  This translates 
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to a specific distribution of skeletal stresses and strains based upon ground 

reaction forces and muscles generating forces according to ambulatory patterns 

(Figure 1). 	

 

 

Figure 1. Mouse femoral anatomy.  Internal view of a left mouse femur from a 
coronal plane slice at the third trochanter.  
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      When examining the internal coronal plane view of a left mouse femur one 

sees the outermost radius is comprised of cortical bone, with a corresponding 

outermost connective tissue layer known as the periosteum.  Spanning the length 

of the diaphysis is a central cavity known as the medullary cavity, which is lined 

with a bony connective tissue layer called the endosteum.  Of note, mice present 

with a prominent third trochanter, which differs from that of normal human 

anatomy.  The third trochanter of the mouse receives tendons from the hindlimb 

muscles, which then insert into the third trochanter’s periosteal layer (Hamrick, 

McPherron, Lovejoy, & Hudson, 2000). 

      At the tissue level, there are spatial arrangements that differ between 

cortical bone and concentrated sections of individual trabeculae of cancellous 

bone.  In different animals, various degrees of cortical organization are seen.  

This organizational network of bone can be classified as being either woven 

(more chaotic, irregular), lamellar (organized smoothly, parallel structure), or 

osteonal (concentric lamellar bone) (Wagermaier, Klaushofer, & Fratzl, 2015).  

Each organization depends upon the configuration of individual collagen 

molecules, mineralization, and the extrafibrillar matrix consisting of proteoglycans 

and noncollagenous proteins, which also impact the relative mechanical 

properties of each bony tissue (Doblaré, García, & Gómez, 2004).  

      Human cortical bone predominantly displays osteonal Haversian 

networks, with concentric lamellae (layers of bone matrix) wrapped around a 

central Haversian canal.  Mouse bone is also characterized as lamellar bone but 
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not to the same magnitude of concentric organization.  Lateral and medial to the 

lamellar mouse cortical bone, layers of fibers extend toward the endosteal and 

periosteal surfaces.  Through three different microscopy techniques, Kerschnitzki 

and colleagues (2011) concluded that, in the femur of the mouse, this cortical 

endosteal and periosteal bone deposition pattern corresponds to an alignment of 

the osteocytic cytoplasmic processes and the structural arrangement of the 

collagen matrix.  The differing pattern between mouse and human bone is an 

understood condition when drawing mechanobiological conclusions from 

scientific research.  

      There are three major bone cell types: osteoblasts, osteocytes, and 

osteoclasts.  Osteoblasts are mononucleated cells derived from mesenchymal 

stem cells via the osteoprogenitor pathway (Blaber et al., 2014).  They are critical 

in bone formation via an exocytotic release of Type I collagen as well as many 

noncollagenous bone proteins (Neve, Corrado, & Cantatore, 2011; Orriss, 

Burnstock, & Arnett, 2010).  Before HAP minerals are deposited, the organic 

cartilaginous layer is referred to as an osteoid.  At the conclusion of 

osteogenesis, levels of the osteoblast-dependent alkaline phosphatase mRNA 

decline drastically, followed by around 70% of mature osteoblasts undergoing 

apoptosis (Neve et al., 2011).  Some of the osteoblasts become incorporated into 

the newly formed osteoid that they secreted and differentiate into osteocytes 

(Franz-Odendaal, Hall, & Witten, 2006; Manolagas, 2000). 
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      Osteocytes are contained within protective cavities, referred to as lacunae 

and form an interconnected network of canalicular cytoplasmic projections within 

the bony matrix.  These networks allow passageway of metabolites and are 

thought to mediate responses to mechanical loading.  Cancellous tissue has a 

considerably higher porosity than cortical, with most cortical porosity accounted 

for by the lacunae, vessels, and nerves.  Osteocytes comprise 90-95% of all 

bone cells (Bonewald, 2011).  

      Responsible for bone resorption, osteoclasts are usually multinucleated 

and develop into bone-specific macrophages from the hematopoietic cell lineage 

of differentiating monocyte/macrophage precursors (Boyle, Simonet, & Lacey, 

2003).  Functioning osteoclasts undergo a stepwise progression to create an 

acidic resorption lacunar pit atop the bony matrix.  Osteoclasts first attach and 

begin cellular polarization, initiating the bone resorption process, followed by a 

cessation of bone resorption (Mellis, Itzstein, Helfrich, & Crockett, 2011).  The 

polarization/attachment stage involves a rearrangement of the cell’s cytoskeleton 

to form a “sealing zone” formed by adhesive podosomes on the bone matrix 

surface (Lakkakorpi & Väänänen, 1996; Luxenburg et al., 2007).  Osteoclasts are 

motile cells that migrate over the bony matrix and rely on the ability of these 

podosomes to disassemble and assemble quickly (Luxenburg, Parsons, Addadi, 

& Geiger, 2006; Mellis et al., 2011).  

The full breadth of molecular signals and energy pathway downregulatory 

mechanisms that result in podosome disassociation, a halt to cell motility, and 
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cessation of resorption at the lacunar pit are still being investigated (Mellis et al., 

2011).  There are several physiological regulators that influence the final 

cessation of osteoclast resorption.  The hormones calcitonin, vitamin D3 (1,25 Vit 

D3), parathyroid hormone (PTH), and estrogen all have a function in osteoclast 

activity, differentiation, regulation and, ultimately, cessation of osteoclast 

resorption (Crockett et al., 2011).  Calcitonin is secreted from the parafollicular 

cells of the thyroid gland, and, when it is inhibited from binding to its osteoclastic 

cellular receptors, there are significant downstream intracellular effects.  These 

include reductions in ruffled border amount, inhibition of endocytosis of bone and 

mineral at the ruffled border, and a reduction in osteoclast number over time 

(Chambers & Magnus, 1982; Stenbeck, Lawrence, & Albert, 2012; Zaidi, 

Inzerillo, Moonga, Bevis, & Huang, 2002).  As previously mentioned, nitrogen-

containing bisphosphonates such as zoledronate have very specific intracellular 

effects through action on the FPPS pathway within the osteoclast cell. 

The Hindlimb Unloading Model 

      The present study used the hindlimb unloading mouse model to mimic 

microgravity-like weightlessness.  In effect, the model induces musculoskeletal 

disuse in mouse hindlimbs.  The model is a longstanding, validated, rodent-

specific one used to mimic the musculoskeletal effects experienced during 

spaceflight (Morey-Holton & Globus, 1998).  Adult mice incur a net loss of bone 

during both spaceflight and in hindlimb unloading ground analog model.  Much of 

the early research related to bone in spaceflight used young, pubescent rats, 
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which presented with a halt to bone growth rather than a net loss of bone 

(Globus & Morey-Holton, 2016).  

Hindlimb suspension allows for unrestricted forelimb movement.  The 

model does not produce excessive stress to the animals, as demonstrated by 

bodyweights of HU mice remaining similar to those of control animals (Morey-

Holton & Globus, 2002).  Similar skeletal structural changes due to aging occur in 

both mice and humans; thus, mice are an appropriate model to understand age-

related bone losses (Ferguson et al., 2003; Halloran et al., 2002).  

Mice from 3 to 6 months of age are considered mature and 

postpubescent.  This age range is physiologically comparable to humans 

between 20 and 30 years of age (Flurkey, Currer, & Harrison, 2007).  

Postpubescent mice of 16 weeks were used in the present study.  The age of the 

mice at the end of the 3 week study placed their age group analogous to humans 

in their middle 20’s.  Astronauts from the National Aeronautics and Space 

Administration (NASA) have an age range for their astronaut corps between 25 

and 55 years (Orwoll et al., 2013). 

Mechanical Testing and the Three-point Bending Configuration     

 Bending tests are useful for assessing the mechanical properties of rodent 

bones.  The small size of mouse femurs makes machine working of specimens  

difficult.  Bending tests centered on a diaphyseal section of the mouse femur are 

common in the literature (Jepsen et al., 2015).  The mass of bone at the  
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diaphysis is predominately cortical bone.  The bone receives a monotonic load at 

a certain rate of displacement to induce bending until the specimen fractures 

(Fyhrie & Christiansen, 2015).  Bending tests cause the side receiving the 

applied force to experience compression, while the opposite side experiences 

tension.  Bone is weaker in tension and usually fails on the tensile side first 

(Turner & Burr, 1993).  Figure 2 provides an illustration representing the 3-pt 

bend test.   

 

 

 

Figure 2.  Three-point bending configuration.  Configuration of the 3-pt bend test 
along the diaphysis of the femur.  F is the direction of the force applied, and d is 
the resulting displacement (mm) from beginning of force application until 
completion of test.  The test is performed at exactly midpoint of the span length 
of the pins (5 mm), signified by L, just inferior to the third trochanter.  Data 
collected from this test report the force and displacement measurements until the 
bone fully fractures.  
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 Precise reporting of subject and testing apparatus dimensions is crucial to 

enable accurate comparisons across studies.  An important consideration of the 

3-pt bend test is the orientation of the femur either anterior-posterior or posterior-

anterior.  Opposing sides of the in vivo mouse are subjected to differing stresses 

from the insertion and actions of muscles and vector of gravity.  This results in 

differing strength properties of the tested bone on different sides of the femur 

(Jepsen et al., 2015).  Table 1 summarizes the literature for pertinent bending 

studies.  Of the 15 studies examined that reported these data, eight had femurs 

presented with the anterior surface facing down and seven had femurs 

presenting the reverse.  The femur was positioned anterior face down for this 

study.  This was intended to expose the anterior face of the femur to failure from 

applied forces first (in tension). 

Another important detail of the test is the span length between the bottom 

two supports.  Based on the need to apply beam theory equations to arrive at 

tissue-level properties, a section of the femur most cylindrical was necessary 

(Gere & Timoshenko, 1984; Turner & Burr, 1993).  A 5 mm span width between 

the two bottom supports was chosen just distal to the third trochanter on the 

lateral border of the femur.  This choice agrees with literature (Akhter et al., 2000; 

Akhter, Fan, & Rho, 2004).  During this study, calipers were used to ensure 

precision. 
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Table 1 

           Femur Bending Methods  

   
Animal  Type Orientation Span Length 

Load Rate 
(mm/s) Reference 

Rat 4 point Ant-Post not reported 0.5 Bonadio et al. (1993) 

Mouse 3 point Ant-Post 5 mm 0.05 Akhter et al. (2000) 

Rat 3 point Post-Ant 13 mm 0.166 Ferretti et al. (1993) 

Rat 4 point Ant-Post not reported 0.5 Smith et al. (2000) 

Mouse 3 point Post-Ant 7 mm 0.3 Silva et al. (2006) 

Mouse 3 point Ant-Post 6.5 mm 0.155 Jämsä et al. (1998) 

Mouse 4 point Post-Ant 4 mm 0.033 Brodt et al. (1999) 

Mouse 3 point Ant-Post 5 mm 0.05 Akhter et al. (2004) 

Mouse 3 point Post-Ant 7 mm 0.033 Wergedal et al. (2002) 

Mouse 3 point Ant-Post 10 mm 0.2 Schriefer et al. (2005) 

Rat 3 point Ant-Post not reported 0.1 Ke et al. (1998) 

Mouse 3 point Ant-Post 6 mm 0.5 Voide et al. (2008) 

Mouse 3 point Post-Ant 10 mm 0.033 Spatz et al. (2013) 

Mouse 3 point not reported 8 mm 0.0833 Lloyd et al. (2008)  

Rat 3 point Post-Ant 13 mm 0.166 Ferretti et al. (1993) 

Mouse 3 point not reported 4 mm 0.166 Kodama et al. (2000) 

Mouse 3 point not reported 5 mm 0.5 Turner et al. (2000) 

Mouse 3 point Post-Ant 7 mm 0.033 Wergedal et al. (2005) 
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Whole-bone mechanical properties are based on forces applied and 

displacement incurred on a specimen.  A force-displacement curve may be 

graphed from the data and divided into two distinct regions: the elastic 

deformation and plastic deformation regions (Figure 3).  The initial slope of the 

curve of the elastic region is known as stiffness (N/mm), a measure of how much 

a bone can deform without sustaining permanent deformation.  The bone 

deformation is transient; it returns to its original shape.  The elastic and plastic 

regions of the force-displacement curve are divided by a yield point, N.  This is 

the peak of the initial linear stiffness slope when forces on the bone result in 

microcracks such that permanent damage occurs.  The point where a bone can 

sustain the greatest force is the ultimate force (N).  Postyield displacement (PYD) 

is a measurement of the amount of permanent deformation prior to fracture. 

Finally, there is a fracture point force, which is where the last of the force is 

applied before a complete fracture of the bone (Jepsen, Pennington, Lee, 

Warman, & Nadeau, 2001; Turner & Burr, 1993).  

 The size of the bone tested is of critical importance for reliable whole bone 

mechanical tests.  Tissue-level mechanical properties of bone are size-

independent, enabling two different bones to be compared (Jepsen et al., 2015).  

This is accomplished by converting the raw force-displacement data into a tissue-

level stress-strain curve by using mechanical engineering equations, which are 

shown in Figure 4 (Gere & Timoshenko, 1984; Turner & Burr, 1993). 
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Figure 3.  Force-displacement curve.  Mechanical properties and notable 
attributes from the force-displacement curve produced by a 3-point bending test.  
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Figure 4.  Beam theory equations for estimating bone material properties from 
bending tests.  Stress (σ, sigma, force/area) is the applied load per unit of cross-
sectional area.  Strain (ε, epsilon, [elongated length – original length]/original 
length) is the measurement of percent change in length, or relative deformation.  
Elastic modulus (E, N/mm2 = MPa, megapascal) is the resistance to permanent 
deformation at a tissue-level, and corresponds with the whole-bone parameter of 
stiffness.  F is applied force, d is displacement, L is span length, c is the distance 
from the center of mass, I is the cross-sectional moment of inertia.  
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      The whole-bone displacement (mm) or tissue-level strain (%) beyond the 

yield point up until the fracture point is a measurement of the ductility of a 

material (Jepsen et al., 2015) (Figure 3).  When a material lacks much postyield 

region, it is referred to as a brittle material.  Chalk is an example of a brittle 

material with little plasticity.  In a brittle material, once the elasticity of the material 

is breached at the yield point, very little energy is required for fracture failure.  

The area under the force-displacement curve is a measurement of energy, 

known as work-to-fracture (Nmm; toughness) (Jepsen et al., 2001, 2015; Turner 

& Burr, 1993).  The postyield displacement, postyield strain, and work-to-fracture 

(toughness) were all examined in this study.  

Structural Imaging of Bone Morphometry  

      It is important that the materials and geometric morphometry of bone 

specimens are analyzed along with mechanical testing.  The structure influences 

the mechanics.  The structural measurements of cortical and cancellous bone 

were measured for this study, and established guidelines for micro-computed 

tomography (µCT) were taken into consideration (Bouxsein et al., 2010).  In this 

study, µCT evaluated bone morphology and microarchitecture ex vivo.  Data 

were acquired of the attenuation of X-rays from multiple angles.  These data 

were then compiled to reconstruct 3-dimensional images that represented the 

spatial and density characteristics of the material.  Bone is a composite material 

of both inorganic and organic components.  The method of µCT specifically 

elucidates a bone’s structure and morphology with X-rays attenuating through the 



	 	 	
	

	

24 

inorganic phase of calcium-phosphate in the form of semi-crystalline HAP with 

carbonate, accounting for 35-45% of bone volume.  The other primary 

components of bone are collagen, with its enzymatic and nonenzymatic 

crosslinks (35-45% bone volume) as well as water (15-25% bone volume) 

(Granke, Does, & Nyman, 2015).  Both 2-dimensional (2D) and 3-dimensional 

(3D) µCT architecture were examined in this study, translating into both volume 

and areal outcomes. 
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Chapter III 

Methods 

 This study was conducted in the Bone and Signaling Laboratory at the 

NASA Ames Research Center.  The purpose of the study was to assess bone 

properties in the presence of zoledronate and simulated weightlessness.  This 

was accomplished through software analysis of bone geometry from µCT scans, 

ex vivo mechanical testing, and utilization of mechanical engineering equations 

for tissue-level material properties. 

Ethics Statement  

 All animal experimental procedures were approved by the Institutional 

Animal Care and Use Committee at the NASA Ames Research Center (protocol 

NAS-13-004-Y1), with tissue use approved by the San José State University 

Institutional Animal Care and Use Committee (protocol 2015-E).  All animal 

handling procedures were followed according to the U.S. National Institutes of 

Health Guide for the Care and Use of Laboratory Animals (National Research 

Council (US) Committee for the Update of the Guide for the Care and Use of 

Laboratory Animals, 2011). 

Animals and Study Design 

 Thirty-two male, postpubescent, 16-week-old C57BL/6 mice (Jackson 

Laboratory, Bar Harbor, ME) were housed at the NASA Ames Research Center.  

The animals were randomly divided into four groups (n = 8).  Body mass (g) was 

measured and used to distribute mice evenly throughout the four groups.  In the 
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ambulatory group (NA), eight were injected with saline vehicle (VEH) while 

another eight were injected with the same volume of zoledronate (ZOL, 45 µg/kg, 

from Sigma Aldrich).  In the hindlimb unloaded (HU) group, eight received saline 

vehicle (VEH) while another eight received the same volume of ZOL (45 µg/kg).  

The subcutaneous injections were performed at the lower back 3 days prior to 

hindlimb unloading, with these days also serving as the cage acclimation period.  

All animals were monitored at least twice a day, maintained on a 12/12 light/dark 

cycle (6 am to 6 pm).  The mice were given standard laboratory food chow (Lab 

Diet 5001, Purina Mills, St. Louis, MO) and water ad libitum throughout the 

duration of the study.  Normal behavior of grooming and trauma-free coats were 

observed.   

Hindlimb Unloading  

The HU group underwent 3 weeks of hindlimb disuse according to the 

method of Morey-Holton and Globus (2002).  This technique suspended the 

animal at 30° with tail traction while permitting free movement of the forelimbs.  

Mice in the NA group were individually housed for the same period of time to 

mimic the isolated stress of the HU group. 

It is of note that in a separate component of this study we utilized the 

same mice and investigated the effects of in vivo mechanical loading on the right 

tibia in conjunction with ZOL and HU administration.  All of this study’s animals 

underwent applied mechanical loading to their right tibias three times a week for 

3 weeks.  While anesthetized, mechanical loading involved a 9N pulse in 
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compression (~1300 µstrain), applied 60 times with 5 s intervals on the mouse 

knee, transmitting force uniaxially through the tibia to the stationary positioned 

calcaneus.  The entire process of anesthetization, loading, recovery, and 

immediate return to HU lasted, on average, 12 min per loading session.  Mice 

were removed from the HU apparatus during compression application, which was 

administered after mice were anesthetized with 2% isoflurane.  Additionally, each 

animal in this study had its left tibia analyzed via dynamic and static 

histomorphometry ex vivo.   

At the time of dissection, animals were momentarily ambulatory during 

anesthetization, with subsequent euthanizing via CO2 inhalation.  Left femurs 

were wrapped with PBS-soaked gauze (with calcium and magnesium chloride) 

and stored at -20ºC. 

Microcomputed Tomography (µCT) Scanning 

 Prior to scanning, femurs were permitted to thaw at 4°C overnight in PBS, 

with an additional acclimation time of 20 min prior to scanning at room 

temperature.  All left femurs were scanned using µCT to quantify the 2D and 3D 

microarchitecture (SkyScan 1174 µCT scanner, Kontich, Belgium).  All whole left 

femurs were scanned at the low resolution isotropic voxel size of 17.3 µm per 

pixel to provide cortical bone data from the midsection of each diaphysis.  To 

investigate cancellous bone, all distal metaphyses sections were scanned at the 

high resolution isotropic voxel size of 6.7 µm/pixel.  Specimens were mounted 

into the low density X-ray scanner, with the bone fixed within an Eppendorf tube.  
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To ensure hydration during the scan, PBS-soaked gauze was wrapped around 

the femurs.  A 0.5 mm aluminum X-ray filter was affixed in the line of sight 

between the X-ray source and the specimen, with the X-ray beam scanner 

operating at 50 kV and 800 µA.  Scan settings were set to an exposure time of 

3.5 s per frame, with the images averaged across two captured frames for every 

rotated step of 0.5° and the bone rotating throughout an entire angular span of 

180°.  

Reconstruction 

Scans were reconstructed into 2D cross sections using the software 

NRecon (SkyScan, v.1.6.10.2).  Dynamic range settings across all samples were 

consistent after the upper limit of the linear attenuation coefficient threshold was 

determined to be 0.15.  Reconstruction parameters additionally included a beam 

hardening correction of 30% and a ring artifact correction of 4. 

Morphometric Analysis  

 Two rotational alignment protocols were developed to quantify the 

morphometric data from the mid-shaft diaphysis and the distal metaphysis.  

Using the reconstructed images, the low and high resolution femoral images 

were aligned to ensure a consistent rotation in the coronal, sagittal, and 

transverse planes across all samples using the SkyScan software DataViewer 

(v.1.5.2, Figure 5).  The distal growth plate and greater trochanter were selected 

as consistent anatomical landmarks for the low-resolution, whole femur protocol.  

This ensured that the diaphyses were parallel in the Y-axis and the cortical bone 
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was upright in the Z-axis, enabling accurate moment of inertia data  for 

postprocessing analysis.  A similar protocol was devised for consistency in the 

high resolution images of the distal metaphysis.  Before the regions of interest 

were selected for contouring, a lower and upper threshold of the foreground from 

the background into a binary image indicating bone was determined using 15 

samples.  The selected values were used across all samples in the SkyScan CT-

analyser software (CTAn, v.1.10).  This point in the imaging process was also 

where the pixelization of the scans was analyzed quantitatively to determine 

tissue mineral density (TMD).   

For the 6.7 µm/pixel scans, the distal metaphysis volume of 1500 µm was 

contoured, based on a 410 µm offset from the growth plate.  For the 17.3 

µm/pixel scans of the whole femur, a 5 mm span width was identified for use in 

the 3-pt bending tests in DataViewer starting at the most distal portion of the third 

trochanter of the mouse where cortical bone thickness contours were uniform. 

Measurements   

       The program ImageJ was used to increase the accuracy of bone 

placement upon the pins.  Based upon imaging, all samples were labeled for a 5 

mm span descending inferiorly from the third trochanter.  This method ensured 

precise femur placement to increase the reliability of mechanical testing (Figure 

6).   
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Figure 5. DataViewer protocol of mouse femoral scans.  Sagittal femur view on 
left and coronal femoral representation on right.  A protocol was developed to 
ensure consistent positions across all µCT samples with regard to 2D 
measurements and, especially, the moments of inertia.  Notice the condyles of 
the femur presenting in both views inferiorly, with the femoral head and greater 
trochanter presenting superiorly.  Take note of the X, Y, Z orientations which 
were adhered to across all subject scans based on the growth plate center, 
diaphysis, femoral neck, and greater trochanter.  
 
 

 

Figure 6.  Coronal view of ImageJ mouse femoral scan.  
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Mechanical Testing  

 Monotonic 3-pt bending mechanical tests to failure were conducted on all 

left femurs at a constant displacement rate of 0.01 mm/s (Bose ElectroForce 

3220 Series II with 225 N load cell; Bose Corporation, Eden Prairie, MN, USA).  

Determination of 5 mm and 1 mm sections of the femoral diaphysis was made by 

examination of the 17.3 µm/pixel low resolution images.  ImageJ was used to 

create high resolution image files to increase the accuracy of specimen 

placement on the lower two spans.  On the evening prior to mechanical testing, 

the femurs were transferred from a -20°C to a 4°C freezer.  Samples were 

allowed 20 min for thawing in room temperature (25°C) PBS.  The anterior 

surface of the femur was placed in contact with the lower two pins, with a 5 mm 

span between pins.  Calipers were used to ensure accuracy (Figure 7). 

Statistical Methods 

      All statistical analyses were performed using JMP (v.8, SAS Institute, 

Cary, NC).  To enhance accurate analysis of the treatment groups on the bone 

structure and mechanical indices, the influence of body mass was taken into 

consideration.  A linear regression with two independent variables (HU/NA, 

ZOL/VEH) and a bodyweight variable was conducted.  All interactions were 

analyzed between all parameters (HU, NA, ZOL, VEH, BW).  If there were no 

interactions with bodyweight (homogeneity of regressors), then interactions were 

removed and a two-way ANCOVA was performed.  The least squares means 

and standard deviations are reported.  
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Figure 7.  Lateral view of three-point bending test apparatus.  Notice the 
condyles on the right side of the mouse femur facing upwards. 
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Chapter IV 

Results 

This study investigated the effects of zoledronate on bone mechanical and 

structural properties during simulated weightlessness as a model of spaceflight.   

It was hypothesized that the zoledronate-treated mice experiencing simulated 

weightlessness would increase their whole-bone elastic stiffness but have a 

diminished mechanical plasticity, making the bone more brittle and less tough.    

Bodyweight Analysis 

Throughout the study, mice were weighed twice a week to monitor 

bodyweight.  At the onset, body mass was measured and used to distribute mice 

by weight evenly throughout the four treatment groups.  After a 3-day acclimation 

period, the weight on the first day of HU was taken as the basal bodyweight (g), 

and the measurement during the last week of HU was taken as the final 

bodyweight (Day 17).  As shown in Figure 8, bodyweight was significantly lower 

in HU animals from basal to final bodyweight (-10.5%) compared to NA controls 

(-3.1%, p = 0.0001).  No changes were observed after ZOL treatment.  This 

impactful relationship of body mass and HU treatment necessitated use of the 

general linear model of analysis of covariance (ANCOVA).  Treatment effects 

were analyzed with bodyweight as the covariate.			In terms of bodyweight, these 

data suggest that a certain aspect of hindlimb unloading resulted in bodyweight 

changes.  Hindlimb unloading itself may have caused less feeding due to stress, 
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or perhaps the anesthesia administration in combination with axial compressions 

on the right tibia induced systemic stress as well.	

In the review of the 3-pt bending test data, results from five animals were 

missing during the tabulation and data transformation process.  The final sample 

sizes for the mechanical testing ANCOVA process were: NA/VEH: 6, NA/ZOL: 7, 

HU/VEH: 7, and HU/ZOL: 7.   

The mid-diaphyseal cortical µCT data had four datasets with substantial 

visual streaks obscuring scans and reconstruction noise, and one sample was 

fractured near the diaphyseal midpoint during dissection.  Those data were 

removed, and the final sample sizes for the µCT cortical structure ANCOVA 

process were: NA/VEH: 6, NA/ZOL: 7, HU/VEH: 7, and HU/ZOL: 7.  	

A few samples were removed for reconstruction noise and µCT scan 

streaks from the distal metaphyseal cancellous datasets.  Additionally, a final 

review prior to ANCOVA showed a single animal’s cancellous parameters 

exhibiting abnormally high results in bone volume fraction, BV/TV; trabecular 

thickness, Tb.Th; and trabecular number, Tb.N.  This animal was in the NA/VEH 

group.  A Grubbs Extreme Studentized Deviate Test categorized the BV/TV 

results for this animal as an outlier (p > 0.05).  The same animal presented with 

normal bone levels in its cortical µCT scan.  Only cancellous data for that animal 

were removed.  The final sample sizes for the µCT cancellous structure 

ANCOVA process were: NA/VEH: 5, NA/ZOL: 7, HU/VEH: 7, and HU/ZOL: 6.  
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Figure 8.  Final bodyweight analysis.  Weight on day 17, during the last week of 
unloading.  Values are M ± SD. 

 

 

Cancellous Structure, Tissue Mineral Density 

 Cancellous structure and tissue-level density of the distal femoral 

metaphysis were measured by µCT (6.7 µm/pixel).  As a main effect, ZOL 

improved the cancellous tissue at this region for each parameter over VEH (p = 
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0.001, Table 2).  Relative to vehicle, ZOL increased the bone volume fraction 

(BV/TV) by 7% and tissue mineral density (TMD) by 8%.  An interpretation of 

these data confirms the efficacy of ZOL for maintaining bone structure and 

mineral content in the distal femoral metaphysis by preventing bone resorption 

via osteoclast inhibition or perhaps in conjunction with prevention of osteocyte 

apoptosis, a topic still being investigated (Plotkin, Bivi, & Bellido, 2011).   

Hindlimb unloading had no statistically significant main effect, despite a 

28% BV/TV reduction in the vehicle-treated group.  A subsequent analysis 

revealed there was a lack of statistical power via loss of animals and the 

ANCOVA process to homogenize the regressor relationship.  Testing the 

assumption of homogeneity of regressors for HU and bodyweight in the 

ANCOVA process presented with two trends toward an interaction for trabecular 

separation (p = 0.07) and trabecular number (p = 0.09).  This indicates a trend 

toward an interaction effect of HU by bodyweight in the VEH animals but not in 

ZOL.  A post-hoc power analysis was performed, and a sample size of 11 would 

have been needed to detect this difference for trabecular number with 80% 

power.  Taken together, these data suggest that bodyweight losses influenced 

the skeletal response to disuse in the cancellous tissue, with ZOL preventing 

bone loss. 
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Cortical Structure, Tissue Mineral Density 

Cortical architecture and mineral density at the subtrochanteric femoral 

diaphysis were measured by µCT (17.3 µm/pixel).  With no significant impact on 

cortical TMD, ZOL significantly increased cortical thickness (p = 0.007, Table 3), 

though with only a marginal biological increase of 2% compared to VEH.  

Hindlimb unloading had no statistically significant main effects, despite a 

10% cortical thickness reduction in the VEH group, indicative of a bodyweight 

contribution.  Interestingly, HU presented with two statistical trends toward an 

effect for cortical bone area (p = 0.07) and the polar moment of inertia, J (p = 

0.06).  These trends indicate that simulated weightlessness tended to both 

decrease cortical bone area and decrease the resistance to bending.  As a 

combined treatment, ZOL and HU resulted in a statistically significant interaction 

with ZOL offsetting the trend of HU cortical thickness losses (p = 0.04).  Taken 

together, ZOL conferred cortical thickness protection from losses in HU mice. 
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Mechanical Properties, Stiffness, Plasticity 

Mechanical properties were determined using 3-pt bending tests of mice 

femurs, and the data were analyzed at both whole-bone (mechanical properties) 

and tissue levels (material properties, transformation by geometry).  Table 4 

presents results for each parameter.  Figure 3 is a generalized force-

displacement curve.  Figures 9, 10, and 11 are graphical illustrations of treatment 

main effects and combined treatment effects.  For whole bone elastic 

parameters, HU decreased stiffness (-30%, p = 0.05) compared to the NA control 

condition (Figure 9).  In contrast, ZOL increased bone stiffness (+28%, p = 

0.0001) compared to vehicle (Figure 10).  These data indicate that the dosage of 

ZOL was effective in inducing an increase in stiffness; additionally, even in the 

ANCOVA model, HU was effective in inducing stiffness losses.  For stiffness, the 

statistically significant interaction of HU and ZOL (p = 0.04, Figure 11) showed 

the protective effect of ZOL in the presence of HU.   

Taking geometry into account for tissue level parameters, ZOL resulted in 

an increase in elastic modulus (+17%, p = 0.01, Table 4).  Generally, stiffness 

(whole bone) and elastic modulus (tissue level) parameters are analogous and 

parallel measures of the ability of bone to absorb forces prior to suffering 

permanent deformation.  Interestingly, the elastic modulus showed no statistical 

main effect of HU compared to NA nor an interaction of HU and ZOL (Table 4).  

When the whole bone stiffness value was transformed its tissue level equivalent, 

the results indicated that geometry was a factor in the HU stiffness effect 
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compared to NA.  In contrast, ZOL affected both whole bone and tissue level 

(material) changes compared to VEH in terms of stiffness and elastic modulus.  

Compared to VEH, ZOL increased yield force (+11%, p = 0.01, Figure 10) 

as well as ultimate force (+17%, p = 0.0004), with a trend for ultimate stress, or 

force per unit of bone area (+11%, p = 0.06).  Hindlimb unloading resulted in a 

trend (p = 0.07, Figure 9) of reducing yield force, yet not yield stress, compared 

to NA.  This trend of HU reducing yield force was in agreement biomechanically 

with the result of HU reducing stiffness and indicated the geometric effect of HU 

and a material effect for ZOL.  These data confirm the hypothesis for elastic 

stiffening.  

 In terms of plasticity on the whole bone scale, HU increased postyield 

displacement compared to NA (+20%, p = 0.03, Figure 9).  Zoledronate did not 

increase postyield displacement, nor did ZOL significantly increase postyield 

strain at the tissue level, both compared to VEH.  This provides evidence to 

reject the hypothesis that an increase in stiffness from ZOL would also result in a 

decrease in plasticity.  In fact, ZOL increased the total energy (work-to-fracture) 

by 15% compared to VEH (p = 0.001), and this ZOL effect was also found for 

postyield energy (+16%, p = 0.001).  Taken together, these results indicate that 

ZOL had a significant impact on increasing stiffness, yield force, and ultimate 

force without affecting the plastic displacement.  These increases in mechanical 

properties seem to be the driving factors for the induced increases in both total 

and postyield energy.   
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Figure 9.  Hindlimb unloading mechanical effects.  
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Figure 10.  Zoledronate mechanical effects. 

 

Figure 11.  Combined treatment effects.  
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Chapter V 

Discussion and Conclusions 

 The objective of this work was to examine the effect of zoledronate on 

bone mechanical and structural properties in an experimental model designed to 

mimic spaceflight weightlessness with a pharmaceutical countermeasure.  The 

premise for this study was driven by the concept of Currey (2012) that bone 

stiffness and toughness have a relationship disallowing bone to be both very stiff 

and very tough at the same time.  The data used by Currey were based on 

taxonomy and investigation of differing biomaterials to demonstrate how too 

much stiffness from mineralization may reduce toughness.  The 30° hindlimb 

unloading model was used to mimic the effects of weightlessness and induce 

musculoskeletal disuse in mice.  Structural and mechanical properties of the 

mouse femur were examined ex vivo.  The hypothesis that zoledronate-treated 

mice experiencing simulated weightlessness would increase their whole-bone 

elastic stiffness, but have a diminished mechanical plasticity, making the bone 

more brittle, was not fully supported by the data.  Overall, ZOL prevented 

negative effects of hindlimb unloading and unloading-induced bodyweight losses 

on structure and mechanical properties of the mouse femur. 

Hindlimb Unloading Effects 

 In this study, we used postpubescent, 16 week old C57BL/6 male mice in 

hindlimb unloading to simulate weightlessness.  The HU treatment decreased the 

stiffness of bone (-29%, Table 4).  Losses of bone were also found by Lloyd and 
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colleagues (2008) in a similar HU model using growing female mice.  

Interestingly, with 2 weeks of HU in 6 week old female C57BL/6 mice, Lloyd et al. 

(2008) reported losses in stiffness from HU (-40%).  Their loss of stiffness (in 

growing mice) was more severe than those in the current study (in 

postpubescent mice), which suggests growth suppression.  This comparison 

provides evidence that the age, as well as gender of the mice must be closely 

considered when designing rodent studies.  A growing bone subjected to HU is 

still developing and may react by inhibition of the osteoblasts responsible for 

bone formation.  This may be due to a cross talk signal coupling effect, with a 

subduing of osteoblasts via osteoclast inhibition (Crockett et al., 2011; Lloyd et 

al., 2008; Mellis et al., 2011).  

This study’s finding that HU resulted in a loss of stiffness is corroborated 

by the marginal trending loss of cortical bone area and polar moment of inertia 

(Table 3), yet with no change in tissue mineral density.  The ability of ZOL to 

prevent the loss of cortical thickness in HU animals also supports this claim.  

Architectural measurements of bone have been found to correlate well with 

mechanical properties, such as stiffness (Jepsen et al., 2015).  Taken together, 

these results were expected.  A trending effect of HU in reducing bone area and 

the polar moment of inertia provides an underlying mechanism for the reduced 

bone stiffness.  

 The HU mouse model has previously been shown to display early and 

pronounced cancellous architectural bone losses (Alwood et al., 2010; Amblard 
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et al., 2003; Judex et al., 2004).  This is in line with losses seen in weight-bearing 

bones of astronauts (Collet et al., 1997; Lang et al., 2004; LeBlanc et al., 2000; 

Vico et al., 2000).  While not statistically significant, the raw data from the current 

study show bone losses from HU compared to NA (Tables 2 & 3).  Lower 

statistical power and bodyweight loss may have contributed to the lack of 

statistically significant results. 

This effect of HU leading to greater resorption of cancellous bone due to 

osteoclast activity has been shown in the literature.  Shahnazari et al. (2012) 

presented results describing the temporal-dependent activity of osteoclasts in 

bone resorption over the course of 4 weeks of hindlimb unloading.  In 24 week 

old C57BL/6 mice (mature), an acute, but transitory increase of osteoclasts was 

found in weeks 1 and 2, with the osteoclast-to-bone surface ratio returning to 

normal by week 4.  These results were consistent with bone volume (BV/TV) and 

mineral losses.  The increase in osteoclasts in weeks 1 and 2 led to the 

significant bone and mineral losses toward the end of unloading.  Iwaniec et al. 

(2005) showed that after 1 week of HU of two different genetic strains (Wild-Type 

and Transgenic ß1-integrin) of young female mice (9 weeks of age), osteoclast 

surface area increased, consistent with a 30% reduction in cancellous bone in 

the distal femur.  

Compared to the NA group, the other impact of HU in this study was the 

increase in postyield displacement, a measurement of ductility and bone 

plasticity (Table 4).  It is worthy to mention that compared to NA, HU did not have 
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a statistically significant effect on for postyield strain, the concomitant tissue level 

measure, though the data were similar for postyield displacement.  This suggests 

that geometrical changes, but not mineral concentration changes, contributed to 

the HU effect.  When whole bone force-displacement values are transformed to 

the material level, geometry, but not mineral concentration, is factored into 

various stress and strain measurements.  While these data allow inferences 

about one measurement of bone plasticity, a collagen assay would be required to 

determine the full array of constituents at the material level, including the ratio of 

matrix to mineral, the enzymatic crosslinks of collagen, and the water content 

(Burr, 2002).  

Summarizing the effect of HU on mechanical properties, HU reduced bone 

stiffness, a measurement of bone’s elastic ability to sustain forces in the preyield 

region without permanent deformation.  Hindlimb unloading also resulted in an 

increase in postyield displacement.  The postyield region, both in terms of 

displacement length and energy (areal) measurements, describes a bone’s 

toughness and plasticity, respectively.  Hindlimb unloading increased the 

displacement the bone could withstand prior to full fracture, without a significant 

impact on the bone’s ability to absorb energy prior to fracture (total energy or 

postyield energy).  Both postyield displacement and total energy are important 

factors in bone toughness.  In bone biomechanics, a tougher bone is more 

resistant to fracture, separate from elastic behavior.  On a structural level, the 

increase in postyield displacement seen in HU animals suggests that the bone 
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was able to sustain forces over a greater distance before full separation between 

the lamellar layers of bone.  This full fracture separation has been described as a 

progressive accumulation of microfractures, leading to full breakage (Turner & 

Burr, 1993).   

Throughout much of the literature, stiffness is a commonly reported value 

in mice and rat models.  Energy absorption, toughness, and postyield 

displacement have received less focus, with values often not reported in 

biomechanical rodent studies.  Attention has recently emerged for using the 

rodent model to investigate bone plasticity.  This is, in part, attributable to 

evidence of reduced bone toughness as a characteristic in atypical femoral 

fractures, one of the clinical concerns with long-term bisphosphonate use (Shane 

et al., 2010; van der Meulen & Boskey, 2012).   

Using the 3-pt bending method, Shirazi-Fard, Kupke, Bloomfield, and 

Hogan (2013) found an increase in postyield displacement after the initial 28 

days of unloading in rats (6 months old) compared to ambulatory controls.  It is 

worth noting that postyield displacement is simply one of the factors that can 

describe plasticity of bone.  The total energy incurred on bone, also called work-

to-fracture, is the total amount of energy under the force-displacement curve.  

Besides postyield displacement, the placement of that curve also depends on the 

magnitude of the yield, ultimate, and fracture forces.  Shirazi-Fard et al. reported 

that HU for 28 days had no significant effect on energy-to-max force (the amount 

of energy accumulated to maximum force, the point synonymous with ultimate 
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force).  These results closely relate to the current study, with limitations of subject 

selection and the selection of 3-pt bending on the tibia of the rat, not the femur of 

the mouse.  In contrast, Jing et al. (2014) investigated the rat femur in 3-pt bend 

and a reduction in stiffness and total energy-to-fracture as well as reduced points 

of yield and ultimate force in terms of displacement after 4 weeks of HU.   

Zoledronate Effects 

In this study, we utilized 45 µg/kg as the dose of ZOL and examined the 

mechanical and structural effects on mouse bone.  The objective was to replicate 

the dose administered in the study of C57BL/6 mice conducted by Lloyd et al. 

(2008).  Results of the current study were in agreement; the dose of ZOL was 

effective in conferring positive structural and mechanical results.  In the current 

study, ZOL greatly increased the stiffness of mouse bone over the course of 3 

weeks compared to VEH, normal ambulatory, age-related controls (+28%).  This 

stiffness increase is consistent with the +21% increase found by Lloyd et al. 

(2008).  Zoledronate also had an effect on increasing the concomitant tissue 

level property of elastic modulus in the current study compared to VEH.  This 

suggests that on the tissue level, similar elastic properties were conferred when 

transformed by the geometry of the bone.  There are several important 

distinctions between the Lloyd et al. (2008) study and this project, such as age of 

the mice (6 vs. 16 weeks old), gender (female vs. male), and the ZOL injection 

latency period (2 weeks vs. 3 weeks).  The selection of mature mice in the 

current study was designed to provide a contrast with Lloyd et al. (2008), 
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allowing for comparison of a similar dose of ZOL with the same genetic breed but 

at differing ages.  

Compared to VEH, there was a statistically significant effect of ZOL on  

cortical bone in this study, but a biologically minimal effect in increasing cortical 

thickness (+2%), and cortical bone area (+2%, Table 3).  Zoledronate affected all 

cancellous parameters (Table 2).  Biologically, cancellous bone has been shown 

to have turnover rates about 10 times that of cortical bone, which could explain 

these data (Burr et al., 2003).  Similar to HU expectations, it was anticipated that 

3 weeks after a single ZOL injection, there would be a pronounced effect on 

cancellous architectural struts.  Compared to VEH, the percentage of cancellous 

bone increased (BV/TV); the distance between struts decreased (Tb.Sep), 

making the bone less porous; and the thickness per strut increased (Tb.Th).  

ZOL increased the tissue mineral density of HAP in cancellous bone (Canc. 

TMD), although not in the cortical compartment.   

Compelling cellular mechanistic evidence of the actions of ZOL on mice 

bone was provided by Kuroshima, Go, and Yamashita (2012).  The authors 

examined long-term effects of an extremely high dosage of ZOL (100 µg/kg, two 

injections per week) on bone cells and bone microarchitecture in young male 

mice.  With a starting age of 8 weeks, the dosage regimen lasted for 13 months, 

nearly half the lifespan of the animal.  The authors confirmed that ZOL 

significantly decreased the osteoclast surface area of bone, with no significant 

effect on osteoblasts, compared to age-related controls.  Through µCT, they 
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demonstrated that ZOL had a protective effect on both cancellous and cortical 

bone.  Since the current study investigated the effect of ZOL on bone mineral, it 

is interesting to note that with the extreme duration and dosage used by 

Kuroshima et al. (2012),  the mice did not display trabecular hypermineralization 

with overly high tissue mineral density values of HAP in the cancellous bone of 

the femoral metaphysis, consistent with the results of this study.  While 

Kuroshima et al. (2012) demonstrated zoledronate’s effect on cellularity and 

quantity of bone, the quality of bone was not investigated.  Notwithstanding, the 

bones did not become hypermineralized, while increasing bone volume at the 

distal metaphysis. This work on the cellularity and bone architecture after long-

term ZOL treatment provides neither cellular nor bone architecture support for 

the concept proposed by Currey (2012), which was predicated on bone 

brittleness resulting from hypermineralization. 

The effects of ZOL on increasing cancellous bone structure in the current 

study are in line with previous mouse research (Lloyd et al., 2008; Pozzi et al., 

2009).  Compared to VEH, zoledronate has been shown to increase bone 

mineral density of the cancellous-rich region of the distal femoral metaphysis in 

rats (Smith & Allen, 2013) and the cancellous-rich bone mineral density of the 

tibial metaphysis in ovariectomized rats (Gasser, Ingold, Venturiere, Shen, & 

Green, 2008).  In the current study, a ZOL dose of 45 µg/kg induced positive 

increases in cancellous bone and tissue mineral density compared to VEH and, 

to a limited degree, increases in cortical architecture.  Taken together, the 
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structural data corroborate the mechanical effect of ZOL on increasing stiffness, 

ultimate force, and yield force.  There were thicker, more condensed and 

mineralized cancellous struts that contributed to the increased elasticity, along 

with the slight, but significant, impact of ZOL on cortical bone. 

In terms of plasticity properties, the effect of ZOL is worth close 

consideration.  This study examined the effect of ZOL 3 weeks postinjection.  

Compared to VEH, ZOL did not have any effect on postyield displacement or 

postyield strain, both indicators of toughness (Table 4).  In contrast, postyield 

energy and total energy increased due to ZOL, with its simultaneous effect of 

increased ultimate force and yield force appearing to be the driver for more area 

under the curve (Figure 10).  The contrast of whole bone and tissue level results 

is interesting and suggests that on the tissue level, ZOL did not have an effect on 

the organic matrix, but did influence bone geometry and mineral on the whole 

bone level.  Examining the tibia, Stadelmann, Bonnet, and Pioletti (2011) 

conducted a study in 17 week old C57BL/6 male mice, with a single dose of ZOL 

(100 µg/kg).  Compared to age-matched VEH animals, ZOL produced significant 

increases in stiffness, ultimate force, and postyield energy of 31%, 24%, and 

60%, respectively, 11 days after administration.  Although the dose of ZOL was 

high, the direction of these results is in agreement with the current study, with 

ZOL conferring mechanical elastic effects in a mouse of similar age, genetics, 

and gender.   

In a study using a dose of 100 µg/kg in adult rats, Smith and Allen (2013) 
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found that 5 weeks postinjection, ZOL had no significant effect on postyield 

energy, total energy, or other measures of bone plasticity, consistent with the 

results of the current study.  Interestingly, the authors did find that the rate of 

application of force during the 3-pt bending test altered results of toughness. 

Compared to VEH, ZOL only reduced plasticity and toughness measurements 

when the test was conducted at the slower rate of loading (0.03 mm/s) compared 

to the faster rate of loading (0.3 mm/s).  Their results support the rate of force 

application selected for the current study, which was a relatively similar slower 

rate (0.01 mm/s).  Further work should be conducted to investigate the 

contribution of the rate of force application in tests with plasticity outcomes.  

Differences in the dose of ZOL dose (100 µg/kg vs 45 µg/kg in the current study) 

and drug latency periods (5 weeks vs 3 weeks in the current study) may 

contribute to the finding of no decrease in bone toughness in the current study.   

Other drug studies have examined energy absorption and toughness.  

Using ibandronate or risendronate, Shahnazari et al. (2010) found that monthly 

injections of these bisphosphonates for 4 months resulted in no significant 

change of fracture toughness in aged and ovariectomized (sham- 

ovariectomized, ± bisphosphonate), control rats, consistent with the current 

study’s results.  It should be noted that femoral toughness was measured from 

nano-indentation tests, rather than the 3-pt bend used in the current study.  While 

using a different drug type and ovariectomized rats, Shahnazari et al. (2010) did 

present evidence that longer-term bisphosphonate treatment in adult rats 
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resulted in no alterations of femoral fracture toughness.  

Other studies using the 3-pt bending method have found effects of 

bisphosphonate treatment on the plasticity of rodent bone.  Gasser et al. (2008) 

performed a ZOL study lasting 8 months, using ovariectomized rats that had a 

starting age of 7 months.  The authors presented evidence that toughness, in 

terms of total energy, was only increased by ZOL at considerably higher doses 

(100 and 500 µg/kg).  These results are in agreement with the current study’s 

finding that ZOL did not increase ductility, measured by postyield displacement.  

Additionally, the authors found significant bone stiffness increases compared to 

ovariectomized rats.  The Gasser et al. (2008) study is a noteworthy comparison, 

suggesting that the behavior of bone plasticity and toughness may be temporally 

dependent, with an additional key factor being tissue age.  In contrast to the 

concept of Currey (2012), these data from Gasser et al. (2008) suggest that a 

substantial increase in stiffness does not necessarily equate to reductions in 

toughness.  

After 10 months of twice weekly administrations of alendronate (28 µg/kg) 

in ovariectomized rats, Ma and colleagues (2003) reported through 3-pt bending 

that toughness, in terms of total energy, was significantly higher compared to 

baseline and sham controls.  These results are consistent with the current study, 

and opposite to the concept described by Currey (2012).   Drawing meaningful 

comparisons with the Ma et al. (2003) study is limited due to differences such as 

bisphosphonate type, dosage, duration of treatment, measurement technique, 
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and animal model.  Luo and Allen (2013) found reduced rib toughness and a 

normal rate of remodeling in mature, female dogs after 9 months of biweekly ZOL 

injections (60 µg/kg).  With an increase in stiffness and a decrease in postyield 

displacement, their work is in agreement with the concept proposed by Currey 

(2012).  The animals were not in a state of imposed bone loss, such as simulated 

weightlessness or postmenopausal.  The older age of the animals (1 to 2 years 

of age) is worthy to note, with cortical bone naturally having a greater mean 

tissue age because of its slower turnover rate.  A slower turnover in cortical bone 

would result in less new, less mineralized, and more ductile bone.  It seems 

warranted to consider that the lifespan of bone toughness may undulate 

according to bone selection, subject age, and treatment.  While the Luo & Allen 

(2013) study is noteworthy since zoledronate and toughness were investigated, 

important limitations to consider are that the bone mechanically tested was not 

weight-bearing, and the frequency of ZOL injections far exceeded normal clinical 

dosages.  

Combined Treatment Effects 

 The combined treatment results of the current study showed that the ZOL-

treated mice experiencing simulated weightlessness increased femoral stiffness, 

preventing the deleterious effects of HU.  The HU mice treated with ZOL did not 

concurrently present with diminished plasticity, rejecting the principal hypothesis 

of this study.  Interestingly, for postyield displacement, the combined treatment 

effects were additive, with ZOL not modulating the HU effect.  Zoledronate 
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conferred benefits to the bone, allowing greater forces to be incurred prior to a 

yielding of the bone and permanent deformation.  The combined treatment 

conclusions for mechanical properties are shown in Figure 11.  

 In terms of structure, the combined treatment results showed that the 

ZOL-treated mice experiencing simulated weightlessness increased their cortical 

thickness, preventing HU losses.  In the combined treatment of ZOL+HU, 

cancellous bone volume fraction trended highly (interaction, p = 0.17), as did 

trabecular number (interaction, p = 0.07), with the raw data showing a substantial 

difference in the ZOL-treated animals.  These data suggest that ZOL was able to 

maintain cortical thickness during 3 weeks of HU, and subtly confer a trending 

protective effect for cancellous parameters.  These structural data help 

substantiate the increase of stiffness in the mechanical properties.  

Limitations 

One limitation of this study is the need for a larger sample size to increase 

statistical power, especially for cancellous HU losses.  Another limitation is the 3 

week duration for ZOL to act upon the bones of the mice.  Longer term ZOL 

treatment studies should be conducted to understand its effect on mechanical 

properties in the context of astronauts performing 2-3 year missions to Mars.  

Additionally, future studies should investigate the effectiveness of ZOL in 

countering bone loss and bone quality decrements.  The dog rib has been 

examined during long duration bisphosphonate treatment (alendronate, 

risedronate) and has shown consistent reductions in bone toughness over 1 to 3 
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years (Allen & Burr, 2011; Allen, Reinwald, & Burr, 2008; Mashiba et al., 2000).  

These studies show that bisphosphonates reduce the amount of energy the bone 

can absorb before fracturing, but not in subjects experiencing bone losses from 

unloading or estrogen deficiency.  In order to draw conclusions for the structural 

and mechanical health of bone in astronauts, such study designs and treatments 

should be considered.  For human subjects, bed rest disuse studies have also 

been an analog to mimic spaceflight effects on bone and should be considered to 

understand the efficacy of countermeasures such as ZOL (LeBlanc, Spector, 

Evans, & Sibonga, 2007).  

Notwithstanding, several studies are worthy of scientific comparison 

because they show that the effect of a bisphosphonate in reducing toughness 

has a temporal dependence and often only presents after longer duration 

treatments.  Compelling work by Burr, Liu, and Allen (2015) provided evidence 

that during the first year of alendronate treatment (0.2 mg/kg, once a day) there 

was, in fact, a trending increase in bone toughness.  Beyond 1 year, the authors 

found reduced bone toughness until the end of the 3-year study.  Future studies 

should examine the effect of long duration ZOL treatment on mechanical 

properties of bone.   

In human subjects, researchers found that 3 years after a single 

intravenous dose of ZOL, biomarkers of bone remodeling remained significantly 

suppressed compared to baseline (Grey et al., 2010).  Along with other 

bisphosphonates, ZOL is under consideration for use by astronauts during long-
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term spaceflight missions.  Future space travel has the prospect of lasting 3 

years or more.  With this is mind, LeBlanc and colleagues (2013) investigated the 

efficacy of alendronate and exercise in mitigating bone loss in astronauts after an 

average 5.5 months of spaceflight aboard the ISS.  With exercise in space being 

an essential routine, all subjects taking the antiresorptive treatment exercised as 

well.  The combined treatment of alendronate and exercise was effective in 

counteracting predictable declines in bone physiological parameters associated 

with spaceflight.   

The amount of time ZOL has to act on bone is worth consideration, as is 

the age of the subject.  Ng and collaborators (2015) presented a compelling 

model to investigate the condition of adynamic bone.  This condition is relatively 

common in chronic kidney disease, a condition where both bone formation and 

bone resorption are reduced, leading to thin osteoids, decreased osteoblasts and 

osteoclasts, and reductions in bone toughness.  This condition has also been 

suspected to result from long duration antiresorptive treatments, such as 

bisphosphonates.  The authors found that reductions in bone toughness were 

more severe in older mice (16 months old) who were induced into presenting with 

this adynamic condition compared to younger mice (4 months old).  The 

investigators also made an interesting point that while bone toughness in the 

older mice was severely degraded compared to young, their bone mineral 

density and structural data were normal.  This indicates that the other bony 

constituents, not measured with µCT, contributed to the reductions of toughness, 
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namely bone collagen and associated organic components. 

Additionally, comparing 4 month old and 16 month old controls, Ng et al. 

(2015) found reductions in toughness and postyield displacement only in the 

axially compressed vertebrae (L3, L4), and not in the 3-pt bending femur 

mechanical results.  With mouse vertebrae containing a substantial percentage 

of cancellous tissue, this suggests the preferential role of cancellous tissue in 

toughness changes, which was not captured in their femoral 3-pt bending tests.  

Moreover, comparing the 4 month old and 16 month old controls, substantial 

reductions in mineral apposition rates showed that osteoblasts were less active 

in older mice, and consequently responsible for the decrease of cancellous bone 

and toughness.  This provides strong cellular evidence that aged tissue in the 

cancellous compartment of the mouse vertebrae is disproportionately 

underpinning toughness changes.  In future studies, the selection of bone and 

the age of the subject are important variables to consider when examining effects 

on bone toughness.  

 The current study found that HU resulted in statistically significant 

decreases in bodyweight of the mice compared to NA controls (-10%, p = 

0.0001).  Amblard et al. (2003) found that after 2 weeks of tail suspension, 

C57BL/6 male 4 month old mice weighed significantly less than ambulatory 

controls.  Lloyd, Loiselle, Zhang, and Donahue (2014) found that after 3 weeks of 

HU of both wild-type mice and connexin 43-deficient knockout mice (male, 6 

months old), bodyweight losses were significant at -5% and -3%, respectively, 
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compared to their genetic controls.  This is in contrast to Alwood et al. (2010) 

who reported no significant differences in body mass after 2 weeks of HU of 4 

month old C57BL/6 male mice.  Earlier research on the effect of HU on 

bodyweight and stress biomarkers primarily used the rat model (Halloran, Bikle, 

Cone, & Morey-Holton, 1988; Morey-Holton & Globus, 2002).  Results from the 

current study and contrasting evidence in the literature points to the need for 

close monitoring of bodyweight and possible use of ANCOVA for statistical 

analysis.   

Bone Stiffness and Plasticity 

A central limitation in this study was no direct measurement of collagen.  

Bone is a composite material of both inorganic and organic components.  

Collagen is critical, in that the organic matrix plays an integral role in the 

toughness of bone and its plasticity.  Mineral is disproportionately responsible for 

stiffness and strength (ultimate force), but the behavior of bone once yield and 

permanent deformation occur is largely due to collagen (Allen & Burr, 2007; Burr, 

2002; Wang, Shen, Li, & Agrawal, 2002).  As permanent deformation occurs at 

yield, the bone will no longer be able to return to its original shape.  It is primarily 

the collagen and the organic matrix still withstanding the load, playing a crucial 

role in the resulting ductility or brittleness.  Brittleness can be defined as the 

lessening of the postyield or plastic region.  This brittleness manifests both in 

terms of postyield displacement as well as the magnitude of strain, or point of 

displacement upon the yielding of the bone (Burr, 2002).  This study likely altered 
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the mineral-to-matrix ratio in the cancellous bone with ZOL, along with the 

treatments (HU, ZOL) influencing measurements of geometry and amount of 

bone.  The mechanical 3-pt bending test resulted in a fracture of the entire bone, 

enabling measurements of postyield displacement and forces, stresses, and 

strains within that region.  Conclusions were drawn based on the contrasting 

results between the whole bone and tissue level measurements.  However, 

without a direct collagen measurement, a critical component for a comprehensive 

analysis and cause of bone plasticity behavior is lacking.  Conclusions regarding 

whether HU or ZOL impacted collagen cross-linking or the stability of helical 

collagen fibrils cannot be drawn (Viguet-Carrin et al., 2006).   

To elucidate the role of other bone compartments in mechanical and 

material properties, other techniques may be employed.  Such methods include 

procedures to reveal cellularity, and dynamic indices to examine bone 

remodeling rates and bone microdamage.  Fluorescence measurement 

techniques can measure collagen with its crosslinks, and vibrational 

spectroscopy techniques, which excite chemical bonds in minerals and proteins, 

are being further developed to measure microscale and nanoscale outcomes 

(Donnelly, 2011).  

Based upon mineral being stiffer than bone collagen, Currey (2012) 

suggested there is trade off, so that if a bone becomes very stiff, there will be a 

corresponding reduction in toughness.  This concept doesn’t consider several 

important factors that contribute to bone mechanical properties.  Based upon 
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data from this study and the literature review, it appears that bone undergoes 

undulating lifespan changes in mechanical properties corresponding with 

osteoblast and osteoclast changes that impact the bone collagen matrix, mineral, 

and structure (Burr et al., 2015; Kuroshima et al. 2012; Ng et al., 2015).  

Additionally, the lifespan changes seem to be site-specific, depending on the 

composition of the bony compartment.  These age-related cellular and site-

specific changes should be considered in the Currey thesis, as they may have a 

significant impact on bone remodeling quality (stiffness vs. toughness) by 

inhibiting efforts to repair bone microdamage, resulting in greater fracture risk.  

Further Work and Conclusions 

Further research is warranted to assess the risks to skeletal health in long 

term space travel.  The basic science precedes the translational science, with the 

hope that work with animals and ground analogs will help to inform decisions for 

astronaut health regimens.  Future studies should consider a model that 

specifically modulates toughness, in conjunction with mitigation regimens to 

elucidate not only the elastic, but also the plasticity behavior of bone in 

microgravity.  Additional research should also examine possible risks to skeletal 

health when long-term resistance training, antiresorptive drugs, and microgravity 

are combined.  Chronic suppression of normal bone remodeling, paired with 

aged bone that is undergoing repeated loading of the skeleton with exercise, may 

lead to accumulated, unrepaired microdamage and, perhaps, stress fractures. 
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Although collagen was not directly measured, certain conclusions are 

merited due to the measurement of plasticity, stiffness, and geometry.  

Zoledronate maintained bone structure and increased stiffness during simulated 

weightlessness, while not reducing postyield displacement.  Zoledronate was 

effective in preventing bone losses of structure and stiffness, similar to what 

astronauts might lose from microgravity.  At the same time, brittleness did not 

occur.  Further studies are warranted, but based upon the current data, use of 

zoledronate as a countermeasure to bone loss could help safeguard astronaut 

skeletal health during future space missions.  
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