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Abstract of the Dissertation 

Alendronate and PTH Differentially Modulate Bone Quality and Reduce Adiposity in an 

OVX Rat Model 

by 

Andrea Trinward Kwaczala 

Doctor of Philosophy 

in 

Biomedical Engineering 

Stony Brook University 

2012 

Post-menopausal osteoporosis is defined by a reduction in bone quantity and quality. Bone 

quality is an accumulation of factors including bone mass, structure, geometry, 

microarchitecture, tissue mineral density and chemistry. Currently, osteoporosis is treated with 

pharmaceuticals such as anti-catabolic bisphosphonates such as alendronate (ALN) which 

maintains bone mass by blocking bone resorption, or anabolic drugs such as parathyroid 

hormone (PTH) which increases bone mass by increasing bone formation. Due to their different 

modes of preserving bone, there may be differential drug-driven alterations to bone tissue quality 

which affect bone strength. Additionally, osteoporosis is associated with increased body mass 

and abdominal adiposity, factors that pose secondary risk to skeletal health; however, the effects 

of osteoporosis drugs on adiposity are unclear. The overall objective of this dissertation was 1.) 

to determine drug, dosage and duration-specific changes to bone composition and its relationship 

to bone mechanical properties, 2.) to determine drug-induced tissue age specific changes in bone 

chemistry and its relationship to micromechanical properties and 3.) to determine the 

interrelationship between bone quality and adiposity during drug treatment. Bone mass, 

morphology and microarchitecture were reduced after ovariectomy but dose-dependently 

improved with PTH and ALN.   High dose ALN and PTH reduced tissue mineral density and 

tissue level mechanical properties. A finite element model revealed architecture and structural 

properties accounted for 91% of the change in bone stiffness, where chemistry and tissue 

properties did not influence bone strength. ALN and PTH had differential effects on bone 

metabolism which led to alterations in bone chemistry and the micro-mechanical properties of 

new bone surfaces. ALN had more mineralized, stiffer bone surfaces than PTH. Tissue 

mineralization positively correlated to changes in micro-mechanical properties. Finally, PTH and 

ALN significantly improved fat metabolism and altered the relationship between adiposity and 

bone quality. There was a strong negative relationship between trabecular architecture and 

marrow adiposity, where drugs altered this interaction through increases of bone coupled with 

decreases in fat. Overall, bone morphology and architecture are critical components of bone 

strength. Although small changes to bone material properties did not modulate total bone 

stiffness, drug-induced changes to chemistry and micromechanical properties provide insight 

into drug-related effects on tissue quality. Finally, osteoporosis pharmaceuticals may have 

secondary benefits through mitigation of fat accumulation and could be useful targets for treating 

diseases such as diabetic osteoporosis due to their beneficial effects on both bone and fat. 
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Chapter 1 

INTRODUCTION 

 

1.1 Introduction to Skeletal Biology 

Bone constituents: 

The skeletal system is an organ that allows locomotion, provides structural support and 

protection to internal organs and acts as a calcium reservoir [2]. Bone is a tissue matrix rich in 

cells that are sensitive to chemical, mechanical and hormonal signals [2]. These cells can be 

characterized into four types: osteocytes, osteoblasts, osteoclasts and bone lining cells. The 

extracellular matrix is made of 20% water, 35% organic material (proteins and cells) and 45% 

inorganic mineral (mineral). The organic phase is composed mostly of a protein called Type I 

collagen which gives bone its flexibility and tensile strength. The inorganic phase is composed of 

a mineral called hydroxyapetite which hardens the matrix by incorporation of mineral into the 

collagen fibrils which increases bone’s compressive strength [3]. 

 Bone is composed of two types of tissue called cortical and trabecular bone. Cortical 

bone is densely packed tissue that provides the majority of bone’s mechanical strength. The 

cortical bone is 5-10% porous; pores are made up of Haversian and Volkmann’s canals, a 

network of small channels of blood vessels that carry nutrients through blood flow to the densely 

packed tissue. Cortical bone accounts for 80% of the skeletal mass [4].  

 Trabecular bone is found within cortical shells of most bones. It is made up of a series of 

interconnected plates and rods that network together to form a tissue that has the appearance of a 

sponge with a high porosity between 75-95% [5]. The empty space is filled with a gelatinous 
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medium called bone marrow which is rich with bone cells, progenitor cells such as mesenchymal 

stem cells, hematapoetic stem cells, blood and nutrients [6]. 

 

Skeletal homeostasis and bone remodeling: 

Bone is a dynamic tissue that has active cellular mechanisms causing constant turnover.  Bone 

cells degrade the bone matrix and replace it with new tissue in a pair of coupled processes called 

bone remodeling [7]. Remodeling occurs throughout the skeletal life for a variety of reasons:  in 

order to release calcium into the blood stream for systemic distribution, to adapt to changes in 

mechanical demand, or to repair itself after incidences of microdamage in order to maintain 

skeletal integrity [8]. The old bone is removed by the osteoclasts and replaced with new bone 

matrix which is secreted by the osteoblasts. Bone is remodeled along marrow exposed surfaces 

in small basins called resorption packets or resorption pits [9]. 

 The bone resorption process is triggered by a number of cytokines and growth factors in 

response to its chemical, mechanical and hormonal environment. Bone marrow contains the cells 

responsible for the bone remodeling process [10] which is in surface contact with 70-85% of 

trabecular bone. This makes trabecular bone more susceptible to bone turnover due to the 

constant interaction of remodeling cells on trabecular surfaces. Twenty five percent of trabecular 

bone is remodeled every year, while only 3% of cortical bone is remodeled [6]. In diseased 

states, such as osteoporosis, trabecular bone is susceptible to large reductions in bone mass and 

bone density [11]. 

 Osteoclasts are multinucleated cells responsible for bone resorption. They differentiate 

from the hematopoietic stem cell lineage. Osteoclastogenesis is initiated through a series of 

cytokines including colony stimulating factor and interleukin-1, 3, 6 and 11 [6, 12]. 
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 Intracellular signaling leads to the differentiation of bone marrow hematopoietic stem 

cells into osteoclasts [13]. Osteoclasts are recruited to bone surfaces where they create a seal 

with their ruffled cell edge [2]. The cells demineralize the exposed bone by excreting acids and 

enzymes that degrade extracellular matrix and form resorption pits along exposed bone surfaces 

[2]. Unexposed cortical bone is removed by a basic multicellular unit (BMU) called a cutting 

cone that tunnels into the dense tissue originating from a Haversian canal or the marrow exposed 

surface, called the endosteum [14]. Bone remodeling is a coupled process; during resorption, 

osteoclasts actively secrete cytokines that signal for osteoblast recruitment in order to initiate 

new bone formation at the remodeling site [15, 16]. 

 Osteoblasts are mononucleated cells responsible for bone formation. They differentiate 

from the mesenchymal stem cell lineage or from bone lining cells residing on bone surfaces [10]. 

Osteoblastogenesis, or osteoblast differentiation, occurs in response to the secretion of a variety 

of hormones and cytokines including estrogen and insulin-like growth factor-1 [17, 18]. 

Osteoblasts are also stimulated by the same cytokines that stimulate osteoclastogenesis, 

including interleukin-6 and 11, which demonstrates the coupled activation of the remodeling 

process [6]. Osteoblasts lay down new bone by secreting matrix called osteoid along the bone 

surface. This material is composed predominantly of collagen [19]. The new bone is poorly 

mineralized but quickly becomes incorporated with hydroxyapetite crystals to mineralize the 

collagen matrix to normalize the material properties to match surrounding tissue [20]. 

Occasionally an osteoblast gets embedded into the extracellular matrix as new bone is being laid 

down. When this occurs, the osteoblast becomes a part of a network of bone cells within the 

extracellular matrix called osteocytes.  
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 Osteocytes are bone cells responsible for cellular signaling and bone communication. 

Intracellular signaling occurs between osteocytes and from osteocyte to other bone cells through 

long cellular processes called canaliculi that create gap junctions across the bone matrix [21]. 

Cell-to-cell signaling is conducted through the gap junctions via secretion of secondary 

messengers that are transmitted as hormones and paracrine factors which activate signaling 

pathways [22]. Osteocytes are said to be highly sensitive to mechanical stimulation, they are 

critical initiators of both resorption and formation in response to changes in their mechanical 

strain environments. In low strain environments, osteocytes undergo apoptosis which attracts 

osteoclasts to initiate bone resorption to remove excess bone mass [23]. During incidences of 

high strain, osteocytes recruit osteoblasts to increase bone mass in order to relieve the strain 

placed on the cells from the increased mechanical loads [21]. Osteocytes can communicate 

directly with bone lining cells to stimulate bone lining cell differentiation into osteoblasts when 

new bone formation is required [24]. 

 Bone lining cells are attached to the surfaces of bone tissue. They are flattened, inactive 

osteoblasts that remain quiescent until cellular communication initiates their differentiation [10]. 

Bone lining cells are thought to be sensitive to mechanical stimulation and can differentiate into 

osteoblasts during cyclic mechanical loading, including fluid shear flow across their surfaces 

[22]. They are also activated by osteoclast-released chemicals during resorption [24]. When 

activated, differentiated bone lining cells will form new bone directly at their site of attachment 

[14]. They have cell surface receptors for both estrogen and parathyroid hormone, indicating 

their sensitivity to not just mechanical and chemical signaling but to hormonal signaling as well 

[25]. Due to their high sensitivity to estrogen, it is believed that bone lining cells are a key 
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player, and potential pharmacologic target to treat bone diseases where estrogen deficiency is a 

major cause of bone loss, such as post-menopausal osteoporosis.  

 

Measurements of bone quality: 

Bone quality is an ambiguous term that is used to describe changes in the parameters which 

differentially alter bone strength. Initially, the severity of osteoporosis and the effectiveness of 

drug treatments were determined solely by bone mineral density measurements. However, 

clinically measured bone density is not be a good predictor of fracture occurrence [26], because 

it is strongly influenced by bone quantity but does not provide information regarding quality. For 

instance, patients with low bone mass that is highly mineralized can get similar density readings 

as patients with high bone mass which is poorly mineralized. Therefore it is apparent that higher 

resolution measures of bone properties are necessary to accurately measure osteoporosis and 

monitor treatment efficacy.  

 Bone quality can be characterized by geometry and structural properties, 

microarchitectural properties and its tissue level material properties. Bone structure and 

geometry include the shape and overall bone tissue volume, length of the femoral neck and 

cortical thickness and bone volume fraction, all of which are closely correlated to bone mass.  

 The tissue microarchitecture is a high resolution characterization of the trabecular bone 

which is said to be closely linked to fracture resistance and strength [27]. Trabecular architecture 

is summarized by the number of trabeculae, their connectivity and thickness as well as their 

alignment. The structural modeling index defines the trabecular alignment as either 

perpendicular to loading (plate-like)  or parallel to the direction of loading (rod-like) on a scale 

of 0 to 3, zero being perfectly plate-like and 3 being perfectly rod-like [28].  In osteoporotic bone 
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loss, the trabecular structure transitions to more rod-like with a higher structural modeling index, 

closer to 3 [29]. 

 Bone quality is also defined by tissue level material properties. Tissue density and 

mineralization and matrix organization: such as the number of cross-linking of collagen fiber 

size, orientation, and maturation of the mineral crystals [11]. Tissue level mechanical properties 

have been shown to correlate to changes in chemical properties [30]. 

 Bone structure, geometry and trabecular microarchitecture and tissue mineralization can 

be measured through micro-computed tomography. The indices of bone quality obtained by 

micro-computed tomography have been shown to be excellent predictors of bone strength [31], 

[32]. Additionally, tissue mineral density and mineral distribution can be determined through 

microradiography, and scanning electron microscopy. The chemical composition can be 

measured through Fourier transform infrared microspectroscopy as well as Raman spectroscopy. 

Dynamic histomorphometry has commonly been used to determine the metabolic activity of 

bone which can affect its overall strength [33, 34]. 

 

Mechanical properties of bone: 

In the laboratory, mechanical testing is conducted on human bone biopsies, cadaver bones or 

specimens harvested from animal studies. Mechanical testing is done in order to determine bone 

material properties such as maximal applied load and inherent tissue elasticity. Bone strength is 

dependent on bone mass, architecture and tissue material properties, so measurements of 

elasticity require normalization to determine inherent properties of the material [35]. The overall 

goal of pharmaceuticals is to maintain or improve bone strength by modulating the properties 

which enables the bone to bear loads. 
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 Mechanical properties illustrate how a material responds under a given load. Bone 

mechanics can be defined by a number of factors including applied force, deformation or 

displacement, stiffness, stress, strain and Young’s modulus. To experimentally determine the 

mechanical properties of bone, a force or applied load, deforms a material while displacements 

are measured. During this process an applied force relative to the amount of displacement it 

causes creates a force-displacement curve. This curve is characteristic to individual bones, and 

although follows a similar shape during loading, each bone specimen will differ depending on 

the structural and material properties of the bone.  

 The curve consists of a toe-in region, a linear region (stiffness), a yield point (yield load) 

followed by a region of necking and plastic deformation finished with maximum load and 

mechanical failure. From the linear portion of the fore-displacement curve the stiffness of the 

material can be computed, which is a measure of how pliable or rigid the material is under a 

given load, in bone it is considered a measure of how brittle the material is. Based on the known 

geometry of the bone, typically its moment of inertia (I or J) and the distance to the center of 

mass, the forces and displacements can be converted into a stresses and strains to create a stress-

strain curve. 

 Stresses (σ) are the forces acting throughout a deformable body and are measured as 

force per unit area, a measure of pressure. It is simply defined as the force normalized by the 

geometry of the material. Strain is the displacement of a material in reference to its original 

length or location; it is a unitless measurement, usually expressed as a decimal or a percentage. It 

is referred to as the elongation or shortening of a material and has a relationship to the stress 

applied to the material. The relationship between stress and strain creates a distinct curve that 
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inherent material properties are extracted from. Young’s modulus is the measure of the elasticity 

of a material which is determined from the linear region of the stress-strain curve [36].  

 The invasive and destructive nature of mechanical testing makes it difficult to measure 

bone strength clinically. Historically, patients are evaluated for risk of fracture by their number 

of incidence of fracture in conjunction with a Dual X-Ray Absorptiometry (DXA) T-score. This 

score compares the patient’s bone mineral density to the population mean. If the patient, in his 

demographic falls one standard deviation below the average T-score they are considered 

osteopenic. If the patient falls 2.5 standard deviations below the population mean, they are 

considered osteoporotic. Taken into conjunction the age and incidence of fracture in the 

individual, the doctor will recommend whether their patient is a candidate for pharmaceutical 

therapy. For instance, a 50 year old woman with a previously reported fracture and a T-score 

below -1, would likely be prescribed with a drug, the same patient with no fracture would be 

monitored regularly to determine changes in BMD with aging [37]. The drastic reduction in 

circulating estrogen after the onset of menopause can cause severe degradation to bone mass 

which is termed post-menopausal osteoporosis. 

 

1.2 Post-menopausal Osteoporosis  

Biology and incidence: 

Estrogen is a sex steroid present in the body. It is produced predominantly in the ovaries by 

developing egg follicles beginning at the onset of menstruation until menopause [38]. During 

menopause, women experience a significant decrease in circulating levels of estrogen. This can 

result in decreased bone volume and mineral density causing an increased risk of skeletal 

fracture, called post-menopausal osteoporosis [26, 39-41]. Post menopausal osteoporosis is 
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caused by a mismatch in bone remodeling rates, where resorption is faster than formation leading 

to a net loss in bone mass [6].  

 Estrogen is a key regulator of bone metabolism due to its inhibitory effects on bone 

resorption as well as its activation of bone formation. Estrogen stimulates bone formation 

through the activation of osteoblasts via estrogen receptors and cell signaling to bone lining cells 

[38]. Estrogen replacement therapy has been shown to increase the differentiation of pre-

osteoblasts and increase osteoblast proliferation in estrogen-deficient rats [42]. It can also 

stimulate osteoclast apoptosis, and reduce resorption rates [7]. Reduction in circulating estrogen 

leads to reductions in bone mass and density, and severe degradation of trabecular 

microarchitecture and mechanical properties [43]. This includes a decrease in trabecular number 

and thickness as well as increase in the spacing between struts and reduced connectivity density 

[11]. 

 Reduced circulating estrogen also alters body composition causing weight gain, fat 

accumulation and reduced lean body mass [44-49]. Estrogen loss has negative consequences on 

fat metabolism including increased leptin and cholesterol concentrations [50-52].  Estrogen 

replacement therapy has been shown to reverse the effects of bone loss [49], while decreasing the 

effects of menopause-related obesity, visceral fat accumulation and leptin hormone levels [50, 

53]. Although fat and metabolic effects of estrogen-withdrawal are important factors of 

menopause, prevention of skeletal degradation is still the main focus of most therapies used to 

treat post-menopausal osteoporosis. 

 Over 1.5 million osteoporotic related fractures occur each year, most commonly in the 

hips, spine and wrists [54]. Thirty percent of women over the age of 75, and fifty percent of 

women over the age of 85 have experienced a spinal fracture [54]. The direct costs in the U.S. 
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are up to $18 billion dollars a year [55]. Post-menopausal osteoporosis is commonly treated with 

several pharmaceuticals used to maintain bone mass which are broken into two classes 1.) 

anabolic drugs which increase bone formation or 2.) anti-catabolic drugs which reduce 

resorption. 

 

1.3 of Post-menopausal Osteoporosis 

Alendronate: 

Alendronate (ALN), clinically known as FOSOMAX, is a bisphosphonate used to treat 

osteoporosis. Bisphosphonates are a class of drugs most commonly used to treat metabolic bone 

diseases including Paget’s disease, osteogenesis imperfecta, hypercalcemia, osteopenia and 

osteoporosis [56]. Alendronate is anti-catabolic that works as a specific inhibitor of osteoclast-

mediated bone-resorption by binding to bone’s hydroxyapetite [57].  

 The structure of a bisphosphonate is composed of two phosphonates and two side chains 

called R
1
 and R

2
 that are joined by carbon. The phosphonates are chelating agents that bond 

strongly to metal ions such as calcium, and magnesium. This creates a high affinity for the drug 

to bind to the hydroxyapetite crystals found on the bone surface; the affinity of binding is 

increased more to bone sites where active remodeling is in progress [57]. After the drug is bound 

to bone it interacts with osteoclasts during remodeling. When an osteoclast attaches to the tissue 

surface it secretes enzymes that digest the bone. The R2 side chain residing in the bone is 

released and enters the osteoclast causing it to lose its resorptive properties which triggers 

osteoclastic apoptosis, preventing further resorption [7, 56].  

 By blocking bone resorption alendronate increases bone mineral density. A ten year 

clinical study in women with post-menopausal osteoporosis demonstrated that alendronate taken 
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at 10 mg for 10 years increased bone mineral density in the lumbar spine by 13.7% and in the 

proximal femur by 6.7% [58]. It has also been shown to improve the microarchitecture of bone 

compared to placebo treatment in post-menopausal women. After alendronate was taken for 

three years, bone volume fraction was 17% greater, trabecular thickness was 13.4% higher and 

trabecular spacing was significantly less in treated women compared to untreated women [40].  It 

is clinically proven to reduce the incidence of hip fractures [59], vertebral fractures [59, 60] and 

non-vertebral fractures in post menopausal women [59, 61]. 

 Anti-catabolic drugs suppress natural bone turnover so there is an increase in tissue 

mineralization that may be detrimental to tissue health. Long term alendronate use has been 

shown to increase microdamage by accumulation of microcracks in dogs [62-64]. Microdamage 

has been associated with increased risk of fracture and is prevalent in post-menopausal women 

[65]. Because the drug remains in the skeletal system long after treatment ends, it is important to 

consider treatment duration and potential over-suppression [56].  FDA has added a femur 

fracture warning to all bisphosphonate prescriptions because of an increased rate of atypical 

spontaneous midshaft fractures. This may be due to tissue level changes in material properties of 

the bone matrix, which could lead to tissue damage accumulation or overmineralization since 

bone remodeling is suppressed during treatment. 

 

Parathyroid hormone: 

Parathyroid hormone (PTH) is naturally secreted by the parathyroid gland. It is an anabolic 

hormone which increases bone mass by stimulating bone formation. It is an 84-amino acid 

sequence and is responsible for regulating blood calcium concentrations [66, 67]. A synthetic 

analog of PTH called hPTH(1-34) has been shown to have similar anabolic effects to naturally 
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secreted PTH. PTH increases the production of cytokines and growth factors such as IGF-1 and 

TGF-B which act directly on osteoblastic cells to increase bone formation [68]. PTH can 

stimulate the commitment of mesenchymal stem cells in the bone marrow niche towards 

osteoblastic cell lineage [69],[70].  PTH receptors are more abundant on bone cells that are not 

adjacent to osteoid, indicating its key role in osteoblast recruitment to sites of active remodeling 

including increasing recruitment of preosteoblasts from marrow stromal cells [71]. PTH 

enhances osteoblast productivity, osteoblastic cell differentiation and maturity of bone lining 

cells and prevents osteoblast apoptosis [72-74]. 

 Teriparatide is the only FDA approved version of synthesized parathyroid hormone. It is 

used in patients with severe cases of osteoporosis who are unable to take other medications [75], 

due to high costs, the need for daily injections and because long-term side effects are largely 

unknown [11]. In animal studies, there have been incidences of bone cancer called osteosarcoma 

that may develop during long term PTH treatment [76].  

 Women treated with Teriparatide at 20-µg or 40-µg were 35 or 40% less likely to have 

one or more non-vertebral fractures as compared to placebo controls. Post-menopausal related 

loss in bone mineral density was significantly reduced with PTH therapy compared to placebo 

controls where 40-µg dosage had the greatest effect at preventing bone density losses [41]. 

Another study showed a three year effect of PTH with estrogen replacement in post-menopausal 

women continuously increased bone mineral density to values 13% greater in the vertebral body 

and 2.7% greater in the hip than placebo controls [77]. The largest increases in bone mineral 

density were seen in the first year of treatment [78]. PTH administration creates bone with 

similar structural properties of healthy tissue; Teriparatide increased the amount of trabecular 

bone with improved trabecular architecture and induced a 22% increase in cortical bone [28]. 
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Others have shown similar positive effects of PTH administration on bone mass and density in 

post-menopausal women [79, 80].  

 

1.4 The Metabolic Consequences of Estrogen Withdrawal  

Body compositional changes with menopause: 

It is well documented that there is a positive association between body weight and bone mass or 

bone mineral density, demonstrating the beneficial effects of increased mass has on skeletal 

health. Higher mechanical demand on the skeleton from increased body mass leads to 

remodeling that favors formation and increased skeletal mass to absorb the higher mechanical 

loads [81, 82]. There is conflicting data regarding body composition and high fat mass and its 

role on bone quality. Some found a positive relationship between total fat content and bone 

mineral density in pre-menopausal women, which was independent of body mass or lean tissue 

mass [85-89]. Others report no relationship between fat mass and bone mass when fat mass was 

normalized by body mass [83, 84]. Finally, new studies demonstrate the negative effects of fat 

mass on skeletal health. Visceral fat mass has been shown to have a negative relationship to bone 

mineral density, and post-menopausal obesity is associated with worsened metabolic health and 

reduced bone mineral density and increased risk of fracture [85-92].  

 Obese post-menopausal women have higher bone mass and bone mineral density with 

decreased risk of developing hip fractures compared to healthy weight individuals [52, 91, 93, 

94]. Inversely, underweight individuals tend to have smaller skeletal systems and are at a higher 

risk of developing severe osteoporosis due to underloading of the skeleton [95, 96]. This 

negative effect of reduced body mass is worsened after menopause when people undergo rapid 

weight loss which results in severe bone loss [97, 98].In fact, obesity and its associated fat 
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accumulation, particularly the accumulation of visceral adipose tissue may have negative effects 

on bone quality.  

 Patients with type 1 and type 2 diabetes have lower bone mineral density with a higher 

fracture risk than their healthy weight counterparts [99]. It has also been shown that post 

menopausal obese women have lower rates of bone formation and suppressed collagen formation 

than healthy weight women, indicating a potential change to tissue material properties, and 

perhaps bone quality [100]. This suggests that the bone-fat relationship is complex and skeletal 

health relies on more than just mechanical load bearing of the skeleton. Menopause can cause 

drastic increases to visceral fat content, increase tissue fat accumulation and significantly alter fat 

metabolism leading to metabolic health problems [45, 46, 101]. It also causes increased tissue fat 

accumulation within the bone marrow, muscle and the liver [102, 103]. 

 Osteoporotic patients become increasingly susceptible to lipotoxicity with aging [104]. 

Fat cells called adipocytes collect excess circulating fat called free fatty acids in order to prevent 

lipotoxicity [105]. Sequestered free fatty acids get converted into triglycerides which accumulate 

into adipose depots for long term storage [106, 107]. Triglycerides are a key energy source 

involved in metabolism and transportation of dietary fat [108]. When energy is needed, the liver 

hydrolyzes triglycerides into free fatty acids and glycerol which are then carried out of the liver 

via the blood and transported to mitochondria for energy production [109]. High levels of 

triglycerides have been linked to atherosclerosis, heart disease, stroke and obesity [110].  

Adipocytes and its progenitors are sensitive to circulating free fatty acid levels and insulin levels, 

as well as hormonal regulators such as estrogen, leptin and insulin like growth factor-1 [111]. 
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Hormonal regulation of bone and fat: 

Estrogen is a beneficial factor in bone health. It acts directly on mesenchymal stem cells and 

bone lining cells to activate bone formation and can also prevent osteoclast mediated resorption, 

both which positively regulate  bone mass [7, 42]. Adipocytes produce estrogen,  demonstrating 

a protective mechanism of fat accumulation against bone loss [15, 112]. Additionally, estrogen 

replacement has been shown to reverse the effects of food- and ovariectomy-induced obesity 

[50].  

 Another hormonal regulator of bone is the hormone leptin which is synthesized by 

adipocytes. Circulating levels of leptin are directly proportional to the total amount of fat in the 

body [113, 114]. Leptin regulates appetite, energy intake and expenditure [115]. It is produced 

by both white and brown adipocytes, within the ovaries, skeletal muscle, bone marrow, the 

pituitary gland and in the liver [113]. Leptin has positive effects on bone health and is an 

important regulator of bone metabolism. Leptin promotes bone marrow stromal cell 

differentiation into osteoblasts [116], and inhibits osteoclast formation [117]. Leptin increases 

with age and substantially increases in obese women [118]. Leptin concentrations increased in 

healthy weight women after the onset of menopause but obese women had higher initial levels of 

leptin that increase further after menopause [119]. Other studies show leptin levels were 

decreased in post-menopausal women and demonstrate that estrogen is necessary to modulate 

leptin concentrations [120].   

 Insulin-like growth factor 1 (IGF-1) is an endocrine hormone responsible for regulation 

of growth and development [121]. Synthesized primarily in the liver, it is an important hormone 

for the regulation of bone mass through its stimulatory effects on bone formation [122].   In 

adults, IGF-1 is anabolic to bone; it increases the activation of healthy osteoblasts through 
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binding to IGF-1 receptors on the osteoblast surface which directly stimulates osteoblast 

productivity [123-125]. It does not have an effect on mesenchymal stem cell differentiation 

[126]. Studies have shown that it plays an important role in bone integrity by increasing 

mineralization and trabecular bone volume [127]. There is a decline in IGF-1 levels during aging 

which contributes to decrease in bone mineral density occuring throughout adulthood [128].  

Bone mineral density is correlated to serum levels of IGF-1 in post-menopausal women [126]. 

IGF-1 stimulation in a mouse model increased bone formation rates and increased trabecular and 

cortical bone volumes. This was caused by increased production of osteoid by osteoblasts 

independent of differentiation of new osteoblasts [115].  

 

1.5 Molecular Regulation of Bone and Fat 

The bone-fat progenitor: 

Osteoblasts and adipocytes are inherently linked through their common progenitor, the 

mesenchymal stem cells, which reside within the bone marrow [129], [130]. PTH can 

differentiate periosteal osteoblast progenitor cells towards osteoblastic lineages [42]. Recent 

clinical evidence demonstrates that post-menopausal osteoporotic bone loss is accompanied by 

increased marrow adiposity [131]. Early differentiation of the mesenchymal stem cells has been 

associated with a few key transcriptional pathways, PPAR-y (adipogenic) Wnt-9 and 

(osteoblastic) and activation of transcriptional factors such as RUNX2 (osteoblastic).  

 Peroxisome proliferator-activated receptor-gamma (PPAR-y) is involved in adipogenesis 

by regulating the commitment of mesenchymal stem cell to a preadipocyte differentiation and 

adipocyte formation [132]. PPAR-y is known as the master regulator of adipogenesis; it is 

necessary for the terminal differentiation of cells into adipocytes. PPAR-y deficient mice have 
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reduced marrow adiposity, increased osteoblastogenesis and lower bone formation [133].  

PPAR-y has been shown to suppress osteoblastogenesis while promoting osteoclastogenesis 

[133, 134]. There is cross-talk between the PPAR-y and Wnt signaling pathways leading to an 

inverse relationship between adipogenic and osteogenic differentiation [135].  

 Wnt signaling is necessary for both osteoblastic differentiation as well as bone formation. 

Wnt signaling is highly involved in growth and development and plays an important role in early 

differentiation of osteoblasts and regulation of bone mass [136-138]. The canonical pathway 

activates mesenchymal stem cell differentiation into preosteoblasts through activation of the β-

catenin pathway and activation of transcription factors such as Runx2 [139]. Activation of the 

Wnt pathway regulates commitment of mesenchymal stem cells to osteoblastic lineages, it 

increases  osteoblastic progenitor populations, ensures terminal differentiation of preosteoblasts 

and is also involved in increasing bone mineralization [140]. Wnt signaling modulates 

osteoblastagenesis through activation of the transcription factor Runx2. Runx2 is a major 

transcription factor for osteoblast differentiation and bone formation [138, 141] It also activates 

signaling pathways which are linked to PTH stimulation [142]. Runx2 is a regulator of collagen 

formation through osteopontin upregulation [143]. 

 The bone-fat pathway driving MSC differentiation has recently become a topic of 

interest, yet the effects of osteoporotic drugs on this relationship are greatly unstudied. Fat mass 

and adiposity are important predictors of bone health, and may negatively impact bone quality. 

Maintenance of bone quality, and not quantity, will soon be the standard of care during 

pharmacological treatments for osteoporosis. During this transition it is critical to identify the 

role of drug treatments on skeletal health and fat accumulation and to monitor how this 

relationship is altered.  
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1.6 Objective and Hypotheses  

The overall objective of this dissertation was to identify how ovariectomized Sprague Dawley 

rats treated with alendronate and parathyroid hormone would induce drug and dosage-specific 

improvements to bone mass, architecture and chemical composition and how these changes 

modified bone mechanical properties as well as to determine the role of fat metabolism and 

adiposity on bone quality. 

 

This objective was addressed with the following hypotheses and research questions. 

Hypothesis 1: There are drug and dosage-specific improvements to bone microarchitecture, 

geometry and tissue material properties which positively correlate to improvements in structural 

mechanical properties. 

Research Questions: 

(1) Are microarchitectural parameters, measured through µCT, reduced in OVX treated 

rats, and dose-dependently recovered with ALN and PTH treatment? 

(2) Are tissue material properties of cortical bone measured through FTIR and 

nanoindentation altered by OVX, ALN or PTH treatment? 

(3) Are structural bone properties, measured through finite element modeling reduced 

with OVX and dose-dependently improved with ALN and PTH treatment?  

(4) Do alterations to bone architecture and material properties influence structural 

properties? 
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Specific Aim 1: To determine ovariectomy and drug, dosage and duration-specific alterations to 

vertebral and femoral bone architecture and geometries.  Beginning at 6 months of age, OVX 

Sprague Dawley rats were treated with three doses of alendronate or parathyroid hormone for six 

months. Post sacrifice, the femoral metaphysis and diaphysis and the tibial diaphysis were 

extracted and measured with high resolution desktop micro-computed tomography to determine 

bone mass, structural microarchitecture and tissue mineral density. Tissue material properties of 

the femoral diaphysis were determined through nanoindentation and Fourier transform infrared 

microspectroscopy. Structural mechanical properties were determined through finite element 

modeling of the femoral metaphysis, which incorporated tissue material properties from 

nanoindentation. Structural properties were correlated to mechanical properties. 

Hypothesis 2: Drug and dosage-specific changes to the chemistry of trabecular and cortical bone 

composition varies in new bone formation compared to interstitial bone. Changes in chemistry 

positively correlate to changes in tissue mechanical properties. 

Research Questions 

(1) Are there differential and dose-dependent changes to bone metabolism with PTH and 

ALN treatment? 

(2) Do cortical and trabecular surface properties differ from intracortical properties after 

ALN and PTH treatment? 

(3) How do changes in the chemistry of new and old bone influence the mechanical behavior 

of the material? 

Specific Aim 2: To determine ovariectomy and drug and dosage-specific alterations on bone 

metabolism and subsequently the chemical composition and mechanical properties of bone 
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surfaces as they compare to interstitial bone. Beginning at 6 months of age, OVX Sprague 

Dawley rats were treated with three doses of alendronate or parathyroid hormone for 6 months. 

Animals were injected with calcein 10/9 days and 4/3 days prior to sacrifice. Tibial metaphyseal 

bone was embedded, sectioned, imaged with a fluorescence microscope, and analyzed using 

Osteomeasure to determine changes to bone metabolism. The remaining bone block was 

analyzed with FTIR equipped with fluorescence microscopy and nanoindentation to determine 

changes in tissue material properties of bone surfaces. The contribution of chemical composition 

to mechanical properties was determined through correlative analysis. 

Hypothesis 3. The strong-negative relationship between bone quantity and measures of fat 

metabolism and adiposity are modulated differentially by ALN and PTH. 

Research Questions: 

(1) How does body composition influence bone mineral density, and how does OVX and 

drug treatment influence this relationship? 

(2) What measures of fat metabolism correlate to bone quality? 

(3) Does the interaction between bone and fat become stronger with higher resolution 

analysis of the bone marrow environment?   

Specific Aim 3: To determine ovariectomy and drug-specific effects on abdominal body 

composition, bone quantity and adiposity. Beginning at 6 months of age, OVX Sprague Dawley 

rats were treated with various doses of alendronate and parathyroid hormone for 2 months or 6 

months. To measure the genotypic response, after short term treatment (2 months), bone marrow 

was extracted and analyzed using RT-PCR primers for PPAR-γ, RUNX2, Wnt9b and RANK-L; 
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this was done to determine early genetic differentiation of marrow stromal cells prior to a 

phenotypic change. To measure the phenotypic response, vertebral bone volume and mineral 

density, abdominal fat volume and lean tissue volume were measured longitudinally at 6, 8 and 

12 months through in vivo micro-computed tomography.  Post-sacrifice, after 2 months, or 6 

months of treatment, bone microarchitecture was determined of the L-4 vertebral body through 

desktop μCT. Blood serum, fat pads and livers were extracted, weighed and measured for 

triglycerides and free fatty acids. Leptin, IGF-1 and alkaline phosphatase concentrations was 

determined from the blood serum. Marrow adiposity and bone quantity were determined through 

histological analysis of the tibial metaphysis. Bone marrow precipitate and livers were analyzed 

for triglycerides, free fatty acid concentrations. Measures of bone quantity were correlated to 

measures of metabolism and adiposity.  
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Chapter 2 

DOSE-DEPENDENT IMPROVEMENTS IN MICROARCHITECTURE WITH ALENDRONATE 

AND PTH ENHANCE BONE STRENGTH DESPITE REDUCTIONS IN TISSUE MATERIAL 

PROPERTIES 

2.1 Abstract  

Osteoporosis is associated with a loss of bone mass and deterioration in tissue quality. Drugs 

such as alendronate (ALN) and parathyroid hormone (PTH) differentially counteract bone loss, 

which may lead to drug-specific changes in bone architecture and material properties, factors that 

modulate bone’s mechanical properties. To determine how drug-induced changes in bone 

structure and tissue properties relate to mechanical properties, OVX rats were subjected to 6mo 

of high (H), medium (M) or low (L) doses of ALN and PTH.  Morphologic (µCT), chemical 

(FTIR), and mechanical properties (nanoindentation, finite element modeling, 4pt bending) of 

cortical and trabecular bone in the femoral metaphysis and tibial diaphysis were determined. Six 

month old Sprague Dawley rats (n=10/group) were assigned to age-matched controls (AC), OVX 

controls, OVX treated with specified doses of hPTH or ALN. At 12mo of age, OVX rats had 

81% less trabecular bone than AC. There were dose-dependent improvements to architecture: L-

PTH had similar BV/TV as OVX, while M- and H-PTH had 2x, and 7x more BV/TV and L-, M- 

and H-ALN had 1x, 2x and 4x more BV/TV than OVX. Compared to AC, H-PTH and H-ALN 

maintained or improved both trabecular and cortical architecture, but decreased cortical tissue 

mineral density by 6% and 3%. Nanoindentation of the cortical bone showed that H-PTH and H-

ALN had a 9% and 14% smaller elastic modulus and a 10% and 11% lower tissue hardness than 

AC. Incorporation of tissue morphology and elastic moduli into a finite element model estimated 

that when compared to AC, OVX had 12% lower stiffness while H-PTH and H-ALN were 46% 
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and 18% stiffer.  Similar patterns across groups were observed in the tibial diaphysis. When 

combined via multiple linear regressions, Ct.Th, Tb.BV/TV, and Tb.Th. explained 91% of the 

variability in stiffness. The inclusion of chemical and/or tissue mechanical properties did not 

enhance this association. These data demonstrate that despite deteriorated tissue properties in 

ALN and PTH treated rats, maintenance of bone architecture resulted in a structure with superior 

mechanical stiffness. While this reiterates the importance of preserving bone structure during 

osteoporosis, the drug-induced reductions in tissue material properties may indicate material 

detriment, especially with long term use. 

 

2.2 Introduction  

Post menopausal osteoporosis is associated with a decrease in bone quantity and quality, 

increasing the risk for skeletal fracture [144] It is a result of a mismatch in the bone remodeling 

processes where bone resorption occurs at a faster rate than formation [145]. This leads to a net 

loss in bone mass, with a degradation of both the bone structure and its material properties. 

Osteoporotic bone loss is characterized by cortical thinning and degradation to the trabecular 

compartment [146]. Trabecular bone loss is characterized by a reduction and thinning in 

trabeculae, increased trabecular separation [147] and a transition in trabecular elements from 

plate-like to rod-like structures, which all  contribute to changes in overall bone strength [148].  

 Osteoporosis drug treatments are classified in two categories that work differentially to 

prevent tissue degradation:  either by increasing formation (anabolic i.e. PTH) or decreasing 

resorption (anti-catabolic i.e. bisphosphonate). Parathyroid hormone is an anabolic drug that 

effectively mitigates bone loss by stimulating bone formation to rates faster than resorption, 

leading to a net gain in bone mass. Teriparatide is a shorter peptide analog of PTH, clinically 
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proven to increase bone mass and bone density in post-menopausal women [80-83]. PTH 

stimulates new bone formation that has similar structural properties of healthy tissue; it can 

improve trabecular architecture and increase cortical bone thickness [28, 39]. The anabolic action 

of PTH is highly effective at increasing bone mass, but the rapid rate of bone formation may 

affect the maturity and mineralization of surface properties [149] which can lead to irregular 

mineral density distribution of the bone matrix [152]. Ultimately, lowered tissue mineralization 

can reduce tissue material properties [150] and may negatively influence total bone strength. 

 Alendronate is an anti-catabolic drug that works as a specific inhibitor of osteoclast-

mediated bone-resorption [57], and has been clinically proven to maintain bone mass, and 

increase bone density when taken at 10 mg for 10 years [58]. It maintains bone microarchitecture 

during estrogen withdrawal [40], and reduces the incidence of hip, vertebral and non-vertebral 

fractures in post menopausal women [60-62]. But anti-catabolic drugs suppress natural bone 

turnover, increases tissue mineralization, tissue hardness and stiffness [151].  Alendronate-

induced changes in tissue material properties can lead to tissue brittleness, and accumulation of 

microcracks  [62, 152] which both have been shown to increase fracture susceptibility in post-

menopausal women [65].  

 Since bone loss and therefore fractures typically occur in regions rich in trabecular bone, 

characterization of trabecular microarchitecture is critical for defining drug-specific changes to 

bone quality and its impact of structural properties. Finite element modeling has proven to be a 

useful tool in estimating bone strength both in laboratory models [153] and clinically [154]. 

However, the current models commonly disregard drug-induced modification to tissue level 

material properties [155], which may influence total bone strength.  
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 In this study, we aim to determine the effects of estrogen withdrawal and drug treatment 

on tissue level material properties (nanoindentation, FTIR), characterize the bone 

microarchitecture (µCT), utilize tissue material properties to estimate bone strength (finite 

element modeling analysis) and measure structural mechanical properties (4 point bending). 

Measures of bone chemistry, micro-mechanical tissue properties and morphological properties 

will be independently regressed against measures of bone stiffness and strength as well as 

combined via multivariate analysis. We hypothesize that ovariectomy will induce reductions to 

bone structure and tissue level properties and alendronate and PTH will dose-dependently 

improve bone structure but will differentially modulate tissue material properties all of which 

will influence bone structural mechanical properties. 

 

2.3 Materials and Methods 

Experimental Design 

All procedures were reviewed and approved by the Institutional Animal Care and Use 

Committee of Stony Brook University. All rats were individually housed in standard cages and 

allowed free access to standard rodent chow and tap water and were weighed twice weekly to 

monitor changes in body mass. Adult five-months-old female Sprague-Dawley rats were 

ovariectomized and mass-matched into normal age matched controls (AC), ovariectomized 

controls (OVX), and ovariectomized rats treated with either alendronate (ALN) or parathyroid 

hormone (PTH) at three different doses.  

 At 6 months of age, 10 normal and 10 OVX rats were sacrificed as baseline controls, 

drug treatment began. Alendronate was injected subcutaneously twice per week; high-dose rats 

received 2mg/kg (H-ALN), medium-dose rats received 100µg/kg (M-ALN), and low-dose rats 
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received 10µg/kg) (L-ALN). Parathyroid hormone was injected subcutaneously five times per 

week: high at 75µg/kg (H-PTH), medium at 15 µg/kg (M-PTH), and low at 0.3 µg/kg (L-PTH).  

Drugs were administered at the dosages listed, per injection. Treatment doses were determined 

based on previous literature for the clinically relevant dose extrapolated to the rat model 

(medium), the maximum tolerable dose without known evidence of cytotoxicity (high) and a 

dose low enough to prevent some OVX induced bone loss (low).   

 All animals, except AC controls, were ovariectomized at 5 months of age. Baseline 

animals were sacrificed at 6 months of age. Drug treatments began a 6 months of age and 

continued for 6 months, and animals were sacrificed at 12 months of age.  

 

Micro-computed Tomography  

Post sacrifice, the left femora were extracted, cleaned of soft tissue, preserved in ethanol and 

stored at -20 C. The tibial diaphysis was extracted, cleaned of soft tissue, preserved in phosphate 

buffered saline and stored at -20°C.  The metaphyseal region of the femur and the diaphysis of 

the femur and tibia were individually scanned at 18 µm resolution (300 ms integration time, 45 

kV, 177 µA) by desktop micro-computed tomography  (μCT40, Scanco, Medical AG, 

Basserdorf, Switzerland). A 3D Gaussian filter was applied to the images and a global threshold 

separated bone from background (sigma=0.3, sigma support=1, lower threshold=290). The 

femoral metaphyseal scans were separated into cortical and trabecular bone compartments using 

a previously established automated script [156]. The trabecular bone compartment was 

characterized by bone volume fraction (BV/TV), trabecular thickness (Tb.Th.) trabecular number 

(Tb.N.), trabecular separation (Tb.Sp), structural modeling index (SMI) and trabecular tissue 

mineral density (Tb.TMD). The femoral and tibial diaphyses were analyzed for cortical 
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properties: cortical bone volume (Ct.BV), cortical thickness (Ct.Th.), polar moment of inertia 

(pMOI) and tissue mineral density (Ct.TMD). 

 

Fourier Transform Infrared Microspectroscopy (FTIR) 

The femoral diaphysis was microscopically analyzed using synchrotron-based Fourier transform 

infrared microspectroscopy (FTIR) to measure chemical composition across the cortical surface. 

The left femoral diaphysis was cut using a diamond blade saw, cleaned of soft tissue and 

dehydrated in a series of ethanol solutions (70%, 80%, 90%, 100%, 3-4 days each). Bones were 

embedded in epoxy resin with the proximal end exposed. The indenting surface was polished 

using abrasive silicon carbide papers of decreasing particle size (600, 800 and 1200 µm) and 

were polished with a series of diamond suspension polishing solutions (3 μm, 1 μm, 0.25 μm and 

0.05 μm).  

The highly polished surface of the bone blocks were analyzed with FTIR at Brookhaven 

National Labs at the U10B beamline. A spectrophotometer, with an IR microscope and MCT 

detector was used in a frequency range of 4,000 to 650 cm for spectral mapping. Spectra were 

collected at 128 scans per point, with 4x4 binning in reflectance mode. Data was collected and 

processed using Opus software. Background scans were collected periodically on a highly 

reflective gold window to reduce instrumentation noise.  

Reflective data were transformed into absorbance data using a Kramer’s Kronig 

transformation algorithm [157]. Absorbance data was analyzed using Cytospec software to 

determine mineralization (phosphate/protein ratio (900-1200/1600-1700), collagen cross-linking 

(1659-1661/1689-1691), crystallinity (1034-1036/1024-1026), carbonate substitution (1414-

1424/900-1200), protein content (1600-1700) and phosphate content (900-1200, Figure 2.1).  
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Nanoindentation 

After non-invasive FTIR analysis, bone blocks were subjected to nanoindentation to determine 

the tissue level mechanical properties of the femoral diaphysis. The bottom of epoxy samples 

were mounted to metal disks with cyanoacrylate glue and sonicated to thoroughly clean the bone 

surface of residue.  

Highly polished surfaces of cortical bone were indented using a nanoindenter system 

(Triboindenter; Hysitron, Minneapolis, MN) with a Berkovich indenter tip. Bones were indented 

using a trapezoidal load function at a constant loading rate of 100 μN/s for ten seconds followed 

by a constant 10000 μN load for 10 second hold, followed by a constant unloading rate of -100 

μN/s for ten seconds. The elastic response was calculated from the 20-90% portion of the 

unloading curve using calculations previously described [155].  

 Each bone was indented 48 times at points that spanned across the entire diaphyseal 

cortex. Indent locations were visually selected to avoid contact with large pores or cracked 

surfaces at a distance no less than 100 μm from another. Outliers for each sample were 

individually removed if they fell more than 2 standard deviations away from the sample mean. 

The average indentation tissue elastic modulus (N/mm) and tissue hardness for all 48 indents 

were averaged to a single data point, group averages and standard deviations were calculated. 

The elastic moduli for individual groups were applied to a finite element model.  

 

Diaphyseal Mechanical Testing  

On the day of mechanical testing, tibiae were removed from the freezer and allowed to thaw to 

room temperature. Bones were individually subjected to 4-point bending in the anterior-posterior 

direction (MTS, Eden Prairie, MN). Samples were loaded to failure at a constant load rate of 
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0.01mm/s. Force-displacement curves were generated during the mechanical test and were 

individually computed to stress-strain curves using geometric measures of inertia  (Iyy) and 

center of mass (c), previously calculated through high resolution μCT of the tibial diaphysis. 

Strain values were computed using the following equation for bone mechanically tested in four-

point bending[158] :  

  
   

        
 

 
Where: 

ε = strain (unitless)  

c= distance from the center of mass 

d=measured displacement 

a= distance from upper jig contact point to lower jig contact point 

L= distance between lower jig contact points 

 

 Stiffness was calculated from the linear region of the force displacement curve. 

Maximum force was defined as the largest applied loading force. Apparent modulus was 

calculated from the linear region of the stress-strain curve and maximum stress was defined as 

the largest computed stress.        

 Stress values were computed using the following equation: 

  
   

  
 

Where:  

  =Stress (GPa) 

F= applied force 

a= distance from upper jig contact point to lower jig contact point 

c= distance from the center of mass 

I= moment of inertia (determined through μCT) 

 

 Finite Element Modeling  

To characterize the mechanical response to an applied load, the femoral metaphyseal bone 

regions, were submitted to a finite element model (Scanco, Medical AG, Basserdorf, 

Switzerland). 3D images that were generated from micro-CT analysis were separated into 
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cortical and trabecular bone compartments and converted into structural elements and nodes at a 

one-to-one basis at 18 µm resolution. All disconnected elements were removed from the sample 

and the remaining object was subjected to a frictionless uniaxial compression simulation (Ulrich, 

1999) applied through the proximal and distal surfaces to correspond to longitudinal loading in 

the z-direction. Linear elastic properties were assigned to the sample as defined by treatment 

group averages as determined through nanoindentation (GPa), with a Poisson’s ratio for bone (ν) 

of 0.3 for all samples [159].  An iterative FE-solver (Van Rietbergen, 1995) with a force and 

displacement tolerance of 1x10
-4

 determined structural apparent stiffness. Maximum applied 

loads in cortical and trabecular compartments, % load carried by trabecular bone, structural 

stiffness and Young’s modulus were estimated. 

 

Statistical Analysis 

All values were presented as means +/- standard deviations. Statistical significance between 

groups was determined using a One-Way ANOVA followed by a Tukey post-hoc test, or a 

Dunnett post hoc test where noted. The differences between groups were reported with their 

associated p-values. Measures of bone quality were individually regressed against bone strength 

using linear regression analysis, the R
2
 value and associated p values were reported. A 

multivariate analysis was used to determine the combinatorial contribution of structural and 

tissue material properties to bone strength.  
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2.4 Results 

Structural morphology of the femoral diaphysis: 

Diaphyseal bone from femoral diaphysis, analyzed through desktop microCT, revealed evidence 

of ovariectomy induced bone loss. At 12 months of age, after 7 months of ovariectomy (OVX), 

OVX controls had 3.3% thinner cortical bone with 1.8% lower tissue mineral density in OVX 

compared to age-matched controls (AC) although these reductions were not yet significant 

(p>0.05). H-ALN and H-PTH treated rats had cortical bone volumes that were 14 and 21% 

higher and cortical thicknesses 12 and 20% thicker than AC controls (p<0.001), this was 

accompanied by an increase in polar moment of inertia compared to their lower doses (p<0.01). 

Yet, H-ALN and H-PTH had tissue mineral densities that were 3.4 and 6.1% lower than AC 

controls (p<0.001, Figure 2.2). Similar changes occurred after OVX and high-dose treatments in 

the tibial diaphysis (Table 2.1). 

 

Tissue mechanical properties of the femoral diaphysis: 

Changes to femoral cortical bone tissue mineral density induced by PTH and ALN were 

accompanied by reductions in tissue-level mechanical properties measured through 

nanoindentation. OVX had 2.4% lower elastic modulus and 4.2% lower tissue hardness 

compared to AC but the difference was not significant (p>0.05). Compared to AC controls, L- 

and H-ALN treated rats had 13.9 and 14.2% lower elastic modulus (p<0.01); PTH treated rats 

also had lower elastic moduli with 11.1 (L-PTH), 11.2 (M-PTH) and 9.9% (H-PTH) lower elastic 

modulus than AC controls (p<0.05, Dunnettt). L-ALN, L-PTH and M-PTH treated rats had 

17.7% (L-ALN), 16.7% (L-PTH) and 15.8% (M-PTH) lower tissue hardness than AC controls 

(p<0.01, Dunnett, Figure 2.3).  
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Tissue chemical properties of the femoral diaphysis: 

FTIR analysis of the femoral diaphysis revealed few changes in femoral cortical bone chemistry 

after OVX or with drug treatment. There were no significant changes to tissue mineralization or 

protein content. There was a small but significant increase in crystallinity in L-PTH treated 

animals which were 6% higher than OVX controls (p<0.05). Additionally, M-PTH had 10% 

higher collagen cross-linking than AC controls (p<0.05). M-ALN had 6% higher carbonate 

incorporation than OVX controls (p<0.001) L-ALN treated animals had 7.8% lower phosphate 

content than OVX controls (p<0.05), which were also 6.8% lower than H-ALN treated animals 

(p<0.05, Figure 2.4). 

 

Trabecular architecture of the femoral metaphysis: 

The metaphyseal bone of the distal femur, analyzed by desktop µCT, was separated into cortical 

and trabecular bone compartments (Figure 2.5). Data showed that OVX degraded the trabecular 

micro-architecture compared to AC controls, but PTH and ALN treatments dose-dependently 

improved trabecular micro-architecture. OVX controls had 6.1x lower bone volume fraction 

(BV/TV) than AC controls (p<0.001). M-ALN and M-PTH treated rats had 3.1x and 2.8x greater 

BV/TV than OVX controls (p<0.05).  H-ALN and H-PTH treated rats had 7.6x and 9.9x greater 

BV/TV than OVX controls (p<0.001).  Additionally, H-PTH treated rats had 54% higher BV/TV 

than AC controls (p<0.001). 

 The improvement to BV/TV by drug treatment was due to dose-dependent increases in 

trabecular number (Tb.N) and trabecular thickness (Tb.Th).  OVX controls had 47% lower Tb.N 

than AC controls (p<0.01). L-, M- and H- ALN treated rats had higher Tb.N  by 52, 59 and 57% 
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compared to OVX controls (p<0.001). M- and H-PTH treated rats had 48 and 65% higher Tb.N 

than OVX controls (p<0.01, Figure 4b).  Tb.Th was unchanged in OVX controls compared to 

AC controls (p>0.05), but H-ALN treated rats had 39% higher Tb.Th than OVX controls 

(p<0.01) and M- and H-PTH treated rats had 36 and 59% thicker trabeculae than OVX controls 

(p<0.01).  

 Structural modeling index (SMI) increased by 30% after OVX, but H-ALN restored SMI 

to a value 42% lower than OVX controls (p<0.001). M-PTH had 41% lower SMI than OVX 

controls (p<0.0) H-PTH reduced the SMI by 83% compared to OVX controls (p<0.001), which 

was also 75% lower than AC controls (p<0.001, Figure 2.6). There was no change in trabecular 

tissue mineral density across all groups. 

 

Structural mechanical properties of the femoral metaphysis: 

Tissue material properties of the femoral diaphysis, determined through nanoindentation, were 

input into a finite element model of the femoral metaphysis which simulated a z-direction 

compression loading.  OVX had an estimated 8.6% lower stiffness compared to AC controls but 

the difference was not yet significant (p>0.05). Despite the reduction in tissue material properties 

in ALN and PTH treated animals; there were dose-dependent improvements to structural 

mechanical properties. Trends showed L-, M- and H-ALN had 1.3, 8.3 and 26.5% higher 

stiffness than OVX controls, where only H-ALN was significant (p<0.01). M- and H-PTH had 

6.1 ad 46.7% higher stiffness than OVX controls, where only H-PTH was significant (p<0.01). 

Additionally, H-ALN and H-PTH had 16.5 and 35.1% higher stiffness than AC controls 

(p<0.01). The apparent modulus, a calculation of the inherent material properties, showed that H-
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PTH treated rats had an apparent modulus 20% higher than L-PTH (p<0.01) and 16% higher 

than M-PTH (p<0.05), which was also 26% higher than AC controls (p<0.001).  

In AC controls, 33% of the mechanical load was carried by trabecular bone, but after OVX, only 

8% of the total load was carried by trabecular bone (p<0.001). L-, M- and H-ALN treated rats 

reversed the shift in trabecular load contribution so that 15, 21 and 35% of the load was carried 

by trabecular bone while L-, M- and H-PTH treated rats carried 7, 18, and 42% of the load 

through their trabeculae (Figure 2.7). 

 Cortical and trabecular architecture and morphology correlated positively to structural 

mechanical properties, for instance: 71% of the change in bone stiffness was explained by 

trabecular thickness (p<0.001). Linear regression of individual parameters indicated a consistent 

positive relationship by both bone mass and architecture to total bone stiffness (Table 2.3). 

Chemistry and tissue mineral density did not correlate to changes in micro-mechanical properties 

when analyzed for each individual animal (Table 2.4-upper values). Correlations were 

improved moderately when group averages were used to correlate chemical properties and TMD 

to micromechanical properties (Table 2.4-lower values). When combined via multiple linear 

regressions, parameters of bone microarchitecture: Ct.Th, Tb.BV/TV and Tb.Th explained 91% 

of the variability in stiffness (p<0.001) while chemical or tissue mechanical properties did not 

enhance this association. 

 

Structural mechanical properties of the tibial diaphysis:  

The tibial diaphysis was subjected to 4-point bending to determine structural bone mechanical 

properties. Results supported the findings from the finite element model where OVX had 

moderate reductions in mechanical properties including 27.8% lower maximum load, 10.5% 
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lower stiffness with no difference in apparent modulus compared to AC controls (p>0.05). L-, 

M-, and H-ALN had 14.4, 18.9 and 41.0% higher stiffness than OVX controls, where only H-

ALN was significant (p<0.05). L-, M- and H-PTH had 10.5, 15.4 and 31.0% higher stiffness than 

OVX controls but none of these differences were significant (p<0.05). Similarly, H-ALN and H-

PTH had 46.8 and 59.3% higher maximal applied load than OVX controls (p<0.01, Figure2.8). 

Diaphyseal bone stiffness positively correlated to cortical thickness (R
2
=0.16, p<0.001), when H-

PTH treated rats were evaluated separately from the population, this correlation was 

strengthened, demonstrating a potential deficit to tissue quality and a reduction in the material 

strength. Despite the anabolic effect of H-PTH treatment which significantly increased bone 

volume and cortical thickness, it was not accompanied by proportional increases to bone stiffness 

(Figure 2.9) suggesting that the material deposited had reduced mechanical capability. This data 

also demonstrates a discrepancy between the mechanical properties estimated through the finite 

element model and measured through 4 point bending. In the finite element model H-PTH 

treated rats had increased elastic moduli, but when the tibial diaphysis was experimentally tested, 

H-ALN treated rats had 55% higher elastic moduli than OVX controls (p<0.05), where H-PTH 

rats had only a  13% higher elastic moduli than OVX controls which was not significant 

(p>0.05).  

 Individually, bone volume (R
2
=0.09, p<0.01), polar moment of inertia (R

2
=0.24, 

p<0.001), cross sectional area (R
2
=0.09, p<0.01), and cortical thickness (R

2
=0.03, p>0.05) 

correlated to apparent modulus and when combined via multivariate analysis, these parameters 

accounted for 33% of the modulation in modulus where tissue mineral density did not contribute 

to bone mechanics (Table 2.5). 
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2.5 Discussion 

The degradation of microarchitectural parameters due to OVX was dose-dependently improved 

with ALN and PTH treatment. ALN and PTH decreased the micro-material properties of bone 

which correlated to decreases in tissue mineral density.  When material properties were applied 

to a finite element model, OVX showed a reduction in bone stiffness while high doses of ALN 

and PTH increased bone stiffness, despite reductions in tissue level properties. 

 Bone quality is a culmination of its micro architecture, geometry, and tissue material 

properties which all contribute to its structural mechanical properties [35]. High resolution 

computed tomography (CT) provided structural properties and tissue mineral density, in both 

cortical and trabecular compartments. Bone microarchitectural parameters are strong predictors 

of bone strength [31, 32]; our data demonstrated the relationship between architecture and 

structural mechanics. 

Through the use of an ovariectomized rat model with varying doses of both alendronate 

and parathyroid hormone we were able to create a model with large variability in measures of 

bone microarchitecture and tissue mineral density. Dose-dependent improvements to 

morphology were drug-specific, where ALN had the largest effect on trabecular number while 

PTH increased trabecular thickness. These data confirms others findings where bone 

microarchitecture is degraded with OVX and recovered with alendronate and PTH treatments 

[160]. Our study uniquely developed a diverse population of micro-architectural parameters 

through dose-dependent drug improvements which led to strong correlative analysis to evaluate 

the contributors of bone strength through multivariate analysis. Our results indicated that bone 

architecture, but not micro-mechanical properties or chemistry play a significant role in 

predicting bone’s total stiffness and ability to withstand mechanical loads. Our study also 
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revealed that relatively high doses of alendronate and PTH can be detrimental to tissue micro-

mechanical properties, which has also been reported in humans [151] and OVX is also 

detrimental to micromechanical properties in rats [161]. 

The lack of change in chemical data could be due to lower remodeling in the cortical 

bone. Some evidence of drug-specific, dose-dependent changes was seen when looking at the 

phosphate content specifically. Here, we found that L-ALN treated rats had significantly less 

phosphate content than H-ALN treated rats. This demonstrates the need to analyze changes to 

protein and phosphate content independently. The small changes that occur in the cortical bone 

could be occurring in both parameters simultaneously resulting in no net change in FTIR 

measured mineralization levels. Additionally, since remodeling is not occurring throughout the 

cortical tissue,  future work should focus on regions of high turnover such as the trabecular bone 

where large differences in remodeling rates may have more significant effects on bone chemistry 

[162]. 

This study’s multi regression analysis demonstrated that 91% of the variance in bone 

stiffness was due to changes in morphological properties, where micro-mechanical and chemical 

properties did not significantly modify bone stiffness. Ultimately, we highlighted the importance 

of preserving bone mass after estrogen withdrawal. The reductions in overall bone strength 

caused by cortical thinning and trabecular bone degradation in the untreated osteoporotic rats 

demonstrated the need to utilize treatments maintain and preserve tissue architecture. Minor 

reductions in tissue material properties may provide evidence of material deficits caused by drug 

therapy which may reduce bone strength, particularly during long term drug use. Reductions in 

material level mechanical properties may explain the increased occurrence of atypical 

subtrochanteric fractures after long term bisphosphonate use, as these drug-induced alterations to 
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material properties are similar to changes observed in patients with osteoporotic related fractures 

[163].   

Although finite element modeling estimated an improvement in overall bone stiffness 

with high doses of ALN and PTH treatments compared to controls, despite reductions to tissue 

material properties, the model was limited to uni-directional compression loading. The reduction 

in material properties may have greater consequences for fracture toughness [164], or impact 

crack propagation mechanics [165]. Future work should be conducted to determine the 

consequences of these drug-induced reductions to tissue modulus during alternative loading 

regimes.   

Additionally the apparent modulus estimation by the standard finite element model 

revealed that H-PTH treated rats had higher bone elastic modulus, and therefore had higher 

maximal stress, due to its relative increase in bone morphology. But when tested experimentally 

via 4 point bending of the tibial diaphysis, this was not confirmed. In fact, the H-PTH group had 

deficient inherent material properties compared to the rest of the study samples (Figure 2.9). 

This demonstrated that despite the anabolic action of PTH on bone mass through increased 

cortical thickening, the inherent material properties were not mechanically competent. However, 

it should not be assumed that changes measured through FEA in the femoral metaphysis will 

mimic changes in the tibial cortical bone, where much smaller changes in morphology and tissue 

deposition occur. These data suggest that the model could be improved to demonstrate the 

relative impact of tissue material properties on structural mechanics. Here, we demonstrate that 

the trabecular bone architecture plays a significant role in bone strength, and preservation of this 

compartment is critical for preventing fracture risk which is in agreement with previously 

reported studies [166, 167].  
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Multivariate analysis demonstrated that morphology, and not chemistry or tissue material 

properties are critical determinants of bone structural mechanics. It has been shown that bone’s 

chemical makeup influences its micro-mechanical properties [168].  A better understanding of 

changes to surface material properties at active remodeling sites could provide information on 

the drug-induced alterations to the mineralization process and its consequences of tissue quality. 

 

2.6 Figures  

 

Figure 2.1. A representative spectral map obtained during FTIR analysis of bone showing the 

characteristic carbonate, phosphate, and protein peaks [1]. 
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Figure 2.2. MicroCT analysis of the femoral diaphysis determined A.) Bone volume (BV) B.) 

Cortical thickness (Ct.Th.) C.) Polar moment of Inertia (J) and D.) Tissue mineral density (TMD) 

for age-matched (AC-black), ovariectomized (OVX-white), alendronate-treated at low (L), 

medium (M), or high (H) doses (ALN - light gray) and PTH-treated at low (L), medium (M), or 

high (H) doses (PTH - dark gray) with baseline animals represented (- - -). 
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Figure 2.3. Nanoindentation analysis of the femoral diaphysis determined tissue level  A.) 

Elastic modulus and B.) Hardness for age-matched (AC-black), ovariectomized (OVX-white), 

alendronate at low (L), medium (M), or high (H) doses (ALN - light gray) and PTH at low (L), 

medium (M), or high (H) doses (PTH - dark gray) with baseline animals represented (- - -). 
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Figure 2.4. Fourier transform infrared microspectroscopy of the femoral diaphysis of 12 month 

old animals determined tissue level A.) Mineralization, B.) Crystallinity, C.) Collagen cross-

linking, D.) Carbonate incorporation, E.) Protein content and F.) Phosphate content for age-

matched (AC-black), ovariectomized (OVX-white), alendronate at low (L), medium (M), or high 

(H) doses (ALN - light gray) and PTH at low (L), medium (M), or high (H) doses (PTH - dark 

gray). 
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Figure 2.5. Representative images obtained from µCT analysis of the femoral metaphysis 

separated into cortical and trabecular bone compartments of 12 month old animals A.) age-

matched controls (AC) B.) ovariectomized controls (OVX) C.) OVX+L-ALN treated D.) 

OVX+M-ALN treated E.) OVX+H-ALN treated, F.) OVX+L-PTH treated, G.) OVX+M-PTH 

treated, H.) OVX+H+PTH treated rats. 
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Figure 2.6. MicroCT analysis of the femoral metaphysis determined trabecular A.) Bone volume 

fraction (BV/TV)  B.) Thickness (Tb.Th) C.) Number (Tb.N) D.) Separation (Tb.Sp) E.) 

Connectivity density (Tb.Conn.D) F.)  Structural modeling index (SMI) G.) Apparent mineral 

density and H.) Tissue mineral density for age-matched (AC-black), ovariectomized (OVX-

white), alendronate-treated at low (L), medium (M), or high (H) doses (ALN - light gray) and 

PTH-treated at low (L), medium (M), or high (H) doses (PTH - dark gray) with baseline animals 

represented (- - -) and OVX baseline represented (…). 
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Figure 2.7. A finite element model for a 1N compressive load applied in the z-direction on the 

metaphyseal femur of 12 month old animals determined A.) Structural stiffness of the whole 

bone, B.) Structural apparent modulus  C.) % load carried by trabecular bone D.) Maximal force 

in the cortical bone and E.) Maximal force in the trabecular bone for age-matched (AC-black), 

ovariectomized (OVX-white), alendronate at low (L), medium (M), or high (H) doses (ALN - 

light gray) and PTH at low (L), medium (M), or high (H) doses (PTH - dark gray). 
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Figure 2.8. Structural properties determined through 4 point bending of the tibial diaphysis 

revealed A.) Stiffness (N/mm), B.) Maximum applied load (N), C.) Elastic modulus (MPa) and 

D.) Maximum computed stress (MPa), for 12 mo age-matched (AC – black) controls, 

ovariectomized controls (OVX - white), alendronate treated (ALN –light gray) at low (L), 

medium (M) and high (H) doses and parathyroid hormone (PTH – dark gray) treated at low (L), 

medium (M) and high (H) doses with baseline animals represented (- - -). 
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Figure 2.9 Linear regression analysis between cortical thickness of the tibial diaphysis and 

structural stiffness of the tibial diaphysis determined through 4-point bending demonstrates that 

the increased thickness induced by H-PTH treatment (gray - triangle) did not result in a relative 

increased stiffness (R
2
=0.02, p>0.05) when analyzed separately from the total population (black - 

circle) regressed (R
2
=0.32, p<0.001). 

 

 

 

  

0.4 0.6 0.8 1.0 1.2
0

500

1000

1500

Stiffness (w/o PTH)

R
2
=0.32

p<0.001

H-PTH

R
2
=0.02

p>0.05

Ct.Th(mm)

S
ti

ff
n

e
s
s
 (

N
/m

m
)



 

49 

 

2.7 Tables 

 

Table 2.1. Tibial and femoral bone architecture at 12 months of age 

after 6 months of drug treatment 
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Conn.D 

[1/mm
3
] 

68.49±22.61 

O LA MA 
LP MP 

4.36±4.65 

AC MA HA 
MP HP 

19.02±17.18 

AC HA 
 

37.66±22.64 

AC O HA 
 

100.14±32.88 

O LA MA 
 

3.38±3.90 

AC HP 
 

22.05±14.43 

AC O LP 
HP 

54.88±18.44 

O LP MP 
 

Tb.N 

[1/mm] 

3.88±0.99 

O LA MA 
LP MP 

0.84±0.13 

AC HA HP 
 

1.49±0.84 

AC HA 
 

1.83±1.11 

AC HA 
 

4.36±1.28 

O LA MA 
 

0.80±0.16 

AC HP 
 

1.59±0.90 

AC HP 
 

3.64±1.13 

O LP MP 
 

Tb.Th 

[mm] 

0.089±0.01 

HP 
 

0.080±0.02 

HP 
 

0.078±0.01 

HA 
 

0.086±0.01 

 
 

0.098±0.01 

LA 
 

0.080±0.02 

HP 
 

0.099±0.02 

HP 
 

0.133±0.01 

AC O LP 
MP 

Tb.Sp 

[1/mm] 

0.288±0.12 

O LA MA 
LP MP 

1.244±0.18 

AC MA HA 
MP HP 

0.836±0.30 

AC HA 
 

0.735±0.31 

AC O HA 
 

0.270±0.10 

O LA MA 
 

1.320±0.26 

AC MP HP 
 

0.837±0.35 

AC O LP 
HP 

0.368±0.16 

O LP MP 
 

SMI 
1.75±0.42 

O LA LP 
HP 

2.49±0.71 

AC HA HP 
 

2.54±0.32 

AC HA 
 

2.08±0.39 

 
 

1.45±0.60 

O LA 
 

2.77±0.75 

AC MP HP 
 

1.46±0.32 

O LP HP 
 

0.43±0.25 

AC O LP 
MP 

App.MD 

[mg HA/cc] 

283±49 

O LA MA 
LP MP 

127±31 

AC MA HA 
MP HP 

168±46 

AC HA 
 

211±51 

AC O HA 
 

312±61 

O LA MA 
 

116±23 

AC MP HP 
 

209±52 

AC O LP 
HP 

361±51 

AC O LP 
MP 

TMD 

[mg HA/cc] 
722±10 734±31 716±16 726±29 721±26 736±36 745±44 730±18 

  

Data are mean ± standard deviations. Difference in letters denominate significant differences to given groups: 

AC –  age matched controls, O – OVX controls, LA(low)/MA(medium)/HA(high)  – Alendronate, 

LP(low)/MP(medium)/HP(high) –  PTH. (ANOVA and Tukey)
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Table 2.2. Mechanical properties of the tibial diaphysis (4 point bending) femoral diaphysis 

(nanoindentation) and femoral metaphysis (finite element modeling) at 12 months of age, 

after 6 months of treatment 

 

F
em

o
ra

l 
M

e
ta

p
h

ys
is

 

(f
in

it
e 

el
em

en
t 

m
o

d
el

) 

CSA 

[mm2] 

18.0±1.73 

O LP 

 

14.5±1.04 

AC HA HP 

 

15.6±2.14 

HA 

 

16.6±1.80 

 

 

19.3±2.32 

O LA 

 

14.5±1.36 

AC HP 

 

16.2±2.39 

HP 

 

19.3±2.01 

O LP MP 

 

Stiffness 

[N/mm] 

53.97±5.60 

HA HP 
 

49.69±5.05 

HA HP 
 

50.34±4.65 

HA 
 

53.80±4.57 

HA 
 

62.86±7.69 

AC O LA 

MA 
 

45.54±5.25 

HP 
 

52.73±5.42 

HP 
 

72.91±6.34 

AC O LP 

MP 
 Max Force 

Trab [N] 

10.09±0.96 

HA HP 

 

10.09±0.96 

HA HP 

 

10.09±0.96 

HA 

 

10.09±0.96 

 

 

10.09±0.96 

AC O LA 

 

10.09±0.96 

HP 

 

10.09±0.96 

HP 

 

10.09±0.96 

AC O LP 

MP 
 Max Force 

Cort [N] 

10.09±0.96 

HA HP 

 

10.09±0.96 

HA HP 

 

10.09±0.96 

HA 

 

10.09±0.96 

HA 

 

10.09±0.96 

AC O LA 

MA 

10.09±0.96 

HP 

 

10.09±0.96 

HP 

 

10.09±0.96 

AC O LP 

MP 

E  

[GPa] 

10.09±0.96 

HP 

 

11.48±1.06 

 

 

10.87±0.88 

 

 

10.93±1.09 

 

 

10.96±1.10 

 

 

 

10.56±1.30 

HP 

 

11.00±1.24 

HP 

 

12.71±0.98 

AC LP MP 

 

% Load 

Trab Bone 

32.9% 

HA HP 

 

8.4% 

HA HP 

 

14.9% 

HA 

 

20.8% 

 

 

34.6% 

AC O LA 

 

6.8% 

HP 

 

18.1% 

HP 

 

42.3% 

AC O MP 

LP 

 
Data are mean ± standard deviations. Difference in letters denominate significant differences to given groups: 

AC – age matched controls, O – OVX controls, LA(low)/MA(medium)/HA(high)  – Alendronate, 

LP(low)/MP(medium)/HP(high)  –  PTH. (ANOVA and Tukey)

 

 

  

AC OVX L-ALN M-ALN H-ALN L-PTH M-PTH H-PTH 

T
ib

ia
l 

D
ia

p
h

ys
is

 

(4
-p

t 
B

en
d

in
g

) 

Stiffness 

[N/mm] 
820±167 

 
742±186 

HA 
849±265 

 

882±202 

 

1086±128 

O 
820±228 

 

856±273 

 

972±280 

 

Yield 

Load [N] 
161±32 

 

150±50 

 

186±47 

 

183±38 

 

195±36 

 

157±45 

 

164±44 

 

214±54 

 

Maximum 

Load [N] 
255±31 

 

200±63 

HA HP 

267±66 

 

260±22 

 

293±33 

O 

205±62 

HP 

259±75 

 

318±49 

O LP 

E [GPa] 
2.30±0.5 

 
1.81±0.7 

HA 
2.19±0.8 

 

2.26±0.7 

 

2.81±0.9 

O 
1.78±0.5 

 

2.86±0.4 

 

2.05±0.6 

 

Yield σ 

[MPa] 
275±115 

 

245±123 

 

315±93 

 

307±95 

 

358±69 

 

308±89 

 

404±106 

 

338±129 

 

Max. σ 

[MPa] 
444±98 

 
321±137 

HA MP 
451±161 

 
448±83 

 
550±149 

O 
400±120 

 
672±155 

O 
478±135 

 

F
em

o
ra

l 
D

ia
p

h
ys

is
 

(n
a

n
o

in
d

en
ta

ti
o

n
)   

       

E  

[GPa] 

 

 

32.26±1.11 

LA HA LP 

MP HP 

31.50±1.31 

 

 

27.77±2.07 

AC 

 

29.53±1.91 

 

 

27.66±3.06 

AC 

 

28.73±3.67 

AC 

 

28.73±4.21 

AC 

 

28.09±0.79 

AC 

 

 

Hardness 

[GPa] 

 

1.43±0.06 

LA LP MP 

 

1.37±0.08 

 

 

1.18±0.17 

AC 

 

1.31±0.11 

 

 

1.28±0.15 

 

 

1.19±0.21 

AC 

 

1.21±0.22 

AC 

 

1.29±0.09 

AC 
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Table 2.3. Linear regression analysis of trabecular bone architecture of the femoral 

metaphysis (microCT) to its structural mechanical properties (finite element modeling)  

 

 

  BV/TV 
Tb.Th 

[mm] 

Tb.N 

[1/mm] 

Tb.Sp 

[1/mm] 

Conn.D 

[1/mm4] 

 

SMI 

Stiffness 

[N/mm] 

R
2
=0.55 

p<0.001 

R
2
=0.71 

p<0.001 

R
2
=0.44 

p<0.001 

R
2
=0.42 

p<0.001 

R
2
=0.34 

p<0.001 

R
2
=0.45 

p<0.001 

App. Modulus 

[GPa] 

R
2
=0.03 

p>0.05 

R
2
=0.12 

p<0.01 

R
2
=0.00 

p>0.05 

R
2
=0.00 

p>0.05 

R
2
=0.34 

p>0.05 

R
2
=0.45 

p>0.05 

% Load 

 Trab. Bone 

R
2
=0.88 

p<0.001 

R
2
=0.38 

p<0.001 

R
2
=0.81 

p<0.001 

R
2
=0.75 

p<0.001 

R
2
=0.69 

p<0.001 

R
2
=0.47 

p<0.001 

Max Trab. 

Load [N] 

R
2
=0.68 

p<0.001 

R
2
=0.67 

p<0.001 

R
2
=0.35 

p<0.001 

R
2
=0.28 

p<0.001 

R
2
=0.24 

p<0.001 

R
2
=0.56 

p<0.001 

 

 

Table 2.4. Correlations between chemistry (FTIR) and tissue mechanical properties 

(nanoindentation) of the femoral diaphysis  

 

 

  
Mineralization 

 

(900-1200) 

 (1600-1700) 

Crystallinity 

 

(1034-1036) 

(1024-1026) 

Collagen Cross 

Linking 

(1659-1661) 

(1689-1691) 

Carbonate 

Substitution 

(1414-1424) 

(900-1200) 

Protein 

 

 (1600-1700) 

Phosphate 

 

(900-1200) 

TMD 

 

[mg HA/CC] 

 

Elasticity 

[GPa] 

R
 2
=0.03 

R
 2
=0.03 

R
 2
=0.02 

R
 2
=0.00 

R
 2
=0.01 

R
 2
=0.11 

R
 2
=0.01 

 R
 2
=0.26

*
 

R
 2
=0.00 

 R
 2
=0.08

*
 

R
 2
=0.02 

 R
 2
=0.24

*
 

R
 2
=0.03 

R
 2
=0.04 

Hardness 

[GPa] 

R
 2
=0.02 

 R
 2
=0.18* 

R
 2
=0.01 

R
 2
=0.01 

R
 2
=0.00 

R
 2
=0.02 

R
 2
=0.00 

R
 2
=0.06 

R
 2
=0.00 

R
 2
=0.05 

R
 2
=0.03 

 R
 2
=0.36

*
 

R
 2
=0.03 

R
 2
=0.10 

TMD  

[mg HA/cc] 

R
 2
=0.12

*
 

R
 2
=0.30

*
 

R
 2
=0.04 

R
 2
=0.00 

R
 2
=0.01 

R
 2
=0.00 

R
 2
=0.00 

 R
 2
=0.09

*
 

R
 2
=0.04 

 R
 2
=0.08

*
 

R
 2
=0.00 

R
 2
=0.01 

N/A 

*Denotes significantly non-zero slope of the regression line. 
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Table 2.5. Correlations between structural (microCT) and mechanical (4 pt bending) 

properties of the tibial diaphysis   

 

  Bone Volume 

[mm
3
] 

BV/TV 
Ct.Th 

[mm] 

pMOI 

[mm
4
] 

TMD 

[mg HA/cc] 

App.MD 

[mg HA/cc] 

Stiffness 

[N/mm] 

R
2
=0.04 

p>0.05 

R
2
=0.00 

p>0.05 

R
2
=0.20 

p<0.001 

R
2
=0.00 

p>0.05 

R
2
=0.02 

p>0.05 

R
2
=0.03 

p>0.05 

Yield Load 

[N] 

R
2
=0.11 

p<0.01 

R
2
=0.02 

p>0.05 

R
2
=0.26 

p<0.001 

R
2
=0.02 

p>0.05 

R
2
=0.02 

p>0.05 

R
2
=0.04 

p>0.05 

Max Load 

[N] 

R
2
=0.09 

p<0.01 

R
2
=0.01 

p>0.05 

R
2
=0.28 

p<0.001 

R
2
=0.00 

p>0.05 

R
2
=0.00 

p>0.05 

R
2
=0.00 

p>0.05 

App 

Modulus 

[MPa] 

R
2
=0.08 

p<0.01 

R
2
=0.00 

p>0.05 

R
2
=0.03 

p>0.05 

R
2
=0.24 

p<0.001 

R
2
=0.03 

p>0.05 

R
2
=0.03 

p>0.05 

Yield Stress 

[MPa] 

R
2
=0.01 

p>0.05 

R
2
=0.01 

p>0.05 

R
2
=0.10 

p<0.01 

R
2
=0.08 

p<0.01 

R
2
=0.00 

p>0.05 

R
2
=0.00 

p>0.05 

Max Stress 

[MPa] 

R
2
=0.03 

p>0.05 

R
2
=0.01 

p>0.05 

R
2
=0.06 

p<0.05 

R
2
=0.14 

p<0.001 

R
2
=0.00 

p>0.05 

R
2
=0.00 

p>0.05 
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Chapter 3 

ALENDRONATE AND PTH DIFFERENTIALLY MODULATE BONE METABOLISM 

RESULTING IN DOSE-DEPENDENT CHANGES TO BONE SURFACE PROPERTIES 

MEASURED THROUGH NANOINDENTATION AND FTIR 

 

3.1 Abstract 

Bone quality is an important concern, particularly during osteoporosis drug treatment. Drugs 

such as alendronate (ALN) and parathyroid hormone (PTH) have been clinically successful at 

mitigating the effects of bone loss. The modes at which ALN and PTH maintain bone mass are 

different, where the anti-catabolic drug ALN blocks bone resorption while the anabolic drug 

PTH increases bone formation.  To determine whether ALN and PTH differentially modulate 

tissue material properties, we subjected OVX rats to 6 months of varying doses of ALN and 

PTH.  Morphologic (histological), chemical (FTIR), and tissue mechanical properties 

(nanoindentation) of cortical and trabecular bone in the tibial metaphysis were determined. The 

material properties of bone surfaces were compared to the properties of interstitial bone. Six 

month old Sprague Dawley rats (n=10/group) were assigned to age-matched controls (AC), OVX 

controls, OVX treated with high (H), medium (M) or low (L) doses of hPTH (75, 15, 

0.3µg/kg/day), or ALN (100, 10 or 1µg/kg/2x week).  At 12 months, after 7 months of OVX, 

OVX controls had 65% lower trabecular number (Tb.N) and 174% greater separation than AC 

controls (p<0.05) in the tibial metaphysis. H-PTH-treated rats had 108% thicker trabeculae than 

OVX controls (p<0.001), while ALN-treated animals had 1.4x (L) 1.8x (M) and 2.5x (H) higher 

Tb.N than OVX controls. At 12 months of age, OVX controls had a 112% more mineralizing 
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surfaces than AC controls (p<0.05). PTH-treated rats had 171% (L), 280% (M) and 261% (H) 

greater mineralizing surfaces than AC controls (p<0.001). ALN-treated rats had 27% (L), 59% 

(M) and 81% (H) lower mineralizing trabecular surfaces than OVX controls (p<0.01). There 

were no differences in crystallinity, collagen cross-linking or carbonate substitution between AC, 

OVX, H-ALN or H-PTH bone regions. Bone surfaces of AC, OVX and H-PTH treated rats were 

13, 18 and 12% less mineralized than their interstitial bone regions (p<0.05). ALN-treated rats 

had no differences across bone regions (p>0.05). H-ALN treated rats had bone surfaces that were 

32% more mineralized than OVX and 18% more mineralized than H-PTH bone surfaces 

(p<0.05). Bone surfaces of AC, OVX and H-PTH treated rats had 4, 6.5 and 7% lower elastic 

moduli and H-PTH had 9% lower tissue hardness  when compared to their interstitial bone 

regions (p<0.05). H-ALN treated rats had no difference in mechanical properties across bone 

regions (p>0.05). H-ALN treated rats had bone surfaces with 17% higher elastic moduli than 

OVX bone surfaces and 25% higher elastic moduli than H-PTH bone surfaces (p<0.05). Bone 

chemistry weakly correlated to changes in micro-mechanical properties. Bone tissue 

mineralization (FTIR) positively correlated to tissue elastic moduli (nanoindentation) (R
2
=0.05, 

m=0.82, p<0.01), and to tissue hardness (R
2
=0.03, m=0.78, p<0.05). Collagen cross-linking 

negatively correlated to tissue elastic moduli (R
2
=0.02, m=-0.68, p<0.05), but not to tissue 

hardness. Crystallinity and carbonate did not correlate to changes in micro-mechanical 

properties.  

 These data demonstrate the drug-specific modulation in tissue material properties and 

how properties vary across the bone matrix. Through suppression of remodeling, ALN increases 

the mineralization and tissue mechanical properties of bone surfaces while PTH increases bone 

formation and leads to bone surfaces with reduced mineralization and mechanical properties. The 
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modest reduction in interstitial bone properties by PTH suggests that long term treatment may 

lead to an overall reduction in tissue properties which could result in decreased bone strength. 

Both treatments successfully mitigate osteoporotic bone loss, but their effects on tissue 

properties could negatively affect bone strength, particularly during long term drug use. 

 

3.2 Introduction 

Bone strength is derived from an accumulation of factors including, bone mass, structure 

geometry, microarchitecture, the rate of metabolic activity, and tissue mineral density which is 

inherently derived from its chemical properties. Osteoporosis related bone loss alters each of 

these parameters, but most studies focus on changes to bone mass, geometry and architecture. 

The effects of osteoporosis-induced changes to tissue level properties including tissue mineral 

density, chemical composition and tissue mechanical properties still remain unclear. These 

properties can also be altered by drug treatments used to prevent bone loss. 

 Ovariectomized rat models are commonly used to study the effects of estrogen related 

bone loss [169]. The removal of ovaries causes drastic reduction in circulating estrogen inducing 

changes to the skeletal system similar to post menopausal osteoporosis. Ovariectomy reduces 

bone mass, microarchitecture, and tissue mineral content [170]. Osteoporosis is a result of a 

change in the bone remodeling process where bone resorption outweighs formation leading to a 

net loss in bone. The coupled nature of resorption and formation leads to an overall increase in 

the metabolic activity of bone where increased resorption is accompanied by increased 

formation. Pharmaceuticals used to treat osteoporosis mitigate bone loss by targeting the 

mismatch in remodeling. Drugs target different mechanisms of the remodeling process by 

preventing bone resorption through bisphosphonates (e.g., alendronate) [59, 171] or increasing 
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bone formation through anabolic agents (e.g., intermittent parathyroid hormone) [80, 172]. 

However, the differential ways in which bone mass is preserved can lead to changes in the 

matrix material properties.  

 Bone mineral density distribution describes the rate at which bone tissue is mineralized 

across the trabecular landscape. The method and rate at which bone tissue becomes calcified is a 

complex process which is tightly regulated to maintain an organized distribution of mineral 

throughout the matrix [173]. Tissue mineralization is a two phase process with an initial rapid 

mineralization of up to 70% of its total mineral content, that occurs directly upon the onset of 

bone formation [174]; this  can happen within days [1]. A slow secondary mineralization process 

follows, where mineral crystals undergo maturation which can take up to several years for the 

tissue to fully mineralize [174]. Physiologic conditions, such as age, drug status and genetics 

alter bone metabolism and formation rates; which affect the rate of tissue mineralization. This 

may indicate that drugs with different modes of targeting bone remodeling may drastically 

affects bone mineral density distribution. 

 Intermittent PTH therapy applied for up to 3 years in osteoporotic women, significantly 

increased bone mass [172]. Histological analysis shows PTH increases bone mass by increasing 

the number of mineralizing surfaces and increasing mineral apposition rates thereby thickening 

the trabeculae [175]. Rapid bone formation by PTH induces a greater amount of new bone on 

marrow exposed trabecular and cortical surfaces [176].  

 With intermittent PTH treatment, new bone is constantly being formed and with high 

enough doses new bone is laid down very rapidly which could perturb normal mineralization. 

High resolution analysis is needed of the trabeculae and cortical surfaces, which are undergoing 

remodeling elucidate drug induced changes to tissue quality. Thus far, studies on the 
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mineralization of bone after PTH therapy have been promising. Studies have shown that there is 

adequate mineralization after intermittent PTH administration in aged rats [176], and treatment 

did not compromise its micro-mechanical properties [177]. Proper tissue mineralization could 

lead to reduced bone properties and/or material properties that differ across the tissue matrix. 

 Alternatively, alendronate maintains bone mass by blocking resorption, even the natural 

turnover that occurs during healthy remodeling. Remodeling is necessary for the removal of 

damaged bone and for the natural excretion of calcium into the blood stream upon demand. By 

suppressing the remodeling process, alendronate alters the material properties and increases 

tissue stiffness [160]. Increased tissue stiffness could increase bone brittleness and raise the 

susceptibility to fracture [178]. 

 A recent clinical study of alendronate administration in osteoporotic women 

demonstrated that drug-induced increases in BMD scores, collected through Dual X-ray 

absortiometry (DXA), were the result of  increased tissue mineralization and not increased in 

bone mass [179]. In a long-term animal study, bisphosphonates did not affect the rate of 

secondary mineralization [180]. Together, these data imply that the alendronate-induced 

alterations to BMD are caused by increased mineralization of bone surfaces through the 

suppression of natural turnover.  Alendronate and PTH induced changes to bone material 

properties may influence bone mineral density distribution caused by changes in chemical 

composition that differ across the bone matrix.  

 Fourier transform infrared microspectroscopy (FTIR) analysis has been used to measure 

tissue level chemical distribution of bone [157]. Bone chemistry varies across skeletal sites, and 

throughout bone tissue matrix [178].  New bone is different in its chemical makeup from mature 

bone, it has reduced collagen content and lower crystal maturation which lowers mineralization 
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[181]. Nanoindentation has been used to measure tissue level micro-mechanical properties of 

bone.  Discrepancies between studies have found that ovariectomy induced no change in tissue 

material properties [182], or reduced material properties [161]. Changes in bone chemistry have 

been shown to correlate to alterations in mechanical properties. Collagen structure and collagen 

cross-linking can modulate bone elasticity [183], [20]. Mineral content, crystal size, orientation 

and maturation as well as crystalline perfection have been shown to modulate bone hardness and 

stiffness [184], [185]. The effects of OVX and drug treatments on bone material properties at 

remodeling sites compared to more mature bone is still unclear. Understanding these effects may 

help to elucidate spatially localized alterations in chemical composition and its effect on bone. 

As osteoporosis drugs differentially target bone metabolism, the localized bone changes in 

chemistry during bone formation is particularly important.  

 Current research on the effects of osteoporosis drug treatments on tissue material 

properties are contradictory, where some have indicated bisphosphonates reduce tissue 

mechanical properties [151], while others measure no such effect [186] and some demonstrate an 

increase in properties [177, 187]. The bisphosphonate risedronate has been shown to decrease 

mineral crystal size and reduce maturation of collagen fibers [188].   

 Defining the drug-induced changes in the chemistry of the bone matrix and its influence 

on mechanical behavior will provides novel information to the role of drug treatment on bone 

quality. Special attention needs to be made to site-specific modification of bone chemistry, 

particularly in regions of new bone formation in order to elucidate drug-specific modifications of 

bone tissue quality. We hypothesize that alendronate and PTH will have dose-dependent but 

differential affects on bone metabolism, leading to differences in the spatial distribution of tissue 

chemical composition (FTIR) and micromechanical properties (nanoindention).   
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3.3 Materials and Methods 

Experimental design 

All procedures were reviewed and approved by the Institutional Animal Care and Use 

Committee of Stony Brook University. All rats were individually housed in standard cages and 

allowed free access to standard rodent chow and tap water and were weighed twice weekly to 

monitor changes in body mass. Adult five-months-old female Sprague-Dawley rats were 

ovariectomized and weight-matched into normal age matched controls (AC), ovariectomized 

controls (OVX), and ovariectomized rats treated with either alendronate (ALN) or parathyroid 

hormone (PTH) at three different doses.  

  At 6 months of age, 10 age matched and 10 OVX rats were sacrificed as baseline 

controls, drug treatment began and continued for six months . Alendronate was injected 

subcutaneously twice per week; high-dose rats received 2 mg/kg (H-ALN), medium-dose rats 

received 100 µg/kg (M-ALN), and low-dose rats received 10 µg/kg) (L-ALN). Parathyroid 

hormone was injected subcutaneously five times per week: high at 75 µg/kg (H-PTH), medium 

at 15 µg/kg (M-PTH), and low at 0.3 µg/kg (L-PTH).  Drugs were administered at the dosages 

listed, per injection. Treatment doses were determined based on previous literature for the 

clinically relevant dose (medium), the maximum tolerable dose without known evidence of 

cytotoxicity (high) and a dose low enough to induce minor improvements compared to OVX 

controls. 

 All animals, with the exception of AC controls, were ovariectomized at 5 months of age. 

Animals were sacrificed at baseline, at 6 months of age, and after 6 months of treatment, at 12 

months of age.   
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Dynamic Histomorphometry 

Dynamic histormorphometry was conducted to determine the metabolic activity of bone of the 

tibial metaphysic. Animals were injected with calcein 10 and 9 days prior to sacrifice, and again 

a week later at 4 and 3 days prior to sacrifice. This created a region of double labeled new bone 

formation on the bone surfaces.  After sacrifice, the left tibiae were extracted, cleaned of soft 

tissue and dehydrated in ethanol (70%, 80%, 90%, 100% - 3-4 days each). The dehydrated left 

tibiae were embedded in poly methyl-methacrylate by previously described methods [189]. The 

metaphyseal regions of the tibiae were sectioned in the coronal plane at 8 µm section thickness 

(Leica, RM 2165 microtome, Leica Microsystems, Wetzler, Germany). The entire metaphyseal 

regions, from growth plate to diaphysis, were imaged at 10x magnification with a Zeiss 

Microscope with a FITC fluorescence filter to capture bone with its double labeled surfaces. 

Collected images were superimposed together using imaging software (Adobe Photoshop) to 

create a map of the metaphyseal section. Maps were analyzed using Osteomeasure 

software(OsteoMetrics, Decatur Georgia). Output parameters from dynamic histomorphometry 

included bone area, trabecular number, trabecular separation, trabecular thickness, mineral 

apposition rate, mineralizing surface rate and bone formation rate. 

 

Fourier Transform Infrared Microspectroscopy (FTIR) 

The tibial metaphyseal bone blocks that remain after sectioning were analyzed using 

synchrotron-based Fourier transform infrared microspectroscopy imaging. The analysis was used 

to determine chemical composition of bone surfaces (new – (< 10 day old) within by intra-

calcein label) or interstitial bone from both cortical and trabecular bone regions.  The exposed 

bone embedded within PPMA  that remained after microtome sectioning was polished using 
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abrasive silicon carbide papers of decreasing particle size (600 μm, 800 μm and 1200 μm) and 

was then polished with a series of diamond suspension polishing solutions (3 μm, 1 μm, 0.25 μm 

and 0.05 μm) to create a highly reflective surface. 

 Bone blocks were mounted and analyzed with FTIR in reflective mode at Brookhaven 

National Labs U2B beamline to determine the chemical composition of bone. A 

spectrophotometer, equipped with a fluorescence microscope, with an IR microscope and MCT-

A  detector was used in a  frequency range of 650 to 4,000 cm with an aperture size of 20 um x 

20 µm. Spectra were collected at 128 scans per point. Collected data was processed using Omnic 

software. Decay of the current of the synchrotron light source was corrected by beam current 

normalization for each spectral point. Background scans were collected on a cesium iodide 

window to reduce beam noise before and after each bone. At least 20 spectra were collected and 

averaged for each region of interest:  1. cortical bone surfaces, 2. cortical interstitial bone, 3. 

trabecular bone surfaces, and 4. trabecular interstitial bone (Figure 3.1a). The fluorescence 

microscope, equipped with a camera mercury arc lamp and FITC filter cube, was used to localize 

spectral data collection points to active remodeling sites of new bone formation (i.e. within the 

double labeled band, Figure 3.1b). Points of interest were selected visually from at least two 

separate locations for all 4 tissue types previously described. Any spectral data with the 

characteristic PMMA peak at 1660 were eliminated from the data pool, which occurred when the 

aperture was placed too close to the bone surface.  

 Reflective data was transformed into absorbance data using a Kramer’s Kronig 

transformation algorithm [157]. Absorbance data was analyzed using Cytospec software to 

determine mineralization (phosphate/protein ratio 900-1200/1600-1700), collagen cross-linking 
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(1659-1661/1689-1691), crystallinity (1034-1036/1024-1026), carbonate substitution (1414-

1424/900-1200), protein content (1600-1700) and phosphate content (900-1200). 

 

Nanoindentation 

Tissue level mechanical properties were determined through nanoindentation on the tibial 

metaphysis on both cortical and trabecular bone, to determine site-specific and tissue-specific 

differences in micro-mechanical properties. The metaphyseal bone blocks, which were 

previously polished and analyzed through non-destructive FTIR analysis, were used for 

nanoindentation. The bottom of the bone block was mounted to magnetic metal disks with 

cyanoacrylate glue and sonicated to thoroughly clean the bone surface of residue. The highly 

polished surfaces of metaphyseal bone were indented using a nanoindenter system 

(Triboindenter; Hysitron, Minneapolis, MN) with a Berkovich indenter tip. Bones were indented 

using a trapezoidal load function at a constant loading rate of 100 μN/s for ten seconds followed 

by a constant 1,000 μN hold load for 10 seconds, followed by a constant unloading rate of -100 

μN/s for ten seconds.  

 Isotropic silica was used to calibrate the tip area function. The optic-probe tip calibration 

was performed regularly to calibrate the offset between the probe tip and the optics focal point. 

The reduced elastic modulus was calculated by the standard Oliver-Phar method which has been 

described in detail [155]. Indentation regions of interest were selected visually and included: 1. 

cortical bone surfaces, 2.cortical interstitial bone, 3. trabecula  bone surfaces, and 4. trabecular 

interstitial bone. Ten  indents per tissue region were tested and averaged for each of the four 

tissue types for each sample. Individual indents that were greater than 2 standard deviations from 

the sample mean were removed as outliers. A force displacement curve was generated for each 
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indent, and Hysitron software calculated the elastic response (Young’s modulus), and tissue 

hardness, from the 20-90% portion of the unloading curve using calculations previously 

described [155].  

 

Statistical Analysis 

All values are presented as means +/- standard deviations. Statistical significance between 

groups were determined using a One-Way ANOVA followed by a Tukey post-hoc test, and were 

reported with their associated p-values. Measures of bone chemistry were regressed against bone 

micro-mechanical properties using Pearson product correlations to evaluate the associations 

between bone chemical and micro-mechanical properties. R
2
 and p values were reported when 

significance is detected. A multivariate analysis was used to determine the combined 

contribution of chemical properties to tissue micro-mechanical properties. Paired-wise Student t-

tests were conducted to determine differences between bone surface properties and interstitial 

bone properties for individual groups.  

 

3.4 Results 

Bone microarchitecture of the tibial metaphysis: 

Trabecular micro-architecture was altered differentially by PTH an ALN treatments in a dose-

dependent manner. At 12 months, after 7 months of OVX, trabecular number was 65% lower 

with 174% greater trabecular separation than AC controls (p<0.05). 6 months of PTH and ALN 

treatments differentially modulated trabecular architecture. H-PTH-treated rats had 108% thicker 

trabeculae than OVX controls (p<0.001), while ALN-treated animals had 1.4x (L-ALN) 1.8x 

(M-ALN) and 2.5x (H-ALN) more trabeculae than OVX controls (all p<0.05, Figure 3.2). 
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Similarly, all doses of ALN reduced trabecular separation as did M- and H-PTH. Together these 

changes in bone architecture led to dose-dependent increases in total trabecular bone area. 

 

Bone metabolism of the tibial metaphysis: 

Changes to trabecular bone architecture were caused by dose-dependent and differential effects 

of PTH and ALN treatments on bone metabolism. At 12 months of age, OVX controls had a 

112% greater percentage of mineralizing trabecular surfaces than AC controls (p<0.05). PTH-

treated rats had 171% (L-PTH), 280% (M-PTH) and 261% (H-PTH) more mineralizing 

trabecular surfaces than AC controls (p<0.001). ALN-treated rats had 27% (L-ALN, p>0.05), 

59% (M-ALN, p<0.05) and 81% (H-ALN, p<0.001) less mineralizing trabecular surfaces than 

OVX controls (Figure 3.3a). 

 OVX controls had 39% higher mineral apposition rates than AC controls (p<0.05). PTH-

treated rats had 14% (L-PTH, p>0.05), 14% (M-PTH, p>0.05) and 42% (H-PTH, p<0.001) 

higher mineral apposition rate than AC controls. ALN-treated rats had 28% (L-ALN, p>0.05), 

69% (p<0.05, M-ALN) and 60% (p<0.05, H-ALN) lower mineral apposition rates than OVX 

controls (p<0.05) (Figure 3.3b).  

 OVX controls had 176% higher bone formation rates than AC controls (p<0.05), PTH-

treated animals had 207% (L-PTH), 341% (M-PTH) and 399% (H-PTH) higher bone formation 

rates than AC (p<0.001). Additionally, M-PTH and H-PTH had 60% (M-PTH, p<0.05) and 80% 

(H-PTH, p<0.001) higher bone formation rates than OVX controls. ALN-treated animals had 44 

% (L-ALN, p>0.05), 85% (M-ALN, p <0.001) and 90% (H-ALN, p<0.001) lower bone 

formation rates than OVX controls (Figure 3.3c). 
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 Similar OVX and drug related effects on bone metabolism were seen on the endosteal 

surfaces of cortical bone. The percentage of endosteal mineralizing surfaces increased by 165% 

with OVX, and increased by 121% (L-PTH) 171% (M-PTH) and 189% (H-PTH) compared to 

AC controls (p<0.01). Inversely, ALN had 13% (L-ALN, p>0.05) 71% (M-ALN, p<0.05) and 

80% (H-ALN, p<0.001) lower mineralizing surfaces than OVX controls (p<0.001, Figure 3.4a) 

H-PTH treated rats had mineral apposition rates that were 62% higher than L-PTH (p<0.05). 

ALN-treated rats had mineral apposition rates that were 49% (M-ALN, p<0.05) and 60% (H-

ALN, p<0.01) lower than OVX controls (Figure 3.4b). Bone formation rates of OVX rats were 

184 % higher than AC controls (p<0.05). PTH treated rats had 75% (L-PTH, p>.05), 176% (M-

PTH, p<0.05) and 246% (H-PTH, p<0.001) higher bone formation rates than AM controls. 

ALN-treated rats had 17% (L-ALN, p>0.05), 87% (M-ALN, p<0.001) and and 92% (H-ALN, 

p<0.001) lower bone formation rates than OVX controls (p<0.001, Figure 3.4c). 

 

Cortical and trabecular chemistry of bone surfaces and interstitial bone: 

FTIR analysis of the cortical and trabecular bone analyzed at both bone surfaces and interstitial 

bone revealed little differences in chemical composition with OVX or drug treatments. After 7 

months of OVX, and 6 months of high doses of ALN or PTH treatment there were no differences 

in Crystallinity, collagen cross-linking or carbonate substitution between AC, OVX, H-ALN or 

H-PTH (Figure 3.5). Yet, there were significant differences in tissue mineralization depending 

on bone tissue and region of interest.  

 The cortical and trabecular bone surfaces of OVX bone were 29% and 33% less 

mineralized than AC interstitial bone (p<0.05). The metabolic affects of ALN and PTH 

treatments were apparent in their bone surface chemistries: H-ALN cortical and trabecular 
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interstitial bone regions were 36% and 47% more mineralized than OVX trabecular bone 

surfaces (p<0.05). While H-PTH trabecular bone surfaces were 23% less mineralized than AC 

interstitial bone,  23% less mineralized than the bone surfaces of H-ALN and 24% less 

mineralized than the interstitial bone of H-ALN treated rats (p<0.05, Figure 3.6).  

 The chemical data of trabecular and cortical bone surfaces was averaged together, as was 

the trabecular and cortical interstitial bone data. These two groups were compared to answer the 

direct question of tissue-age related changes in bone chemistry. Bone surfaces of AC, OVX and 

H-PTH treated rats were 13, 18 and 12% less mineralized than their interstitial bone regions 

(p<0.05 pair-wise Student t-test). ALN induced changes to bone surface chemistry where the 

bone surfaces of ALN treated rats were no different than the interstitial bone (p>0.05), 

potentially through cessation of bone turnover. H-ALN treated rats had bone surfaces that were 

32% more mineralized than OVX bone surfaces and 18% more mineralized than H-PTH bone 

surfaces (p<0.05, One-Way ANOVA, Tukey post hoc,  Figure 3.7) 

 

The micro-mechanical properties of cortical and trabecular bone surfaces and interstitial 

bone: 

 Nanoindentation of cortical and trabecular bone, indented at both bone surfaces and 

interstitial bone  regions revealed small changes in micro-mechanical properties after OVX or 

drug treatments. The cortical bone surface of OVX rats had 16% lower tissue hardness than AC 

controls (p<0.05). The metabolic affects of ALN and PTH treatments were apparent in their bone 

surface micro-mechanical properties. The cortical bone surfaces of H-PTH treated rats had 21% 

lower elastic moduli and 16% lower tissue hardness than AC bone surfaces (p<0.01). H-PTH 

elastic moduli were also lower than the bone surfaces of L-PTH (18%, p<0.05), M-ALN (19%, 
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p<0.05) and H-ALN treated rats (22%, p<0.01). The trabecular bone surfaces of H-ALN treated 

rats had 22% higher elastic moduli than OVX controls (p<0.05) and 22% higher than PTH 

treated rats (p<0.05). The cortical interstitial bone of OVX controls had 15% lower tissue 

hardness than AC controls (p<0.05). The interstitial cortical bone of H-PTH treated rats had 16% 

lower elastic moduli than AC controls (p<0.05). There were no differences in trabecular 

interstitial bone properties (Figure 3.8 and Figure 3.9) 

 The averaged bone surface data from cortical and trabecular regions provided a more 

direct answer to the question of tissue age on bone micro-mechanical properties. Bone surfaces 

of AC, OVX and H-PTH treated rats had 4, 6.5 and 7% lower elastic moduli and PTH had 9% 

lower tissue hardness  than their interstitial bone regions (p<0.05 pair-wise Student t-test). ALN 

treated rats (through blocked bone remodeling) had no difference in mechanical properties of the 

bone surface and the interstitial bone (p>0.05). H-ALN treated rats had bone surfaces with 17% 

higher elastic moduli than OVX bone surfaces and 25% higher elastic moduli than H-PTH bone 

surfaces (p<0.05, Figure 3.10) 

Bone chemistry weakly correlated to changes in micro-mechanical properties. Bone tissue 

mineralization (FTIR) positively correlated to tissue elastic moduli (nanoindentation) (R
2
=0.05, 

m=0.82, p<0.01), and to tissue hardness (R
2
=0.03, m=0.78, p<0.05). Collagen cross-linking 

negatively correlated to tissue elastic moduli (R
2
=0.02, m=-0.68, p<0.05), but not to tissue 

hardness. Crystallinity and carbonate did not correlate to changes in micro-mechanical properties 

(Table 3.4). 
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3.5 Discussion 

PTH and alendronate dose-dependently improved bone architecture through differential 

modulation of bone metabolism. Alendronate’s mechanism of suppressed resorption was seen by 

a higher trabecular number with trabecular and cortical bone surfaces that had increased tissue 

mineralization and higher mechanical properties compared to OVX controls. While the anabolic 

action of PTH led to increased bone formation rates, a higher percentage of remodeling surfaces, 

increased trabecular thickness, and decrease in bone surface mineralization and tissue 

mechanical properties, as well as slight decreases in interstitial properties. The drug-specific 

changes to tissue mineralization positively correlated to micro-mechanical properties.  

 Preservation of bone structure and microarchitecture is critical in the prevention of 

osteoporotic fractures. It has been demonstrated that reductions to architecture correlates to 

decreased bone mechanical properties [190, 191]. Here we demonstrate the efficacy of PTH and 

ALN with dose-dependent improvements to tibial metaphysis bone architecture when compared 

to untreated OVX controls (Figure 3.2). Therefore the drugs were effective at preserving a main 

component of bone quality. 

 However, drug-induced modulation of tissue material properties is a concern when 

treating patients with osteoporosis, particularly during long term drug use. Although alendronate 

is one of many bisphosphonates commonly used to prevent bone loss, these drugs have recently 

been linked to an increase in atypical low energy femoral fractures. The cause of this type of 

fracture is somewhat unclear. It has been suggested that it may be due to a change in structural 

properties like a thickening of the cortex [192], accumulation of microcracks and reduced 

toughness [62], or drug-induced increases in material properties such as tissue hardness and 

crystallinity [193]. 
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 In general, bisphosphonates do more good than harm and should still be used, but these 

changes in surface properties may provide insight into why bone is failing after bisphosphonate 

use.  We hypothesize that more elastic bone surfaces are necessary for energy dissipation during 

dynamic loading. PTH showed a similar difference in bone surface properties as AC controls, 

demonstrating a normal material property distribution across the matrix.  Since bone is an 

anisotropic viscoelastic material, it is possible that variability in the bone matrix provide a 

compensatory mechanism to distribute the strain through the tissue. As the bone is loaded 

through its cortex and subsequently through the trabeculae, reduced surface material properties 

may allow strain energies to dissipate through the material more readily and through the bone. If 

this surface material is as stiff as its interstitial counterparts it could result in bone brittleness and 

cause a reduction in viscoelastic response. Recent whole bone studies suggest the increased 

tissue material properties improves bone’s structural mechanical properties [194, 195], yet it has 

also been shown that despite improvements to structural mechanical properties, bisphosphonates 

did not improve fracture toughness [195]. 

 Nanoindentation techniques have been criticized due to the relatively small differences 

observed in tissue material properties. Measureable changes in material properties may be 

localized to regions of skeletal remodeling where major differences in bone chemistry can be 

observed, such as within regions of new bone formation., if the bone surface is blindly probed 

with a small surface area tip (<1 µm), indentations could occur within cement lines, on a pocket 

of phosphatase crystals, or within a collagen fibril which all have different material properties 

[196]. Therefore, nanoindentation is not appropriate tool to accurately measure bone’s tissue 

response as a constitutive material, or the overall changes in bone strength. For small resolution 
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characterization of tissue material properties, nanoindentation does provide the sensitivity to test 

and determine differences in mechanical properties along bone surfaces. 

Ultimately, high resolution analysis of tissue material properties by FTIR and nanoindentation 

allowed the site-specific analysis of bone surfaces compared to interstitial bone. This study 

provided valuable insight into material changes that differ across the bone matrix after PTH and 

ALN treatment. Future work should be done on structural mechanical loading of metaphyseal 

bone to measure the strain distribution throughout the matrix in treated rats. This would provide 

additional information about how the mechanical energy is dissipated through tissue with 

varying chemical and mechanical properties. 

 

3.6 Figures  

 

Figure 3.1. A.)  A representative spectral point obtained during U2B - FTIR analysis of bone 

showing the spectra of the cortical bone surface (blue), cortical interstitial bone (red) trabecular 

bone surface (pink) and trabecular interstitial bone (purple) with the characteristic carbonate, 

phosphate, and protein peaks defined. B.) An example of placement of the aperture within 

double labels obtained during FTIR analysis of bone surfaces. 
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Figure 3.2. Static histomorphometry determined trabecular A.) Bone area/total area (Tb.BA/TA) 

B.) Thickness (Tb.Th) C.) Separation (Tb.Sp) and D.) Number (Tb.N) for age-matched (AC-

black), ovariectomized (OVX-white), alendronate-treated at low (L), medium (M), or high (H) 

doses (ALN - light gray) and PTH-treated at low (L), medium (M), or high (H) doses (PTH - 

dark gray) with 6 mo old baseline animals ( - - - ). 
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Figure 3.3. Dynamic histomorphometry of the trabecular bone within the tibial metaphysis 

sectioned longitudinally determined trabecular A.) mineralizing surface/bone surface (Tb. 

Mineralizing Surface/BS) B.) mineral apposition rate (Tb.MAR) and C.) bone formation 

rate/bone surface (Tb.BFR/BS) for age-matched (AC-black), ovariectomized (OVX-white), 

alendronate-treated at low (L), medium (M), or high (H) doses (ALN - light gray) and PTH-

treated at low (L), medium (M), or high (H) doses (PTH - dark gray) with 6 mo old baseline 

animals ( - - - ). 

 

A. B. C.  

Figure 3.4. Dynamic histomorphometry of the cortical bone of the tibial metaphysis sectioned 

longitudinally determined Endosteal A.) mineralizing surface/bone surface (Ec. Mineralizing 

Surface/BS) B.) mineral apposition rate (Ec.MAR) and C.) bone formation rate/bone surface 

(Ec.BFR/BS) for age-matched (AC-black), ovariectomized (OVX-white), alendronate-treated at 

low (L), medium (M), or high (H) doses (ALN - light gray) and PTH-treated at low (L), medium 

(M), or high (H) doses (PTH - dark gray) with 6 mo old baseline animals ( - - - ). 
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Figure 3.5. FTIR analysis on the bone surfaces of the tibial metaphysis revealed Tissue A.) 

Mineralization (900-1200/1600-1700) B.) Crystallinity (1034-1036/1024-1026) C.) Collagen 

cross-linking (1659-1661/1689-1691) and D.) Carbonate Incorporation (1414-1424/900-1200) 

E.) Protein content (1600-1700) and F.) Phosphate content (900-1200) for age-matched (AC-

black), ovariectomized (OVX-white), alendronate-treated for high dose alendronate (H-ALN - 

light gray) and high dose PTH-treated (H-PTH - dark gray) on the cortical surface, cortical 

interstial region, trabecular surface and trabecular interstitial region, statistically compared 

regional differences within a treatment group. 
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Figure 3.6. FTIR analysis revealed tissue mineralization (900-1200/1600-1700) at the A.) 

Cortical bone surface (far left), cortical interstitial space (middle left), trabecular bone surface 

(middle right) and trabecular interstitial space (far right) for age-matched (AC-black), 

ovariectomized (OVX-white), H-alendronate-treated (H-ALN - light gray) and H-PTH-treated 

rats (H-PTH - dark gray) statistically compared across treatment groups and bone regions. 

 

 
 

 

 

Figure 3.7. FTIR analysis of bone surfaces (gray) and interstitial bone (black) revealed tissue 

mineralization (900-1200/1600-1700). Statistical differences within a group were determined 

with a paired-wise Student t-test comparing bone surface properties (gray) to interstitial 

properties (black). 
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Figure 3.8. Nanoindentation of the tibial metaphysis to determine elastic moduli (E) of A.) 

Cortical bone surfaces B.) Cortical interstitial bone, C.) Trabecular bone surfaces and D.) 

Trabecular interstitial bone for age-matched (AC-black), ovariectomized (OVX-white), 

alendronate-treated at low (L), medium (M), or high (H) doses (ALN - light gray) and PTH-

treated at low (L), medium (M), or high (H) doses (PTH - dark gray).   
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Figure 3.9. Nanoindentation of the tibial metaphysis to determine tissue hardness of A.) Cortical 

bone surfaces B.) Cortical Interstitial bone, C.) Trabecular bone surfaces and D.) Trabecular 

interstitial bone for age-matched (AC-black), ovariectomized (OVX-white), alendronate-treated 

at low (L), medium (M), or high (H) doses (ALN - light gray) and PTH-treated at low (L), 

medium (M), or high (H) doses (PTH - dark gray).   
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Figure 3.10. Nanoindentation of bone surfaces (gray) and interstitial bone (black) revealed A.)  

Elastic moduli and B.) Tissue hardness for age matched controls (AC), OVX controls (OVX), 

high alendronate treated (H-ALN) and high PTH treated (H-PTH) rats. 

A.  
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3.7 Tables 

Table 3.1. Histomorphometric analysis of the tibial metaphysis at 12 months of age after 6 

months of drug treatment 

 

 

 
AC OVX L-ALN M-ALN H-ALN L-PTH M-PTH H-PTH    

T
ra

b
ec

u
la

r 
B

o
n
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Tb.BA 

[mm
2
] 

4.12±1.52 

O LA MA 
LP MP 

1.43±0.78 

AC  HA HP 
 

2.82±1.09 

AC HA 
 

3.55±1.30 

AC HA 
 

5.39±1.52 

O LA MA 
 

1.01±0.51 

AC  HP 
 

3.08±1.87 

AC   HP 
 

5.29±1.01 

AC  LP MP 
 

BA/TA 
0.12±0.06 

O LA MA 

LP MP 

0.04±0.02 

AC MA HA 

MP HP 

0.08±0.03 

AC HA 

 

0.10±0.04 

AC O HA 
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O LA MA 

 

0.03±0.02 

AC MP HP 
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AC O LP 

HP 

 

0.16±0.03 

AC O LP 

MP 

 
Tb.N 

[1/mm] 
1.83±0.75 

O LP MP 

0.64±0.22 

AC LA MA 

HA HP 

 

1.53±0.44 

AC HA 
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O  

 

2.21±0.42 

O LA  
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AC HP 

 

1.18±0.46 

AC HP 

 

1.49±0.29 

O LP MP 

 

Tb.Th 

[µm] 
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HP 
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HP 

 

109.0±12.7 

AC O LP 

MP 

Tb.Sp 

[mm] 

0.603±0.353 

O  LP 

 

1.652±0.537 

AC LA MA 

HA MP HP 

0.650±0.198 

O 

 

0.529±0.151 

O 

 

0.406±0.112 

O 

 

2.178±0.952 

AC HP 

 

0.969±0.643 

O HP 

 

0.588±0.135 

O LP MP 

 

Tb.MS/BS 

[1/µm] 

9.69±4.9 

O MA HA 

LP MP HP 

20.26±5.9 

AC MA HA 

MA HP 

0.836±0.30 
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15.05±7.5 

O  

 

8.52±5.5 

O LA  

 

26.26±7.8 

AC  

 

36.78±11.6 

AC  O 

 

35.02±9.1 

AC   O 

 

Tb.MAR 

[µ/d] 

1.01±0.35 

O MA HA 

HP 

1.40±0.24 

AC MA HA  

 

1.01±0.09 

HA 

 

0.44±0.22 

AC  O LA 

 

0.56±0.31 

AC O LA 

 

1.15±0.29 
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AC 
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3
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2
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n
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0.49±0.15 
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AC  
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Data are mean ± standard deviations. Difference in letters denominate significant differences to given groups: 

AC – age matched controls, O – OVX controls, LA(low)/MA(medium)/HA(high)  – Alendronate, 

LP(low)/MP(medium)/HP(high)  –  PTH. (ANOVA and Tukey)
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Table 3.2. Correlations of chemistry (FTIR) and tissue mechanics (nanoindentation) of the 

tibial metaphysis regressed for all individual data points collected for each individual 

animal (n=40 points/treatment, top) for average tissue regions within each group (n=4 

points/treatment, middle) or regressed for averages for each treatment group  

(n=1 point/treatment group, bottom) at 6 and 12 months of age 

 

 

  
Mineralization 

 

(900-1200) 

(1600-1700) 

Crystallinity 

 

(1034-1036) 

(1024-1026) 

Collagen 

Cross Linking 

(1659-1661) 

(1689-1691) 

Carbonate 

Substitution 

(1414-1424) 

(900-1200) 

Protein 

 

(1600-1700) 

Phosphate 

 

(900-1200) 

Elasticity 

[GPa] 

R
 2

=0.03
*
 

R
 2

=0.13
*
 

R
2
=0.09 

R
 2

=0.00 

R
 2

=0.02 

R
2
=0.09 

R
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=0.02 

R
 2

=0.11
*
 

R
2
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*
 

R
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R
 2

=0.16
*
 

R
2
=0.14

*
 

R
2
=0.00 

R
 2

=0.01 

R
2
=0.00 

R
2
=0.02 

R
 2

=0.15
*
 

R
2
=0.40

*
 

Hardness 

[GPa] 

R
 2

=0.03
*
 

R
 2

=0.18
*
 

R
2
=0.01 

R
 2

=0.00 

R
 2

=0.16
*
 

R
2
=0.33

*
 

R
 2

=0.00 

R
 2

=0.00 

R
2
=0.03 

R
2
=0.01 

R
 2

=0.22
*
 

R
2
=0.21

*
 

R
2
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R
 2

=0.03 

R
2
=0.00 

R
2
=0.00 

R
 2

=0.10
*
 

R
2
=0.16

*
 

*Denotes significantly non-zero slope of the regression line. 
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Chapter 4 

BONE AND FAT ARE PERTURBED IN AN OSTEOPOROTIC RAT MODEL BUT 

NORMALIZED WITH PARATHYROID HORMONE AND ALENDRONATE TREATMENT 

 

4.1 Abstract 

30% of the U.S. population is affected by osteoporosis and obesity, and as we discover more 

about the role of fat mass on skeletal health it is becoming clear that there is an inherent 

connection between bone and fat. Post-menopausal osteoporosis is associated with increased 

body mass and abdominal adiposity, factors that can pose a secondary risk to skeletal health.  

Alendronate (ALN) and parathyroid hormone (PTH) treatment target bone loss but their effects 

on adiposity, metabolism, and the interrelationship between bone and fat are largely unknown. 

Adult OVX rats were subjected to short-term (2 months) and long-term (6 months) treatments of 

different doses of ALN and PTH. Bone morphology of the tibia and L4 vertebra was assessed by 

µCT and associated with body mass, abdominal fat and lean volume, marrow adiposity, indices 

of fat metabolism, and transcriptional levels of osteogenic, adipogenic and osteoclastic genes in 

bone marrow populations.  Bone mass and tissue architecture deteriorated with OVX while both 

PTH and ALN provided benefits in a dose-dependent manner. Abdominal fat increased with age 

independent of OVX or drug-status but OVX induced increases in marrow adiposity and fat 

metabolism were reduced by ALN and PTH.  Bone mass and microarchitecture negatively 

correlated to changes in fat composition and marrow adiposity. Wnt-9 transcriptional levels were 

greater in ALN than in controls.  Perturbation of the OVX induced bone and fat phenotypes were 

normalized by moderate to high doses of ALN and PTH.  Through their effects on adiposity, 
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both drugs may help to reduce the incidence of the metabolic syndrome and tissue fat 

accumulation that often accompanies post-menopausal osteoporosis.  

 

4.2 Introduction  

Post-menopausal osteoporosis, a result of estrogen withdrawal, is associated with reduced bone 

mass [26], deterioration of bone microarchitecture [147, 197] and altered tissue-level material 

properties [198, 199], ultimately increasing the risk of skeletal fracture [6, 94, 200].  The 

consequences of estrogen withdrawal are not confined to the skeleton but are also manifested in 

the perturbation of metabolic health [45]. The loss of estrogen increases visceral fat 

accumulation [106] and promotes fat infiltration in the bone marrow, skeletal muscle and the 

liver [102, 201]. Through the intricate linkage of bone and fat [202], metabolic factors are not 

only primary risk factors for type 2 diabetes and cardiovascular disease [46, 203] but can also 

lead to bone degradation [101, 204] and increase susceptibility to fracture [205].  

 The positive relationship between body mass and bone mass [206-209] associated with 

the increase in mechanical demand [81] is well known but the precise role that body fat plays in 

modulating bone mass is ambiguous. Discrepancies between studies that found a positive [207, 

210-213], negative [85, 88], or no [84] influence of fat on bone mass may be associated  with 

differences in the locale of in vivo body compositional measurement, error in imaging modalities 

due to poor resolution [214] or  a lack of normalization by body mass, differences in race, or 

menopausal status [84, 207, 215, 216]. Most recent studies suggest negative effects of fat 

metabolism on bone health as highlighted by the negative association between bone mineral 

density  and visceral fat [85] as well as serum lipid levels [217].  
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 Osteoblastogenesis and adipogenesis are closely linked because osteoblasts and 

adipocytes differentiate from a common progenitor, the mesenchymal stem cell. Not 

surprisingly, there is an inverse relationship between osteoblasts and adipocytes within the bone 

marrow [218]. Mesenchymal differentiation into adipocytes is due to the activation of the 

peroxisomeproliferator-activated receptor-gamma (PPARγ) coupled with a down regulation of 

Wnt/B-catenin signaling pathways [219].  Additionally, diet-induced obesity models have 

demonstrated that adipogenesis negatively effects bone mass due to the accumulation of 

adipocytes in the bone marrow microenvironment [220] which increases osteoclastogenesis 

NFkB(RANKL)/OPG pathways [221-224] and may enhance osteoclast survival [225], ultimately 

elevating bone resorption and further reducing bone mass.  

 Pharmaceuticals used to treat osteoporosis can mitigate bone loss through different 

mechanisms by preventing bone resorption through bisphosphonates (e.g., alendronate) [59, 171] 

or increasing bone formation through anabolic agents (e.g., intermittent parathyroid hormone) 

[80, 172] Although pharmaceuticals have been used successfully to prevent bone loss [172, 226], 

little is known about their influence on bone-fat interactions. Bisphosphonates may reduce 

marrow adiposity in post-menopausal women [227]. When applied to preadipocytes and 

preosteoblasts in culture, PTH increases osteoblastic differentiation while simultaneously 

reducing adipogenesis [228, 229]. Different forms of bisphosphonates have been shown to have 

effects on adiposity; residronate treatment blocks adipogenic differentiation of marrow-derived 

mesenchymal stem cells [230] while strontium ranalate decreased bone marrow adiposity in  

mice [231]. The impact of anabolic and anti-catabolic pharmaceuticals on metabolic health, 

adiposity, and body compositional relationships between bone and fat are largely unknown. 

Here, using the OVX rat model, PTH and alendronate will differentially target bone loss and we 
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hypothesize that both drugs will prevent fat accumulation, thereby normalizing the bone-fat 

interaction and prevent the perturbation of fat metabolism that occurs during estrogen 

withdrawal. 

 

4.3 Materials and Methods 

Experimental design 

All procedures were reviewed and approved by the Institutional Animal Care and Use 

Committee of Stony Brook University. All rats were individually housed in standard cages and 

allowed free access to standard rodent chow and tap water and were weighed twice weekly to 

monitor changes in body mass. Adult five-months-old female Sprague-Dawley rats were 

ovariectomized and mass-matched into normal age matched controls (AC), ovariectomized 

controls (OVX), and ovariectomized rats treated with either alendronate (ALN) or parathyroid 

hormone (PTH) at three different doses.  

  At 6 months of age, 10 normal and 10 OVX rats were sacrificed as baseline controls, 

drug treatment began. Alendronate was injected subcutaneously twice per week; high-dose rats 

received 2mg/kg (H-ALN), medium-dose rats received 100µg/kg (M-ALN), and low-dose rats 

received 10µg/kg) (L-ALN). Parathyroid hormone was injected subcutaneously five times per 

week: high at 75µg/kg (H-PTH), medium at 15 µg/kg (M-PTH), and low at 0.3 µg/kg (L-PTH).  

Drugs were administered at the dosages listed, per injection. Treatment doses were determined 

based on previous literature for the clinically relevant dose (medium), the maximum tolerable 

dose without known evidence of cytotoxicity (high) and a dose low enough to induce minor 

improvements compared to OVX controls.  
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All animals, with the exception of AC controls, were ovariectomized at 5 months of age. 

Animals were sacrificed at baseline (6 months of age), after short term (2 months) treatment at 8 

months of age and after long term (6 months) treatment at 12 months of age. Upon sacrifice, L4 

vertebrae were extracted and stored in 70% ethanol at -20°C. The left tibiae were extracted, 

cleaned of soft tissue and dehydrated in ethanol (70%, 80%, 90%, 100% - 3-4 days each). 

Gonadal fat pad and livers were extracted, weighed and stored at -80°C. Whole blood was 

collected by cardiac puncture, and centrifuged. Serum was stored at -80°C. Tibial bone marrow 

was flushed from the diaphysis using 3mL of RNALater solution (Ambion, Foster City, CA, 

USA) and stored at -80°C. 

 

In vivo micro computed tomography (in vivo µCT) 

Animals from the long term treatment group, that were scheduled for sacrifice at 12mo of age 

were longitudinally scanned by in vivo micro-computed tomography µCT at 6, 8 and 12 months 

of age (VivaCT 75, Scanco Medical, Switzerland, Figure 4.1). Prior to each scan, rats were 

anesthetized with isofluorane. Scans were acquired at an isotropic voxel size of 156 µm (45kV, 

133μA, 300-ms integration time).  To measure changes in body composition, the abdomen was 

scanned between the proximal end of the L-1 vertebral body to the distal end of the L-4 vertebral 

body. An automated script was used to determine visceral and subcutaneous fat content, 

vertebral bone volume and vertebral bone apparent mineral density [232]. Lean tissue volume 

was calculated by subtracting bone and fat volume from total tissue volume.  
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Ex vivo micro computed tomography (ex vivo µCT) 

Vertebrae were scanned by desktop µCT (µCT40, Scanco Medical). Scans were acquired at an 

isotropic voxel size of 36µm to measure trabecular architecture of the vertebral body (45kV, 

133μA, 300ms integration time). The trabecular bone within the L-4 vertebral body was 

separated from the cortical shell and analyzed for bone volume fraction (BV/TV), trabecular 

thickness (Tb.Th.), trabecular separation (Tb.Sp.), trabecular number (Tb.N) and tissue mineral 

density (TMD).  

 

Bone marrow histology 

The dehydrated proximal tibia was embedded in poly-methyl methacrylate for histological 

sectioning. Metaphyseal sections were cut in the coronal plane at 8 μm (RM 2165 microtome, 

Leica Microsystems, Wetzler, Germany), deplasticized in acetone and stained with Giemsa and 

Toluidine Blue O (Sigma-Aldrich, St. Louis MO, USA). Five fields of view chosen along the 

boundry of the growth plate were imaged at 10x magnification (Carl Zeiss microscope). 

Adipocyte number and average size were determined using ImageJ particle analyzer for objects 

that were between 60 to 1,000 pixels in size with a circularity >0.6. (ImageJ, National Institute of 

Health, Bethesda MD, USA).  Trabecular bone area (Tb.B.Ar) was determined by tracing 

individual trabeculae within the metaphyseal area from growth plate to diaphysis for one 

histological section per animal using Osteomeasure software (Osteometrics, Decatur, GA, USA).    

 

Serum, bone marrow and liver biochemistry 

Serum was thawed and total triglyceride (TG, total mg in tissue) and nonesterified free fatty acid 

(NEFA, total mmol in tissue) were measured in whole serum, the lipid extracts of the bone 
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marrow and liver tissue using enzymatic colorimetric kits (TG Kit: Sigma-Aldrich, St. Lois, MO, 

USA and NEFA: HR Series NEFA-HR(2), Wako Diagnostics, Richmond VA, USA). Samples 

were analyzed in duplicate with a 96-well plate reader according to standard assay protocols. 

Leptin levels of the serum were determined using ELISA assays (University of Cincinnati Mouse 

Metabolic Phenotyping Center, Cinncinnati OH, USA). Total lipids were extracted from the liver 

and bone marrow and purified through chloroform-methanol extraction.  

    

Gene expression- RNA extraction and real-time RT-PC 

Total RNA was isolated from the tibial bone marrow with an RNeasy Total RNA isolation kit 

(Qiagen, Valencia, CA, USA) according to manufacturer’s instructions. After digestion with 

RNase-free DNase set (Qiagen, Velencia, CA, USA), total RNA was quantified (Nanodrop 

spectrophotometer, ThermoFischer Scientific, Waltham MA, USA). RNA purity was confirmed 

on an electrophoresis agarose gel. cDNA was reverse-transcribed using a high capacity cDNA 

reverse transcription kit (Applied Biosystems, Carlsbad, CA, USA) Expression levels of 

candidate genes Wnt-9, RUNX2, PPAR-γ, and TNFS-11 (TaqMan probes, Table1) were 

quantified using StepOnePlus Real-Time PCR (Applied Biosystems, Carlsbadm CA, USA) 

following the manufacturer’s instructions. The mRNA levels were normalized to those of β–

Actin (control gene) and changes in gene expression were measured as fold changes from 

measured standard curves. 

 

Statistical Analysis 

Longitudinal differences within groups were compared with repeated measures Two-Way 

ANOVA to determine the interaction of time and treatment and their relative contribution to 
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changes invertebral bone and abdominal fat. A Student t-test compared baseline organ masses, 

metabolic parameters and histological data between AC and OVX controls. A One-Way 

ANOVA with a Dunnett post-hoc test compared endpoint organ masses, metabolic parameters 

and histological data to OVX controls within a time point at 8 or 12 months. Linear regressions 

tested for associations between endpoint vertebral bone and measures of fat adiposity. R-squared 

values were reported with their associated p values. ANCOVA was used to determine differences 

in slopes among treatment groups. All values were reported as means +/- standard deviations. P-

values less than 5% were considered significant. Outliers were removed using a one-sample t-test 

with a-value equal to 0.05.  

 

4.4 Results 

Body mass increases with age: 

At 6 months of age, prior to the start of treatment, and after one month of ovariectomy, all OVX 

groups had 19% greater body mass than AC (p<0.05). At 8 months of age, OVX controls were 

10% heavier than AC, PTH-treated animals were % (low dose), % (medium dose), % (high dose) 

heavier than AC, and ALN-treated animals were % (low dose), % (medium dose) and % (high 

dose) heavier than AC (all p<0.05). By 12 months of age, there were no significant differences in 

body mass between groups (p>0.05).  AC controls gained 18% body mass from 6 months of age 

to 8 months of age (p<0.05) and 35% from 6 to 12 months (p<0.001) where OVX controls only 

gained 8% body mass from 6 to 8 months (p<0.05), and 25% from 6 to 12 months (p<0.001). 

Treated animals gained mass similarly to OVX controls; PTH treated animals gained 11+/-2% 

from 6 to 8 months (p<0.05) and 22+/-3% from 6 to 12 months (p<0.001). ALN treated animals 

gained 12+/-2% from 6 to 8 months (p<0.01) and 19+/-6% from 6 to 12 months (p<0.001). 
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These data demonstrate a strong age-related effect on body mass, regardless of estrogen 

deficiency (Figure 4.2).  

 

Vertebral bone morphology: 

Longitudinal in vivo µCT analysis revealed OVX and drug-induced differences in vertebral bone 

volume and apparent mineral density. At six months of age, one month after ovariectomy and 

prior to the start of treatment, all ovariectomized animals had 12.9% less vertebral bone volume 

(BV) than AC controls (p<0.001). From 6 to 12 months of age, vertebral BV did not change in 

AC controls or in OVX controls (p>0.05). In contrast, BV in ALN rats increased (all p<0.05) by 

11% (low dose), 15% (medium), and 23% (high) from 6 to 12mo.   BV in H-PTH increased by 

26% (p<0.001) from 6 to 12mo. No changes in BV were observed in L- and M-PTH rats (Figure 

4.3a). 

 At six months of age, one month after ovariectomy and prior to the start of treatment, all 

ovariectomized animals had 6.9% lower vertebral apparent mineral density (App.MD) than AC 

controls (p<0.001). From 6 to 12 months of age, vertebral App.MD did not change in AC 

(p>0.05). Yet, vertebral App.MD decreased by 10% in OVX rats (p<0.001). Vertebral App.MD 

increased longitudinally in M- and H-ALN treated animals by 7 and 9% (p<0.01) and did not 

change in L-ALN (p>0.05). Vertebral apparent mineral density increased in M- and H-PTH 

treated animals by 6 and 12% (p<0.05), but decreased in L-PTH by 10% (p<0.05, Figure 4.3b). 

Changes in bone volume and apparent density measured by in vivo microCT were supported by 

high-resolution ex-vivo µCT scans at the 12mo endpoint. Compared to AC, trabecular micro-

architecture was degraded in OVX, but PTH and ALN dose-dependently normalized trabecular 

micro-architecture. OVX had 92% lower BV/TV than AC (p<0.01). L-, M- and H- ALN had 90, 
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96, and 117% higher BV/TV compared to OVX (p<0.05). M- and H-PTH had 118 and 170% 

higher BV/TV compared to OVX (p<0.001, Figure 4.4a). Greater BV/TV in the drug treated 

groups was due to an increase in trabecular number and thickness (Figure 4.4b and 4.4c).  

 

Adiposity increases with age and positively correlates to body mass: 

Longitudinal in vivo µCT separated abdominal fat into visceral and subcutaneous fat 

compartments, and revealed longitudinal increases in abdominal fat; all animals gained 103+/-

37% fat volume from 6 to 8 months and 140+/-43% from 8 to 12 months (Figure 4.5). At 6 

months of age, there were no differences in total fat, subcutaneous fat or visceral fat volumes 

between groups (in vivo μCT, One-Way ANOVA, Tukey post hoc, p>0.05). Similarly, at 6 

months of age there were no differences in extracted gonadal fat pad mass at sacrifice between 

baseline intact animals or baseline ovariectomized animals (unpaired Student t-test, p>0.05). 

(Disclaimer: These were a separate set of animals that were not part of the in vivo scanning 

analysis.) 

 At 8 months of age, there were no differences in total, subcutaneous or visceral fat 

volumes between groups (in vivo μCT, One-Way ANOVA, Tukey post hoc, p>0.05). The 

sacrificed animals from the 8 months time point, after two months of treatment, had differences 

in their gonadal fat pad masses, where PTH-treated rats had 58% (L-PTH, p<0.01), 38% (M-

PTH, p<0.05) and 38% (H-PTH, p<0.05) smaller gonadal fat pads than AC controls and L-ALN  

treated rats had 42% smaller gonadal fat pads than AC controls (fat mass, One-Way-ANOVA, 

Tukey post hoc, p<0.01). (Disclaimer: These were a separate set of animals that were not part of 

the in vivo scanning analysis.) 
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At 12 months of age, after 6 months of treatment, H-ALN treated rats had  21% less visceral fat 

and 38% less subcutaneous fat than AC  (p<0.05), all other groups had similar amounts of 

visceral and subcutaneous fat (p>0.05, One-Way ANOVA, Tukey post hoc, Figure 4.6). The 

extracted fat pads from the longitudinally scanned animals showed that after 6 months of 

treatment, H- and L-ALN, and H-PTH and M-PTH had smaller gonadal fat pads than OVX 

controls (p<0.05, Table 4.3). The gonadal fat pad mass of 12 month old animals positively 

correlated to body mass and to visceral fat volume (BM: R
2
=0.26, p<0.001, VAT: R

2
=0.37, 

p<0.001,  Figure 4.7). 

 Vertebral bone volume was positively associated with body mass , as well as total fat 

volume (TAT) and visceral fat (VAT) volume independent of body mass, (Linear Regression 

Analysis- BW: R
2
=0.11, ANCOVA- TAT: R

2
=0.27, ANCOVA: VAT: R

2
=0.13, p<0.05, Figure 

4.8a).  Body mass, total fat volume (TAT) and visceral fat volume (VAT) were poorly associated 

with vertebral apparent mineral density (BW: R
2
=0.02, p<0.05, TAT: R

2
=0.00 p>0.05, VAT: 

R
2
=0.01 p=0.07, Figure 4.8b).  

 

Liver adiposity increases with age, accumulation reduced with drug treatments:  

At baseline, one month after ovariectomy, there were no differences in liver mass between intact 

or ovariectomized animals. At eight months, after short term treatment (2 months), all OVX 

groups had smaller livers than AC controls, but differences were not yet significant (p>0.05). At 

12 months, after long term treatment (6 months), ALN-treated rats had 22% (L-ALN, p<0.001), 

17% (M-ALN, p<0.01) and 17% smaller livers than AC controls. Similarly, PTH-treated rats had 

20% (L-PTH, p<0.001) 22% (M-PTH, p<0.001) and 10% (H-PTH, p>0.05) smaller livers than 

AC controls (Table 4.3). 
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Bone histology and marrow adiposity of the tibia: 

Histological analysis of the tibial metaphyseal trabecular bone after 6mo of treatment was 

consistent with results from the vertebral trabecular data analysis. Bone area of the tibia 

positively correlated with BV/TV of vertebral bone (R
2
=0.44, p<0.05). OVX controls had 206% 

less trabecular bone than AC (p<0.001). There were dose-dependent increases in trabecular bone 

with both PTH and alendronate treatments. L-ALN and L-PTH did not have more trabecular 

bone than OVX controls. M- and H-ALN had 167 and 268% more bone than OVX (p<0.01). M- 

and H-PTH had 126 and 283% more bone than OVX (p<0.05, Figure 4.9).  

 After 6 months of treatment, bone marrow histology of the tibial metaphysis revealed 

increased adipogenesis with ovariectomy but a reduction by treatment. OVX controls had 104% 

more adipocytes than AC controls in the tibial bone marrow (p<0.001). There were dose-

dependent reductions in the number of adipocytes in the marrow with both ALN and PTH 

treatment. L-, M- and, H-ALN treated rats had 39, 32 and 60% fewer adipocytes compared to 

OVX controls (p<0.01). M- and H-PTH treated rats had 50 and 73% fewer adipocytes compared 

to OVX controls (p<0.001). L-PTH had 18% fewer adipocytes than OVX controls but the 

difference was not significant. There were no differences in average adipocyte size (p>0.05, 

Figure 4.10). 

 At twelve months of age, adipocyte number was negatively correlated with bone area 

within the marrow cavity (R
2
=0.45, p<0.001). When stratified into treated and non-treated rats, 

there was a strong negative correlation between tibial bone area and adipocyte number in pooled 

AC and OVX (R
2
=0.79, p<0.001) while the slope of this relation was significantly less 

proportional (p<0.05) in both ALN (R
2
=0.35, p<0.01) and PTH (R

2
=0.49, p<0. 001) (Figure 

4.11). 
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Measures of fat metabolism worsened by OVX, improved with drug treatment: 

At baseline, OVX had 13 fold greater total liver triglyceride levels than AC (p<0.001, Student t-

test). After 3 months of OVX and 2 months of treatment, OVX controls and drug-treated rats had 

elevated triglyceride levels in the liver compared to AC controls which were not significant. 

Similarly, L-, M- and H-ALN had 2.7x, 3x (p<0.05) and 3.6x (p<0.05) more liver triglycerides 

than AC, and L-, M- and H-PTH had 3x (p<0.05), 2.1x and 2.4x more liver triglycerides than 

AC. After 6 months of treatment, OVX controls had 2.3x more liver triglycerides than ACs 

(p<0.001). L-ALN, L-PTH and M-PTH treated rats had 2.7, 2.7 and 2.8x more triglycerides in 

the liver than AC controls (p<0.05), but H-PTH and M- and H-ALN rats did not have 

significantly different liver triglycerides than AC controls (p>0.05). The beneficial effects of 

PTH and ALN on triglyceride accumulation in the liver were apparent because all treated groups 

were significantly less than OVX controls (p<0.01, Figure 4.12a, Table 4.4). 

 At baseline, OVX had 2.5x more total liver non-esterfied free fatty acids (FFAs) than AC 

(p<0.001, Student t-test). After 3 months of OVX and 2 months of treatment, OVX controls had 

a trend towards more FFAs in the liver than AC control (1.8x) but the difference was not 

significant (p>0.05), while H-PTH treated rats had 71% lower FFAs in the liver than OVX 

controls (p<0.01). After 6 months of treatment, OVX controls had 56% more FFAs in the liver 

than AC controls but the difference was not significant (p>0.05). ALN and PTH treatments 

significantly reduced liver FFAs compared to OVX controls, L- and H-ALN treated animals had 

50 and 40% less FFAs than OVX (p<0.01). L- and M-PTH treated rats had 55.3 and 46.3% 

lower liver FFAs than OVX (p<0.001, Figure 4.12b). 

 At baseline, OVX controls had 19% more TGs in the bone marrow than AC (p<0.01). 

After 3 months of OVX and 2 months of treatment, OVX controls had 12% more marrow TGs 
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than AC but the difference was not significant (p>0.05). However L- and M-ALN both had 18% 

less TGs in the marrow than OVX controls (p<0.01) while L-, M- and H-PTH had 18-19% lower 

TGs in the marrow than OVX controls (p<0.01). After 6 months of treatment, OVX controls had 

20% more marrow TGs than AC (p<0.05).  L- and H-ALN treated animals had 46 and 53% 

lower marrow TGs than OVX controls (p<0.05) H-PTH treated animals had 58% less TGs in the 

marrow than OVX controls (p<0.001, Figure 4.12c).  

 At baseline, OVX controls had 2x more bone marrow FFAs than age matched controls 

(p<0.001, Student t-test). After 3 months of OVX and 2 months of treatment, OVX controls had 

49% more FFAs in the bone marrow than AC controls but the difference was not significant 

(p>0.05). L-, M-, and H-ALN had 57, 58 ad 42% less FFAs than OVX controls (p<0.01). L-, M-, 

and H-PTH had 55, 57 and 59% less FFAs than OVX controls (p<0.01). After 6 months of 

treatment, OVX controls had 54% more bone marrow FFAs than AC controls (p<0.05).  L- , M- 

and H-ALN treated animals had 57, 48 and 55% less FFAs than OVX controls (p<0.05) and M- 

and H-PTH treated animals had 54 and 58% less FFAs than OVX controls (p<0.05, Figure 

4.12d). 

 The total triglyceride content of the bone marrow from the right leg was moderately, 

negatively associated with the bone area of the tibial metaphysis from the left leg (R
2
=0.33, 

p<0.05), BV/TV from the L-4 vertebral body (R
2
=0.18, p<0.05) and apparent mineral density 

from the L-4 vertebral body (R
2
=0.35, p<0.05). Similarly, other measures of marrow adiposity 

were negatively correlated to measures of bone mass and architecture (Table 4.5). 

 There were no drug-specific changes in serum leptin levels after 2 or 6 months of 

treatment, but there were age-related changes in leptin.  At baseline, OVX controls had 76% 

higher leptin levels than AC controls (p<0.05).  At 8 months of age, OVX controls only had 20% 
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higher leptin levels than AC controls (p<0.05), and by 12 months of age, OVX controls had 24% 

higher leptin levels and these differences were no longer significant (p>0.05, Figure 4.13).  

 

Serum markers of bone formation are modulated with high dose treatments: 

After 6 months of treatment, high doses of ALN and PTH lowered IGF-1 levels in the serum, H-

ALN had 32% lower and H-PTH had 30% lower IGF-1 than OVX controls (p<0.05, One-Way 

ANOVA, Dunnett post hoc test). After six months of treatment, H-PTH treated rats had 69% 

higher alkaline phosphatase levels in the serum than AC controls (p<0.01, Figure 4.14). 

 

Bone marrow osteogenesis and adipogenesis relatively unchanged by OVX and treatment: 

After three months of ovariectomy and 2 months of drug treatment, there were no significant 

changes in osteogenic (RUNX2, Wnt9b), adipogenic (PPAR-γ) or osteoclastic (RANK-L) gene 

expression in the bone marrow with OVX, nor drug treatment. Anecdotally, L-, M- and H-ALN 

treated animals had a 2.12, 2.47 and 2.18 fold higher Wnt9b gene expression compared to AC 

and L-, M- and H-PTH had a 1.50, 1.66 and 1.15 fold higher Wnt9b expression compared to AC 

controls (Table 4.6). When ALN groups were pooled and PTH groups were pooled, ALN groups 

had 39% higher RANK-L expression than PTH groups (p<0.01). ALN groups had 1.25 fold 

higher Wnt9b expression than OVX controls (p<0.05, Dunnett post hoc test, Figure 4.15). 

 

4.5 Discussion 

We investigated how ovariectomy and different doses of two pharmaceutical countermeasures of 

bone loss modulate the association between bone morphology and adiposity. Vertebral bone 

volume and microarchitecture were substantially compromised by OVX, with dose-dependent 
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gains by either PTH or ALN. Body mass, tissue fat mass and biochemical fat markers were 

elevated with OVX but normalized, or lowered, with ALN and PTH treatment. Measures of bone 

mass and architecture were negatively correlated with measures of fat metabolism and fat 

composition. Similarly, marrow adiposity increased proportionally with the amount of bone loss. 

After two months of treatment, there were no OVX or drug-induced changes to RUNX2, PPAR-

gamma or RANK-L expression. There were moderate increases in Wnt9b signaling with all 

doses of alendronate treatment and minor increases with all doses of PTH treatment. The 

differences in gene expression were not as pronounced as expected, which could be due to the 

timing of bone marrow extraction. After two months of treatment, the differentiation of stromal 

cells within the bone marrow may have already occurred.  

 

Bone mass and microarchitecture are decreased with OVX, but dose-dependently 

improved with PTH and ALN treatment: 

 The rapid effects of OVX were reflected by the decrease in bone density one month after the 

surgery.  This type of decline in tissue microarchitecture is well documented in the OVX rat 

model [169, 233]. Bone microarchitecture is a main proponent of bone quality, strongly 

influencing bone strength [33], the loss in bone architecture causes an increased susceptibility to 

skeletal fractures [234]. PTH and ALN are both clinically proven to prevent bone 

microarchitecture degradation [59, 75]. The preservation of bone mass and tissue architecture are 

critical during osteoporosis bone loss. Once architecture is lost, it is difficult, if not impossible to 

recover. Our model dose-dependently increased bone mass and architecture to establish a 

population with large variability in bone tissue mass and architecture which helped to elucidate 

the role of body composition and fat metabolism on skeletal quality. 
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Fat infiltration was elevated after OVX but prevented with PTH and ALN treatment: 

The detrimental effects of OVX on body composition and fat infiltration were rapid, appearing 

after only one month of ovariectomy. ALN and PTH treatment given for 6 months prevented 

estrogen-related metabolic health degradation. There was a rapid change to body mass upon the 

onset of estrogen withdrawal that occurred after one month of ovariectomy. It has previously 

been reported that estrogen withdrawal leads to increased food intake [235] and changes body 

composition [50, 236, 237]. In this study the significant alterations to body mass were 

diminished as natural aging progressed, where AC controls gained more mass throughout the 

course of the study compared to all OVX animals (Figure 4.1). This made it difficult to isolate 

the ovariectomy effects from aging effects on body composition throughout the course of 

treatment, but it was clear that there was no measureable alteration in body mass caused by drug 

treatment. Similar to our findings, others have reported a less drastic effect of estrogen 

withdrawal on body composition [238], and there is some ambiguity of whether changes after 

menopause are due to aging or estrogen status [239]. We believe our data are indicative of the 

strong age-related effects on body mass and body composition [240]. Our results are consistent 

with the in vivo body composition findings where body fat increased longitudinally while lean 

tissue mass declined (Table 4.2). The change in body composition occurred in all groups 

regardless of OVX status or drug treatment. Similar age-related shifts from lean tissue mass to 

fat mass have previously been reported in ovariectomized  Sprague-Dawley rats [241] and from 

pre- to post-menopausal women [242]. 

 Although the OVX induced alterations to whole body composition were less pronounced 

than hypothesized, there were drastic changes to tissue fat accumulation and fat metabolism after 

only one month of ovariectomy which worsened over the course of the study. Three months after 
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OVX, livers were smaller than age-matched controls. A reduction in organ masses is common 

after OVX due to reduced circulating estrogen levels slowing normal organ development [237]. 

Drug treatments further reduced liver mass which was potentially due to a reduction in the fat 

infiltration. This hypothesis was supported by the significant increases in fat accumulation, 

circulating triglycerides and free fatty acids after the induction of ovariectomy which was 

prevented with both ALN and PTH treatment. Increased fat infiltration, visceral fat accumulation 

and increased indices of metabolic health are indicators for cardiovascular diseases and type 2 

diabetes [45, 243] and are negatively associated with bone health [89, 244]. The prevention of fat 

infiltration into organs by drug treatment may represent a secondary benefit of osteoporosis 

therapy. A recent study found a moderate but significant beneficial effect of both PTH and 

alendronate applied in osteoporotic women on body mass, and measures of metabolism and 

adiposity, which supports the current findings [245]. 

 

Drug-induced changes to marrow adiposity improve bone health: 

Bone marrow is rich in multipotential stem cells, growth factors and cytokines, which makes it a 

key site for osteogenesis and adipogenesis regulation [246]. The marrow is sensitive to hormonal 

changes and biochemical signaling making it susceptible to change after ovariectomy and drug-

treatment. Therefore it is not surprising that the changes to adiposity observed in this study were 

most significant in the bone marrow.  

 Estrogen withdrawal induced a large increase in marrow adipose cell number, which was 

dose-dependently reduced with both ALN and PTH drug treatment (Figure 4.8). Similar changes 

in marrow adiposity have been reported after estrogen withdrawal [247] and marrow adiposity 

was also reduced after risedronate treatment in osteoporotic women [227]. Our data 
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demonstrated that the adipogenic marrow population is influenced by both anti-catabolic and 

anabolic therapies. PTH is an anabolic drug which has been shown to directly influence the bone 

marrow stromal cell differentiation and down-regulate adipogenesis [42, 228].  Another possible 

explanation for PTH’s beneficial effect on marrow adiposity is through an upregulation of 

osteocalcin. Osteocalcin has beneficial regulatory effects on energy and fat metabolism and 

interacts with skeletal health, which has been well documented [248-250]. Studies have shown 

that Teriparitide can increase the production of osteocalcin in cells [251], diabetic rats [252] and 

in humans [245]. PTH has even been proposed as a pharmaceutical tool for treating diabetic 

osteoporosis because of its beneficial effects on fat metabolism. 

 However, the mechanism of action by which ALN reduces adiposity is less clear. It has 

previously been reported that strontium renalate (a combinatorial anabolic and anti-catabolic 

agent) can reduce bone marrow adiposity [231] through PPAR-γ suppression. We did see some 

suppression in PPAR- γ after 2 months of ALN treatment, although these changes were not 

significant. Our data is consistent with others who  show that upregulation of Wnt signaling is 

accompanied by a reduction in adipogenesis [253, 254], or inversely, a  decrease in Wnt 

signaling led to an increase in adipogenesis [255].  

 The lack of effect on gene expression after OVX or with drug treatment in the bone 

marrow differs from what has previously been reported [256] which could indicate a potential 

therapeutic window of marrow stromal cell activation by drug therapy. The phenotypic changes 

to both bone architecture and fat development that were seen by twelve months of age 

demonstrate the detriment of OVX and the effectiveness of drug-therapy on both of these tissue 

types. It is possible that the markers chosen for gene expression were not sensitive enough to the 

linked association of bone and fat or that the changes in these pathways were too subtle to detect 
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significance.  Additionally, the differentiation of these particular genes may have occurred earlier 

upon the onset of disease (within weeks of ovariectomy). Future work should examine early time 

points to establish the differential effects of OVX and drug therapy on marrow populations in the 

rat model.  

 

Fat composition was negatively associated with bone mass and architecture: 

The relationship between fat and bone is still unclear. The inconsistency in the literature report a 

positive [92, 207, 210-212, 257], negative [85, 88], or no [84] relationship between bone and fat 

[258]. It is apparent that the measurements of fat and how it is related to bone mass and 

architecture needs standardization. Studies that directly measure visceral adipose tissue through 

MRI or CT more consistently find a negative association to bone [259]. This relationship is less 

apparent when body composition is measured through DXA [260], which is not an accurate test 

for soft tissue analysis [214, 255, 261]. Additionally, the relationship between bone and 

subcutaneous fat is less pronounced [262]. It is widely accepted that visceral fat plays a 

detrimental role on skeletal health [50, 258]. The interactions between bone and fat are further 

complicated by menopause status and by osteoporosis treatment. Most clinical studies for 

osteoporosis medications focus on bone indices so the effects of drug treatments on metabolism 

is not well understood. As the relationship between bone and fat is brought to the forefront of the 

bone field, clinical studies will begin to expand their focus to include measures of adiposity and 

we will begin to understand the role of drug treatments on the bone-fat interaction. 

 Our study found no strong relation between total, visceral or subcutaneous fat mass to 

bone mineral density when measured by in vivo μCT. However there was a correlation between 

bone and fat were measured at a higher resolution, for instance measures of bone architecture 
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(Tb.N, Tb.Th.) were highly correlative to measures of marrow adiposity (adipocyte #) (Table 5). 

This suggests that the appropriate resolution of imaging and analysis is critical in accurately 

determining the relationship between bone and fat. This becomes increasingly complicated in 

clinical studies where biopsies and high resolution imaging are invasive to patients. Future 

studies should carefully consider their limitation of resolution when drawing conclusions 

regarding the relationship made between bone and fat based on body composition alone. Future 

clinical work is needed to determine the role of drug treatment on bone-fat interactions in 

osteoporotic patients. 

 Interestingly, we found a very strong negative correlation between trabecular bone area 

and marrow adiposity in both AC and OVX rats where analysis was conducted at the same 

skeletal location. The slope of this association was significantly lowered with PTH and ALN 

treatment indicating a drug-specific effect to the interaction between bone and fat.  Similar 

associations between decreased bone and increased marrow adiposity have previously been 

reported [263-265].  PTH down-regulates adipogenic differentiation in marrow stromal cells 

[25]. This data may indicate a potential protective mechanism of drug therapy on the bone-fat 

interaction within the bone marrow micro-architectural niche where multipotential stromal cells 

reside. Since osteoblasts and adipocytes arise from the same mesenchymal stem cell population, 

drug-related effects on differentiation toward one lineage could alter the other’s outcome. 

 There is conflicting evidence regarding the benefit or detriment of excess adipose tissue 

on bone health. The protective benefits of obesity to skeletal health include increased mechanical 

loading, resulting in skeletal adaption, increased bone formation, and overall higher bone mass  

[2, 266] as well as hormonal regulation, such as increased leptin secretion, which increases bone 

mass [52, 267]. The benefits of high fat mass may be skeletal site dependent where extra 
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cushioning around the hips may protect bones during falling, but visceral fat has no beneficial 

effect for vertebral fracture protection [268, 269] and a high fat mass may no longer be 

considered beneficial when properly normalized by body mass [208, 270, 271]. Emerging 

evidence suggests higher fat content leads to deterioration in bone quality including a loss in 

trabecular architecture that puts patients at a higher risk of fracture [272].  At the whole body 

level, our data showed very small-positive or no association between bone density and body fat 

composition. At the tissue and cellular levels, we found a consistent negative association 

between bone mass and architecture and fat composition and metabolism similar to previously 

reported data [258]. Our data support negative bone-fat interactions. This study also provides 

evidence that osteoporotic drug therapies play a dynamic role in the interaction between bone 

and fat. 

 As patients are frequently prescribed osteoporosis pharmaceuticals, it is important to 

consider the long-term effects of treatment on not only bone mass and bone quality, but also 

other systemic effects. Understanding these secondary outcomes could help determine beneficial 

side effects of bone promoting drugs, such as preventing adiposity. Future osteoporosis clinical 

studies should attempt to utilize bone biopsy specimens to determine the effect of osteoporosis 

drug treatment on marrow adiposity and its interaction with bone quality. Attention should be 

paid when studying large populations of patients focusing on discrepancies in age, race, 

metabolic health, menopausal status, body mass and body composition as well as drug status. 

Additional information regarding drug-driven alterations to marrow adiposity will provide 

insight into drug targets and may suggest new ideas for diagnosing and treating our growing 

osteoporotic population.  
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4.6 Figures 

 

Figure 4.1. Representative images from in vivo μCT: A.) A scout view of the region of interest 

scanned (between white lines)  B.) The applied script showing the segmented image from a 

single gray scale slice C.) A segmented 3D image with subcutaneous fat (gray) and visceral fat 

(pink) separated. 

 

 

A.  B.   C.  

 

 

 

 

 

 

 

Figure 4.2. Longitudinal change in body mass for age-matched controls (AC- black solid) 

ovariectomy controls (OVX - dashed gray), OVX + alendronate-treated at low (L - solid black), 

medium (M – dashed dark gray), or high (H - dotted light gray) doses or OVX + PTH-treated at 

low (L - solid black), medium (M - dashed dark gray), or high (H - dotted light gray) doses. 
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Figure 4.3.  In vivo microCT of the L4 to the L1 vertebrae scanned at 6, 8 and 12 months of age 

revealed longitudinal changes in Vertebral A.) bone volume (Vt.BV) and B.) apparent mineral 

density (Vt.App.MD) for age-matched controls (AC- black solid) ovariectomy controls (OVX - 

dashed gray), OVX + alendronate-treated at low (L - solid black), medium (M – dashed dark 

gray), or high (H - dotted light gray) doses or OVX + PTH-treated at low (L - solid black), 

medium (M - dashed dark gray), or high (H - dotted light gray) doses. 
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Figure 4.4. Trabecular microarchitecture of the vertebral body from desktop μCT determined 

Trabecular A.) Bone volume fraction (Tb.BV/TV) B.) Thickness (Tb.Th) C.) Number (Tb.N) D.) 

Separation (Tb.Sp) E.) Connectivity density (Tb.Conn.D) F.) Apparent mineral density 

(Tb.AppMD) and G.) Tissue mineral density (Tb.TMD) for age-matched (AC-black), 

ovariectomized (OVX-white), alendronate-treated at low (L), medium (M), or high (H) doses 

(ALN - light gray) and PTH-treated at low (L), medium (M), or high (H) doses (PTH - dark 

gray) with baseline animals represented (- - -) and OVX baseline represented (…). 
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G.  

 
 

 

 

 

Figure 4.5. In vivo longitudinal µCT scans evaluated abdominal fat volume. Representative images at A.) 

6 months old, B.) 8 months old and C.) 12 months old which show the abdominal fat separated into 

subcutaneous (gray) and visceral (red) fat, with adipose tissue increasing with age. 

 

 

A.   B.   C.  

 

 

 

 

  

AC
OVX  

L-
ALN

M
-A

LN

H-A
LN

 

L-
PTH

M
-P

TH

H-P
TH

0

200

400

600

800

TM
D

 (
m

g 
H

A
/c

c)



 

  106 

 

Figure 4.6.  In vivo microCT of the abdomen scanned at 6, 8 and 12 months of age revealed 

longitudinal changes in A.) Visceral adipose volume (Vis.Adipose V) and B.) Subcutaneous 

adipose volume (Sub.AdiposeV) for age-matched controls (AC- black solid) ovariectomy 

controls (OVX - dashed gray), OVX + alendronate-treated at low (L - solid black), medium (M – 

dashed dark gray), or high (H - dotted light gray) doses or OVX + PTH-treated at low (L - solid 

black), medium (M - dashed dark gray), or high (H - dotted light gray) doses. 
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Figure 4.7. A.) Extracted gonadal fat pad mass of all animals correlated to body weight. B.) Fat 

pad mass of 12 month animals correlated to their 12 month total fat volume (in vivo µCT). 
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Figure 4.8. Body Mass (BM - diamond), total adipose tissue/body weight (TAT/BW - circle) 

and visceral adipose tissue/body weight (VAT/BW - triangle) correlated to  A.) bone volume, B.) 

and apparent mineral density (App.MD). 
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Figure 4.9. Bone area of the tibial metaphysis determined histologically at 12 months through 

Osteomeasure for age-matched (AC-black), ovariectomized (OVX-white), alendronate-treated at 

low (L), medium (M), or high (H) doses (ALN - light gray) and PTH-treated at low (L), medium 

(M), or high (H) doses (PTH - dark gray) with baseline animals represented (- - -) and OVX 

baseline represented (…). 

 

Figure 4.10. A.) Adipocyte number for 5 fields of view within the tibial metaphysis for age-matched 

(AC-black), ovariectomized (OVX-white), alendronate-treated at low (L), medium (M), or high 

(H) doses (ALN - light) and PTH-treated at low (L), medium (M), or high (H) doses (PTH - dark 

gray) with baseline animals represented (- - -) and OVX baseline represented (…). B.) 

Representative images sectioned at 8 µm, stained with touloudine blue O and Giemsa for AC 

(top) and OVX (bottom).  
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Figure 4.11. Bone marrow adipocyte number correlated to bone marrow trabecular area 

determined through histological analysis of the tibial metaphysis for all 12 month old animals 

(black – dashed), AC and OVX animals (black-square), PTH treated animals (light gray – 

triangle) and ALN treated animals (dark gray –triangle). 
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Figure 4.12. A.) Total liver triglyceride (TG) content and B.) Total liver free fatty acid (FFA) 

content, C.) Bone marrow TG content and D.) Bone marrow FFA content for age-matched (AC-

black), ovariectomized (OVX-white), alendronate-treated at low (L), medium (M), or high (H) 

doses (ALN - light gray) and PTH-treated at low (L), medium (M), or high (H) doses (PTH - 

dark gray) with baseline animals represented (- - -) and OVX baseline represented (…). 
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Figure 4.13. Serum leptin concentrations for 6 month (black), 8 month (dark gray) and 12 month 

(light gray) age-matched controls (AC) and OVX animals. 

 

 

 

Figure 4.14. Serum A.) IGF-1 concentrations and B.) Alkaline phosphatase concentrations (Alk. 

Phos) at 12 months of age for age-matched (AC-black), ovariectomized (OVX-white), 

alendronate-treated at low (L), medium (M), or high (H) doses (ALN - light gray) and PTH-

treated at low (L), medium (M), or high (H) doses (PTH - dark gray).   
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Figure 4.15. RT-PCR analysis from bone marrow 8 month old animals, after 2 months of drug 

treatment to determine ΔΔCT fold change in gene expression relative to age-matched controls in 

A.) RUNX2, B.) PPAR-γ, C.) Wnt9b and TNFSF-11 for age-matched (AC-black), 

ovariectomized (OVX-white), alendronate-treated at low (L), medium (M), or high (H) doses 

(ALN - light gray) and PTH-treated at low (L), medium (M), or high (H) doses (PTH - dark 

gray).   
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4.7 Tables 

Table 4.1.  The primers used for RT-PCR in this study 

 

Gene Target Probe ID 

β-actin Housekeeping gene Nm_007393.3 

Runx2 Osteoblast differentiation, and maturation Nm_053470.2 

Wnt9b Osteoblast differentiation Nm_001107055.1 

TNFS11 (RANK-L) Osteoclast differentiation Nm_057149.1 

PPAR-γ Adipocyte differentiation Nm_001145366.1 
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Table 4.2. Measures of body composition taken longitudinally through in vivo microCT  

at 6, 8 and 12 months of age 

  

        

AC OVX L-ALN M-ALN H-ALN L-PTH M-PTH H-PTH    

6 mo 6 mo 6 mo 6 mo 6 mo 6 mo 6 mo 6 mo    
8 mo 8 mo 8 mo 8 mo 8 mo 8 mo 8 mo 8 mo    

12 mo 12 mo 12 mo 12 mo 12 mo 12 mo 12 mo 12 mo    

Body Mass  

at Scan  
[g] 

329±25 

O 
367±25 

AC 
362±17 

AC 
354±17 

AC 
370±25 

AC 
358±15 

AC 
372±22 

AC 
375±14 

AC   

377±18 

O 
411±29 

AC 
412±34 

AC 
409±43 

AC 
434±48 

AC 
408±29 

AC 
412.2±24 

AC 

446.8±23 

AC   

451±48 457±50 468±58 465±80 428±55 459±55 462±59 492±41   

In
 v

iv
o
 m

ic
ro

C
T

 o
f 

th
e 

L
1

-L
4
 v

er
te

b
ra

e
 

BV 
[mm

3
] 

1021±122 

 

999±115 

 

978±112 

 

947±116 

 

886±102 

 

968±118 

 

999±98 

 

892±80 

 
   

1054±110 

 

1035±126 

 

1052±80 

 

1053±91 

 

1111±146 

 

1018±76 

 

1072±88 

 

1065±62 

 
   

1076±67 

 
979±73 

 
1086±94 

 
1091±91 

 
1137±163 

 
968±72 

 
1024±58 

 
1124±67 

O 
   

App.MD 
[mg HA/cc] 

500±30 

 
472±15 

 
461±16 

AC 
469±24 

AC 
484±18 

 
462±21 

AC 
458±16 

AC 
486±21 

 
   

512±23 

O 
454±15 

AC 
465±29 

AC 
487±22 

O 
513±18 

O 
438.1±20 

AC 
484±19 

O 
529±13 

O 
   

517±28 

O 
423±16 

AC 
469±26 

AC  O 
503±22 

O 
527±20 

O 
413±22 

AC 
487±36 

O 
544±12 

O 
   

Total 

FatV 
[mm

3
] 

21.96±8.164 

 
19.6±7.3 

 

18.7±3.9 

 

19.5±5.1 

 

13.8±3.8 

AC  
18.2±3.9 

 

19.7±4.4 

 

13.1±3.3 

AC 
   

34.3±4.7 

 

37.3±13.1 

 

35.2±9.4 

 

37.1±5.5 

 

35.±1.3 

 

36.9±6.0 

 

35.4±6.8 

 

34.5±9.0 

 
   

47.4±10.6 

 

41.4±11.6 

 

45.5±10.4 

 

44.5±6.2 

 

30.6±12.5 

O 
44.8±6.9 

 

42.1±6.8 

 

44.6±8.5 

 
   

Visc. 

FatV 
[mm

3
] 

17.2±6.0 

HA HP 
14.2±4.6 

 

13807±3020 

 

14.2±3.5 

 

10.9±3.6 

AC 
13.6±3.5 

 

14.8±2.8 

 

10.6±2.9 

AC 
   

25.8±3.6 

 

26.0±8.4 

 

25037±743 

 

26.2±4.2 

 

26.2±10.6 

 

26.6±5.1 

 

25.3±4.4 

 

25.1±7.0 

 
   

35.4±9.1 

HA 
29.5±9.0 

 

32035±9656 

 

32.6±6.3 

 

23.2±10.4 

AC 
30.6±6.6 

 

30.1±6.5 

 

32.6±7.8 

 
   

Subcu. 

Fat V 
[mm

3
] 

4.8±2.3 

HP 
5.5±3.0 

HP 
4.9±1.4 

 

5.3±1.7 

 

2.9±1.1 

 

4.6±1.1 

 

4.9±1.8 

 

2.5±0.7 

AC   O 
   

8.5±1.6 

 

11.2±4.9 

 

10.2±2.2 

 

10.9±1.7 

 

9.0±3.1 

 

10.4±1.3 

 

10.1±2.8 

 

9.4±2.1 

 
   

11.9±1.7 

 

11.9±4.2 

HA 
13.5±3.2 

 

11.9±2.8 

 

7.4±2.6 

O 
14.3±2.1 

 

12.0±2.0 

 

12.1±1.6 

 
   

Lean 

Tiss.V 
[mm

3
] 

41.2±3.6 42.9±7.0 40.7±8.2 41.9±7.7 40.2±8.0 41.3±11.5 43.5±7.8 41.0±8.2    

37.9±5.8 38.4±5.7 37.3±7.3 35.0±5.3 36.8±6.2 36.8±5.2 39.4±9.8 36.7±3.9    

35.7±4.5 33.7±4.5 33.5±5.1 32.0±4.4 35.4±1.1 32.1±5.6 31.8±5.0 33.3±3.0    

 

Data are mean ± standard deviations. Difference in letters denominate significant differences to controls groups: 

AC –  age matched controls, or O – OVX controls (ANOVA and Tukey). 
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Table 4.3. Body compositional data at sacrifice for animals 6, 8 and 12 months of age 

 

  

        

AC OVX L-ALN M-ALN H-ALN L-PTH M-PTH H-PTH    

6 mo 6 mo 6 mo 6 mo 6 mo 6 mo 6 mo 6 mo    
8 mo 8 mo 8 mo 8 mo 8 mo 8 mo 8 mo 8 mo    

12 mo 12 mo 12 mo 12 mo 12 mo 12 mo 12 mo 12 mo    

Body Mass  

at Sacrifice 
[g] 

305.1±12.3 376.0±43.6 .-. .-. .-. .-. .-. .-.    
363.5±30.0 420.8±46.7 416.1±28.2 471.3±40.2 418.1±13.1 425.0±47.6 424.5±35.2 417.8±25.2    

430.2±62.5 457.4±52.3 467.8±55.9 465.7±76.8 403.3±44.4 459.7±54.1 462.7±58.3 491.2±43.1    

T
is

su
e 

M
a
ss

 

Liver  
[g] 

10.2±0.9 12.8±2.3 .-. .-. .-. .-. .-. .-.    
11.8±1.8 10.0±1.5 10.9±1.2 11.8±1.6 10.7±0.8 11.0±1.5 10.5±0.9 10.9±1.1    

12.9±1.6 11.4±1.2 10.1±1.2 10.7±1.8 10.1±1.5 10.4±1.7 10.1±1.4 11.7±1.4    

Gonadal 

Fat Pad  
[g] 

3.1±0.7 3.1±0.6 .-. .-. .-. .-. .-. .-.    

8.3±2.1 5.8±1.0 4.2±1.2 6.2±2.3 5.9±1.7 3.0±1.5 4.5±1.4 4.5±1.3    

8.9±2.5 6.7±1.9 7.0±1.5 7.2±2.4 4.0±1.1 7.80±1.8 6.06±1.2 6.02±1.7    

Brown Fat 

Pad  
[g] 

0.34±0.09 0.44±0.06 .-. .-. .-. .-. .-. .-.    

0.48±0.15 0.44±0.14 0.56±0.23 0.52±0.08 0.43±0.12 0.43±0.06 0.42±0.12 0.52±0.12    

0.78±0.26 0.71±0.35 0.52±0.18 0.57±0.17 0.48±0.17 0.64±0.19 0.54±0.19 0.64±0.11    

F
a
t 

M
et

a
b
o
li

sm
 

Liver TG 
[μg/mg of Tx] 

0.53±0.18 7.44±3.68 .-. .-. .-. .-. .-. .-. 

2.03±1.43 6.39±3.70 7.44±2.86 8.12±1.51 9.40±3.70 8.24±2.86 6.39±3.02 6.81±2.40 

3.81±3.51 12.91±5.47 8.70±2.61 12.22±4.84 3.05±1.41 8.60±4.22 8.69±3.94 4.53±1.50 

B M TG 
[mg/dL] 

59±04 70±5 .-. .-. .-. .-. .-. .-. 

65±7 73±011 60±3 60±1 66±11 60±1 59±1 59±1 

66±09 79±8 64±10 70±10 59±2 71±2 66±8 58±1 

Liver 

NEFA 
[μg/mg of Tx] 

0.87±0.85 2.83±0.92 .-. .-. .-. .-. .-. .-. 

1.00±0.49 1.75±0.77 0.76±0.31 2.00±0.63 0.96±0.43 1.82±0.44 1.43±0.66 0.50±0.29 

1.99±0.73O 3.11±1.04 1.57±0.80 3.36±0.32 1.91±0.76 1.39±0.39 1.67±0.77 2.29±0.49 

B M 

NEFA 
[mmol/L] 

0.052±0.012 0.156±0.066 .-. .-. .-. .-. .-. .-. 

0.076±0.029 0.113±0.087 0.048±0.010 0.047±0.007 0.065±0.024 0.050±0.006 0.048±0.005 0.046±0.006 

0.062±0.028 0.096±0.076 0.049±0.032 0.059±0.040 0.051±0.004 0.073±0.063 0.052±0.035 0.047±0.007 

Serum 

Leptin 
[ng/ml] 

2.5±0.3 10.6±3.9 .-. .-. .-. .-. .-. .-. 

8.5±4.0 10.5±2.5 11.2±5.7 14.7±3.5 10.3±3.7 12.1±5.5 11.6±6.9 11.9±4.1 

11.5±5.8 13.5±5.6 13.9±7.5 17.1±7.8 10.2±5.3 16.0±6.4 12.1±6.4 17.1±6.1 

 

Data are mean ± standard deviations.  
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Table 4.4. Trabecular architecture (microCT/histology) and bone marrow fat (histology) of 

12 month old animals after 6 months of drug treatment 

 

 

    
AC OVX L-ALN M-ALN H-ALN L-PTH M-PTH H-PTH 

L
-4

 \
V

er
te

b
ra

l 
B

o
d

y
  

(e
x

 v
iv

o
 C

T
) 

BV/TV 0.36±0.07 

O LP 

 

 

0.19±0.04 

AC LA MA 

HA MP HP 

 

0.36±0.13 

O 

 

 

0.38±0.08 

O 

 

 

0.42±0.15 

O 

 

 

0.19±0.08 

AC HP 

 

 

0.42±0.13 

O HP 
 

 

0.52±0.14 

AC O LP 

MP 

 Tb.Th. 

[mm] 

0.11±0.01 

 

 
 

0.09±0.01 

HA MP HP 

 
 

0.11±0.02 

 

 
 

0.11±0.01 

 

 
 

0.13±0.03 

O 

 
 

0.09±0.01 

HP 

 
 

0.12±0.02 

O    HP 
 

 

0.15±0.03 

AC O LP 

MP 

 

Tb.N. 3.76±0.50 

O LP HP 

 

 

2.56±0.40 

AC LA MA 

HA MP HP 

 

3.89±0.69 

O 

 

 

4.08±0.58 

O 

 

 

4.03±0.80 

O 

 

 

2.74±0.82 

AC HP 

 

 

3.80±0.84 

O HP 

 

 

4.23±0.66 

AC O LP 

MP 

 
Tb.Sp 

[mm] 

0.25±0.07 

O 

 

0.41±0.08 

AC LA MA 

HA MP HP 

 

0.26±0.06 

O 

 

0.25±0.05 

O 

 

0.25±0.07 

O 

 

0.40±0.10 

AC HP 

 

0.27±0.09 

O HP 

 

0.22±0.06 

O LP MP 

 

Conn.D 

[1/ mm
3
] 

42.8±9.5 

 

 

32.3±7.6 

MA 

 

49.3±16.7 

 

 

57.0±15.4 

O 

 

48.9±18.3 

 

 

33.0±21.6 

 

 

41.1±14.4 

 

 

38.2±17.3 

 

 

App.MD 
[mg HA/cc] 

357.7±40.7 

O LP 

 

266.9±33.0 

AC LA MA 

HA MP HP 

 

367.5±66.1 

O 

 

376.0±40.0 

O 

 

397.8±76.3 

O 

 

263.2±57.2 

AC HP 

 

386.9±70.5 

O HP 

 

443.3±71.1 

AC O LP 

MP 

 
TMD 

[mg HA/cc] 685.9±21.4 

 

667.9±12.1 

 

668.0±14.3 

 

661.3±19.7 

 

669.4±36.0 

 

672.0±16.6 

 

673.9±16.9 

 

675.5±23.5 

 

T
ib

ia
l 

M
et

a
p
h

ys
is

  
 

(H
is

to
lo

g
y)

 

Tb.B.Ar. 

[mm
2
] 

4.12±1.52 

O LP 
 

1.42±0.78 

AC MA HA 

HP 
 

2.82±1.09 

HA 
 

3.56±1.30 

O 
 

5.39±1.52 

O  LA 
 

1.01±0.51 

AC MP HP 
 

3.08±1.87 

LP 
 

5.29±1.00 

O LP MP 
 

Adip.N 

[#] 

364±181 

O 
 

747±149 

AC HA MP 
HP 

 

455±141 

 
 

 

501±168 

 
 

294±171 

O 
 

609±188 

HP 
 

373±59 

O 
 

201±75 

O 
 

Adip. Size 

[μm] 
195±40 

 

181±29 

 

170±49 

 

171±40 

 

138±36 

 

201±64 

 

188±40 

 

203±44 

 

 

Data are mean ± standard deviations. Difference in letters denominate significant differences to given groups: 

AC –  age matched controls, O – OVX controls, LA(low)/MA(medium)/HA(high)  – Alendronate, 

LP(low)/MP(medium)/HP(high) –  PTH. (ANOVA and Tukey) 
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Table 4.5. Correlations of fat and bone parameters regressed for all individual animals  

from 6, 8 and 12 months of age 

  

 

    B.Vol 
[mm3] 

(in vivo µCT) 

App.MD 
[mg HA/cc] 

(in vivo µCT) 

BV/TV 
 

(ex vivo µCT) 

Tb.Th 
[mm] 

(ex vivo µCT) 

Tb.N 
[1/mm] 

(ex vivo µCT) 

Tb.B.Ar 
[mm2] 

(histology) 

Q
u

a
n

ti
fi

ca
ti

o
n

 o
f 

F
a

t 
C

o
n

te
n

t 

Visc. Fat 

Vol 

[mm
3
] 

R
 2
=0.00 

m=3.16 

p>0.05 

R
 2
=0.00 

m=10.1 

p>0.05 

R
 2
=0.03 

m=8557 

p>0.05 

R
 2
=0.02 

m=44477 

p>0.05 

R
 2
=0.02 

m=1283 

p>0.05 

R
 2
=0.00 

m=254.8 

p>0.05 

Fat Pad 

Mass [g] 

R
 2
=0.02 

m=0.00 

p>0.05 

R
 2
=0.07 

m=-0.01 

p>0.05 

R
 2
=0.06 

m=-4.27 

p>0.05 

R
 2
=0.04 

m=-20.89 

p>0.05 

R
 2
=0.03 

m=-0.48 

p>0.05 

R
 2
=0.02 

m=-0.17 

p>0.05 

Marrow  

Fat Cell # 

R
 2
=0.07 

m=-0.54 

p>0.05 

R
 2
=0.39 

m=-2.67 

p<0.05 

R
 2
=0.23 

m=-0.03 

p<0.05 

R
 2
=0.24 

m=-4123 

p<0.01 

R
 2
=0.15 

m=-96 

p<0.05 

R
 2
=0.76 

m=-103 

p<0.001 

Marrow  

TG 

[mg/dL] 

R
 2
=0.02 

m=0.00 

p>0.05 

R
 2
=0.35 

m=0.00 

p>0.05 

R
 2
=0.18 

m=-0.14 

p<0.05 

R
 2
=0.12 

m=-0.65 

p<0.05 

R
 2
=0.12 

m=-0.02 

p>0.05 

R
 2
=0.33 

m=-0.01 

p<0.05 

Marrow  

FFA 

[mmol/L] 

R
 2
=0.02 

m=0.00 

p>0.05 

R
 2
=0.03 

m=0.00 

p>0.05 

R
 2
=0.06 

m=-0.22 

p>0.05 

R
 2
=0.05 

m=-1.09 

p>0.05 

R
 2
=0.04 

m=-0.03 

p>0.05 

R
 2
=0.08 

m=-0.02 

p<0.05 

  

 

 

Table 4.6. Fold change in bone marrow gene expression from AC controls at 8 months of 

age, after 2 months of drug treatment 

 

 

    
AC OVX L-ALN M-ALN H-ALN L-PTH M-PTH H-PTH 

G
en

e 
E

x
p

re
ss

io
n

m
 

(Δ
Δ

C
T

 -
 β

-A
ct

in
) 

RUNX2 1 -17% -13% -9% -4% -9% -14% +11% 

Wnt9b 1 -13% +109% +96% +106% +50% +98% +16% 

TNSF-11 1 - 9% +37% +14% +7% -2% -13% -27% 

PPAR-γ 1 -13% +0.5% -13% -24% + 5% +12% -10% 
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Chapter 5 

CONCLUSIONS 

5.1 Summary 

Post-menopausal osteoporosis effects 30% of the U.S. population and results in a deterioration of both 

bone mass and tissue quality and increases fat accumulation and contributes to the development of 

obesity, type 2 diabetes and metabolic syndrome.  In this study, we demonstrated how bone mass and 

architecture is deteriorated upon the onset of estrogen withdrawal through an ovariectomized rat model 

and can be dose-dependently preserved with both alendronate and PTH treatments. Preservation of bone 

mass is critical in preserving overall mechanical capacity, high doses of treatments are detrimental to 

bone’s micro-mechanical properties. High resolution analysis of remodeling sites show drug-specific 

changes to bone chemistry which correlate to changes in tissue micromechanical properties where 

alendronate causes reduced bone turnover with bone surfaces that are stiffer and more mineralized than 

bone surfaces treated with PTH.  Alendronate and PTH are effective at mitigating the effects of estrogen-

withdrawal related bone loss, but they also have secondary benefits on fat metabolism. Both drugs 

reduced tissue fat accumulation and prevented an increase in marrow fat that occurred upon the onset of 

estrogen withdrawal. 

 In SA 1 we have demonstrating the ability to preserve bone mass and tissue architecture, 

dose-dependently with both the anti-catabolic drug, alendronate, and the anabolic drug, PTH. In 

doing so we developed a model with a wide range of both bone mass and overall bone strength. 

It is clear that bone strength is strongly influenced by bone mass, and coincidentally, parameters 

of architecture. There were some potential negative effects of long-term, high dose treatments 

with both ALN and PTH therapy, with a reduction in tissue mineral density which translated to 

reduced tissue mechanical properties. When this information was applied into a finite element 

model that measured overall bone stiffness, these changes in tissue mechanics did not 
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significantly alter the structural properties. In fact, the highest doses of ALN and PTH were the 

most beneficial in terms of overall bone strength.Yet this is worth monitoring, particularly for 

patients who have been subjected to long-term treatments of bisphosphonates. 

 SA2 measured drug-specific changes to bone tissue within areas of active remodeling on 

bone surfaces compared to older bone through nanoindentation and FTIR. It was critical to 

closely monitor the site specific changes of tissue properties when measuring the relationship 

between tissue chemistry and its mechanical properties, and the importance of consistency when 

collecting correlative data for site specific regions of interest. The significant differences in 

tissue material properties across treatment groups were localized to bone surfaces. When 

comparisons were made across treatment groups between their interstitial bone regions, 

differences were less prevalent or consistent. Alendronate reduced bone remodeling which 

resulted in more mineralized bone surfaces with higher tissue hardness, while PTH increased 

bone formation rates which resulted in lower mineralized bone surfaces with lower mechanical 

properties. In conjunction with microCT data collected from SA1, it is apparent that the relative 

increases in bone stiffness by ALN treatment was due to maintenance of bone with an overall 

increase in the mineralization of the already present bone. This led to bone micromechanical 

properties that varied little across the matrix. 

 Differentially, PTH increased total bone stiffness by increasing the bone mass through 

trabecular thickening and new bone formation, and although the tissue material properties of the 

new bone on bone surfaces after PTH treatments were lower than ALN treatments, but the end 

result was similar to ALN where PTH was also effective at increasing the  total bone stiffness.   

PTH treated bone at a tissue matrix had chemical makeup and micromechanical properties that 

varied spatially across the matrix.   



 

120 

 

 In SA3, we expanded our understanding of ALN and PTH by demonstrating their 

beneficial effects on adiposity, metabolism, and the interrelationship between bone and fat. It is 

clear that the marrow population is particular sensitive to these pharmaceuticals, and the changes 

in adiposity were most strongly altered in the bone marrow.   Currently, these drugs are classified 

as either anti-catabolic or anabolic. The bisphosphonate alendronate (ALN) is anti-catabolic and 

maintains or slightly increases bone mass by blocking bone resorption. The anabolic drug 

parathyroid hormone (PTH), increases bone mass by increasing bone formation and mineralizing 

surface rates. Due to their modes of preserving bone mass, there may be differential drug-driven 

alterations to bone tissue quality, and ultimately bone strength.  

 Bone strength is derived from an accumulation of factors including, bone mass, structure 

geometry, microarchitecture, the rate of metabolic activity, tissue mineral density and tissue chemical 

properties. As these properties are modified by osteoporosis and different drug treatments, it is important 

to consider their contribution to overall bone strength. Most studies focus on the drug-induced changes to 

overall bone mass, and architecture. Here, we attempt to elucidate the key elements of bone strength by 

measuring the relationship after inducing large changes to both structural and tissue material properties. 

We hypothesize that the OVX rat model for bone loss, treated with PTH and alendronate will 

differentially and dose-dependently recover bone mass and architecture, but will also alter bone 

metabolism, tissue level material properties as well as body composition, fat accumulation which 

will all contribute to overall bone strength. 

 The overall objective of this dissertation was to determine 1.) drug, dosage and duration-

specific changes to bone mass, architecture and chemical composition and to 2.) relate these 

factors to its structural and tissue level mechanical properties as well as to 3.) determine the 

interrelationship between bone quality and metabolic health and adiposity in an animal model 

susceptible to fat accumulation which have been outlined in this PhD thesis. 
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 The results suggest the importance of maintaining bone mass after estrogen withdrawal. 

The drug induced changes in tissue material properties, although interesting, did not impact 

overall bone strength, or material properties. Although the accumulation of subtle changes to 

bone tissue composition and material properties by OVX and drug treatments could ultimately 

have effects on overall bone strength, particularly when taken for long durations. When studied 

at higher resolution through nanoindentation and FTIR, it is clear that pharmaceuticals have 

differential affects on the bone matrix properties.  With these findings, the goal for future 

treatments for osteoporosis medications should focus on minimizing doses, reducing treatment 

durations but ultimately optimized to ensure preservation of bone architecture, to maintain bone 

mass while still preserving normal, healthy tissue quality. Additionally, it is clear that these 

drugs have an influence on marrow adiposity, and potentially metabolic factors that are disturbed 

during post-menopausal osteoporosis. Future work is needed to determine these potential 

secondary benefits of ALN and PTH in clinical studies, and perhaps cadaver studies to elucidate 

the relationship between bone marrow architecture and adipose accumulation, and whether this 

relationship is altered after osteoporosis drug treatments.  

 

5.2 Limitations of the Study 

The drug-induced changes to bone material properties and the rate at which these differences 

occur are important factors in predicting overall bone strength. It would have been beneficial to 

make multiple measurements across the cortex of the bone at known tissue age to do a 

longitudinal study on bone material properties. A series of fluorescent labels could have been 

used to make various regions of bone at 1 week, 2 weeks, 2 months, etc. This additional 

information could have been helpful to determine the time course for complete tissue 
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mineralization through the duration of drug treatment. Additionally, making paired comparisons 

within a bone from labels created prior to the start of treatment would have strengthened these 

statistical analyses.  

 Bone chemical properties varied little across the cortical diaphysis. The chemical 

composition did not correlate well to tissue mechanical properties or alter the structural 

mechanical properties. This limits the definitive conclusions that can be drawn about the effects 

of drug treatment on chemical composition. A larger number of samples, with additional dosages 

of ALN and PTH may help to strengthen the statistical power of this study in order to evaluate 

measureable differences in tissue material properties. A model which can have a larger impact on 

the medication of chemical composition would make correlative analysis more useful. 

 Bone structure plays an important role in its overall strength. Laboratory mechanical 

testing provides valuable information regarding response to drug treatment and modulation in 

bone strength. The rat animal model has small trabecular regions which are not easily accessible 

for mechanical testing. The sample preparation to accurately mechanically test small bone 

specimens would introduce such a high amount of variability that the data collected through 

laboratory testing would be unreliable. Additionally, the rat skeleton does not fracture as humans 

do because of bone loss, or increased mineralization through suppressed bone turnover, or as a 

result of falling. This makes the rat model less than ideal to determine fracture mechanics during 

drug treatment. Unfortunately bone biopsies are not readily available in clinical studies so we 

must rely on the careful and efficacious use of finite element modeling to predict bone strength 

during drug use. 

 The mechanism of action by PTH and alendronate to reduce bone micro-mechanical 

properties is still unclear. By alendronate administration, we hypothesize that the reduction in 
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mechanical properties could be due to the accumulation of microcracks and inability of natural 

self repair. Suppresion of bone turnover can lead to increased tissue crystallinity and mineral 

content resulting in bone brittleness and microcrack accumulation [152], which may explain 

micromechanical deficits after high dose treatments of alendronate. No information has been 

collected on the accumulation of micro-cracks which could potentially be conducted through 

basic fuchsin staining of histologic bone samples. Additionally, more information is needed on 

the affects of alendronate treatment on cell survivial. Alendronate-activated osteoclastic 

apoptosis could change the biochemical environment encompassing bone tissue through 

osteolysis. Recent studies suggest that alendronate does not kill the osteoclast but only reduces 

its efficacy through damage of its ruffled cell border making it incapable of active resorption on 

the bone surface [273]. 

 

5.3 Finite Element Modeling to Monitor Drug Efficacy and Bone Quality  

Bone quality ultimately should be defined as those factors which contribute to overall bone 

strength. As measurements of bone quality and strength are standardized, we believe that finite 

element will become the standard modality.  The high resolution imaging analysis of micro-

computed tomography of bone provides the tools necessary to predict bone strength in 

osteoporotic patients through simulated mechanical testing. If we can advance this technology to 

include information regarding the tissue level mineral density, or other elements of tissue quality 

we will have a better understanding of the modulation in bone strength by drug treatments. 

Additionally, further FEM analysis could provide insight into the fracture mechanics of the 

material, through the creation of a model which emphasizes the important elements of fracture 

mechanics and its contributing properties. This work could be enhanced by measuring bone’s 
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mechanical response to variable strain rates, crack propagation mechanics, or work energy 

density or toughness analysis which may provide better insights into drug-induced changes to 

bone tissue quality.  Understanding the dynamic properties of bone such as the effect of 

variable strain rates may elucidate the effects of changes in mineral content or chemical 

composition. It has been documented that bone strength increases with increasing strain rate and 

bone responds to increased strain rate differently depending on mineral content as well as its 

remodeling activity[274]. Due to the fact that ALN and PTH treatments have differential effects 

on tissue mineralization and bone remodeling, these bones may have drastically different 

responses to varying strain rates. 

 Additionally, fracture mechanics might be a better determinant of drug-induced changes 

to bone tissue quality. Since we hypothesize that ALN treatments may cause microcrack 

accumulation through suppression of bone turnover, it is possible that ALN treatment may be 

considerably detrimental to its fracture propagation mechanics. It has been shown that materials 

with high mineral content that are uniformly distributed across its matrix allow faster and direct 

propagation of cracks without the formation of subsidiary cracks at interfaces compared to lower 

mineralized materials with directional load induced remodeling occurring within the matrix 

[275]. Although ALN induces changes to the material which is higher in mineral content and 

stronger in compressive mechanical loading, it might significantly reduce its fracture mechanical 

properties.  We hypothesize that increases in tissue hardness induced by ALN treatment may 

result in tissue brittleness, brittle materials may have higher elastic moduli in compression, but 

weak strength in bending or torsion. Further mechanical testing through crack propagation 

analysis or torsional mechanical testing may better answer the question of why atypical fractures 

occur during long term alendronate use. 
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 5.4 Osteoporosis Drugs Reduce Bone’s Tissue Material Properties  

Although only small changes were observed in the tissue level material properties, despite a 

large range of drug doses, there were some significant changes that are worth paying attention to. 

High doses of ALN and PTH did affect bone tissue quality, reducing tissue mineral density and 

altering its bone micro-mechanical properties. Additionally, we saw a reduction in tissue 

mineralization in both the bone surfaces as well as the interstitial bone with PTH. This indicates 

that despite their effectiveness at maintaining bone architecture, and improving overall bone 

strength these drugs do alter bone material quality. As patients are prescribed medications earlier 

in life and may be on these treatments for long periods of time, it is important to consider the 

implications of changing bone’s matrix properties. Although reductions in overall bone strength 

were not measured here, there must be some elements of bone strength which are modulated by 

tissue quality, and therefore if reduced substantially could have significant impacts on bone 

health. 

 

5.5 Marrow Adiposity Relates to Bone Quality during Osteoporosis Drug Treatment  

Understanding the effect of adiposity on bone quality is particularly important in times when 

diet-induced obesity and type 2 diabetes becomes more prevalent around the world. It is clear 

that bone is negatively impacted by our bad eating habits and accumulation of body fat. Post 

menopausal osteoporosis will continue to be a burden as people transition through menopause. 

Obesity and fat accumulation will only compact the problem. If these drugs can be utilized to 

combat both bone loss and fat accumulation, the aging population will be healthier. Reversing 

the obesity epidemic through better eating habits and increased exercise would be a more direct 
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way of solving this problem, but this provides an alternative mode for, at the very least, reducing 

the problem.  

 It is critical to determine how these research findings translate to the clinical studies, 

particularly the effects of osteoporosis drug treatments on marrow adiposity. Future work could 

utilize previously obtained biopsies, cadaver bones and data collected during past clinical studies 

where drug treatments and durations are well documented. It is clear that body mass, or even 

DXA measured body composition may not be high enough resolution to find the drug-induced 

effects on the bone-fat connection. Correlative analysis between bone quality in conjunction with 

marrow adiposity, body weight and fat composition during osteoporosis drug treatments could 

elucidate whether osteoporosis drug treatments might modulate the bone-fat interaction in post-

menopausal women. 

 

5.6 Conclusions 

This dissertation demonstrated that ALN and PTH differentially and dose-dependently alter bone 

architecture which contribute to changes in bone mechanical properties, determined the drug-

induced changes to bone surface properties and its modulation of micromechanical properties 

and finally demonstrated a drug-induced alteration between the relationship between bone and 

fat through a reduction in fat accumulation. It is clear that despite overall improvements to bone 

stiffness, there are detrimental effects on tissue mechanical properties which need to be 

considered, particularly during long term treatment. Additionally, osteoporosis pharmaceuticals 

may have secondary benefits to metabolic health and fat accumulation, particularly in skeletal 

compartments.   
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