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ABSTRACT 

 Estrogen is one of the most influential hormones on bone growth and maintenance 

throughout the life cycle in both men and women, but there are still unknown roles of 

estrogen and the estrogen receptors in males. In addition, exposure to xenoestrogens, or 

environmental compounds that have anti-estrogenic qualities, is increasing in industrial 

countries, but the impact of these compounds on skeletal health in males and females 

remains unknown. In this dissertation, we used animal models to explore a, the 

importance of estrogen receptor-a (ERa) in male mice at different points in the life cycle 

and b, the long-term impact of gestational exposure to xenoestrogens, specifically 

bisphenol-A (BPA) and bisphenol-S (BPS), on male and female offspring. We found that 

both young and aged male ERa knockout (ERKO) animals had impaired measures of 

cortical geometry, but improved measures of trabecular microarchitecture, implying 

differential roles for ERa in different bone compartments. We also found that ERKO 

could lead to increased expression of sclerostin, a bone growth inhibitor, in aged, male 

mice. In younger, male ERKO mice we found that ERa is not required for an osteogenic 

response to exercise, which is in direct contrast with females. Finally, we found that 

gestational and lactational exposure to BPA, but not BPS, had significant negative 

impacts on the skeleton of adult male, but not female, mice. Male offspring exposed to 

BPA had significantly lower measures of both cortical geometry and trabecular 

microarchitecture, indicating long-term effects of interrupted estrogen signaling during 

uterine and early childhood on skeletal development. These findings further our 

understandings of the importance of estrogen on skeletal health across the lifespan and 

could have significant public health impacts if they are translatable to humans.
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CHAPTER 1 

Introduction 

Estrogen is one of the most influential hormones in growth and maintenance of 

the skeleton in both males and females across the entire lifespan [1–3]. However, 

unanswered questions remain about the specific mechanistic role of estrogen and the 

estrogen receptors in bone cells, as well as the potential impact of environmental 

endocrine disruptors on normal estrogenic signaling in bone. In this dissertation, I will be 

exploring the specific role of ERa in the osteogenic response to exercise in the osteocyte, 

as well as the possible impact that gestational exposure to known endocrine disruptors 

bisphenol-A and bisphenol-S will have on skeletal outcomes in progeny of exposed dams 

(Figure 1.1).  

 

Estrogen actions in bone   

 Estrogen has significant, cell-specific actions in the development and maintenance 

of bone mass (reviewed in [3,4]). In cells of the osteoblast lineage, estrogen protects 

against apoptosis [5,6], and induces differentiation [7]. Estrogen also induces osteoclast 

apoptosis [8], and reduces osteoclast differentiation both through direct suppression of 

receptor activator of NFkB ligand (RANKL) expression [3,9], and by increasing 

expression of osteoprotegerin (OPG), a decoy receptor for RANKL [10,11]. The 

OPG/RANKL ratio is considered a major predictor of bone mass [12], so the actions of 

estrogen on OPG and RANKL expression are especially significant. Finally, estrogen can 

modulate the osteogenic response to exercise on a cellular level [13,14].  
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Estrogen actions are mediated primarily by estrogen binding with the nuclear 

estrogen receptor (ER), which is found in two isoforms, ERa and ERb. Both ERa and 

ERb are found in bone; however, ERa tends to be more prevalent in cortical bone, 

whereas ERb is more widely distributed in cancellous bone [15]. Animal models indicate 

that ERa and ERb have sex- and bone compartment-dependent actions. Previous studies 

using global ERa knock out (ERKO) mice have shown that loss of ERa signaling 

decreased longitudinal bone growth in both male and female mice [16–18]. Female 

ERKO mice also have decreased cortical BMD compared to WT [16,19,20], as well as 

decreases in cortical thickness [20]. Similarly, male ERKO mice had reduced cortical 

bone area and cortical thickness [18,21], as well as decreased biomechanical bending 

strength compared to WT [18]. In cancellous bone, both male and female ERKO animals 

have increased BMD and trabecular bone volume [16,20]. Male ERKO mice also had an 

increase in trabecular number [21,22]. These differential responses to the loss of ERa in 

cortical versus cancellous bone are most likely due to the variable distribution of the 

estrogen receptors [15]. They could also be partially due to increased signaling through 

ERb, as ERKO models can have a significant increase in circulating concentrations of 

estrogen due to an interruption of feedback signaling in the brain [23].  

ERa also has a significant role in modulating the osteogenic response to exercise, 

especially in females. Cell culture models show that ERa is upregulated and activated in 

osteoblasts after application of mechanical strain [24–26]. Osteoblast cultures taken from 

male and female ERKO mice do not proliferate and respond to strain like osteoblast 

cultures from WT controls [7], and female global ERKO mice have a significantly 

smaller osteogenic response to loading in cortical bone  [27,28]. However, male ERKO 
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mice had an increased osteogenic response to mechanical loading compared to WT [28]. 

In addition, male mice that had no ERa in mature osteoblasts and osteocytes had no 

differences in the osteogenic response to loading when compared to littermate controls 

[29]. This implies some type of secondary mechanism allowing an osteogenic response to 

mechanical loading in ERKO males, possibly through ERb or the androgen receptors in 

bone [30].  

One recently discovered action of estrogen related the skeletal response to 

mechanical loading is the downregulation of sclerostin. Sclerostin is a protein expressed 

in osteocytes, which acts as a competitive inhibitor of the canonical Wnt signaling 

pathway. Canonical Wnt signaling upregulates transcription of multiple osteogenic genes 

(reviewed in [31,32]) and ultimately increases bone mass. Inhibition of the Wnt signaling 

pathway via sclerostin blocks bone growth, whereas downregulation of sclerostin is 

associated with increases in bone [33]. Animal and cell culture models show that 

sclerostin expression in osteocytes can be regulated by several external factors, such as 

insulin-like growth factor-I, parathyroid hormone, androgens and estrogens, and 

especially the stimulation of mechanical loading [33].  

There appears to be an inverse relationship between estrogen and sclerostin 

expression. Estrogen treatment decreased circulating sclerostin [34] and sclerostin 

expression in the posterior iliac crest [35] in older women. Estrogen treatment, but not 

testosterone treatment, lowered circulating levels of sclerostin in older men [34]. 

However, circulating levels may not reflect bone sclerostin expression [36], and thus 

further study in males is needed. In female mice and rats, ovariectomy increased 

sclerostin expression, and treatment with estrogen reversed this change [37,38]. In 
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osteoblastic cells derived from female mice, sclerostin expression was downregulated 

after the application of endogenous estrogen, although ERb appeared to play a greater 

role in the regulation of sclerostin levels than ERa [24]  However, the specific role of 

estrogen receptors in the control of sclerostin expression, and the effects this could have 

on the skeletal response to mechanical loading are still unknown. 

 

Xenoestrogens and human health  

Humans are exposed to xenoestrogens through the environment on a daily basis, 

and the impact they have on our overall health is still unclear. Xenoestrogens are 

synthetic or natural compounds that mimic or interrupt normal estrogen signaling in the 

body and can have positive or negative effects. Common examples of xenoestrogens are 

phytoestrogens, such as those found in soy which are considered beneficial, and 

bisphenol molecules, which are a component of certain plastics and are considered 

harmful. Bisphenol-A (BPA) and its analogs Bisphenol-S (BPS) and Bisphenol-F (BPF) 

are known endocrine disruptors that can have significant negative impacts on human 

health [39,40]. 

BPA and BPS are selective estrogen receptor modulators (SERM), meaning that 

binding to these molecules to the estrogen receptors leads to a modification of gene 

expression, but a different pattern of gene expression than classic estrogen binding [41–

43]. BPA has been shown to bind to both ERa and ERb, but it has a higher affinity for 

ERb [41], whereas BPS binds only to ERa [44]. In addition to directly binding to the 

estrogen receptors, BPA can indirectly impact normal endocrine signaling by altering 

epigenetic programming. Animal models have shown that gestational BPA exposure can 
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affect methylation of both DNA and histone proteins [45–48]. Interestingly, studies have 

shown that these epigenetic effects of BPA exposure are not seen in adult exposure 

models [49], implying that BPA only effects the epigenome during critical periods of 

development, primarily uterine development. 

Human studies have associated BPA exposure with several endocrine issues, from 

low circulating sex hormones and decreased birth weight to metabolic diseases, such as 

obesity and cardiovascular disease [39].  BPA exposure is essentially ubiquitous in 

humans, with BPA being detectable in almost 100% of the blood or urine samples tested 

[39]. In addition, BPA has been detected in samples of breast milk, cord blood, and fetal 

tissue [39], implying that humans are exposed to BPA at varying levels at all ages and 

stages of life. The presence of BPA in cord blood and fetal tissue implies direct transfer 

across the placenta, and this has been confirmed in human studies of placental explants 

[50–52]. All three studies showed that the ratio between fetal and maternal serum levels 

of BPA was 1, implying that the exposure of the fetus is equal to that of the mother. The 

most common route of exposure in humans is food contamination, usually from BPA 

found in epoxy resins, which are used to line metal cans to stop food from being exposed 

to the metal [53]. While less impactful to human exposure, BPA and its analogues can 

also be found in thermal paper, dust, and certain dental and medical equipment [53]. 

Many industrialized countries, such as the United States, China, Germany, and Australia 

have high exposure rates, often times above the current tolerable daily intake (TDI) [54]. 

In addition, the majority of epidemiological studies show that BPA exposure is associated 

with adverse effects on human health even at intakes below the current TDI [39]. 

Considering the possible effects that even low levels of exposure could have on human 
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health, more information is needed to understand the consequences of exposure to BPA 

and its analogues.  

 

BPA and Bone  

In spite of the known anti-estrogenic effects of BPA and BPS, few studies have 

looked at the impact that BPA exposure might have on bone health, and no studies have 

looked at BPS exposure outside of cell culture. In humans, only four studies have looked 

at possible relationships between BPA exposure and skeletal health. In adult women, 

there have been no correlations between serum or urine BPA levels and BMD [55–57]. In 

a study in school-aged children, there was no correlation between urinary BPA levels and 

height in girls however, there was a significant negative correlation between urinary BPA 

levels and height in boys, which remained even when adjusted for pubertal status and at 

follow up 19 months later [58]. No studies have looked at BPA exposure and fracture 

incidence, and no studies in adults looked at possible changes in BMD over time.  

Few studies have looked at BPA exposure and skeletal health in animal models as 

well, and they often have conflicting results. In female ovariectomized (OVX) rats, BPA 

exposure decreased cancellous BMD more than just OVX alone [59]; however, BPA 

exposure increased femoral BMD in female aromatase knockout mice in a dose-

dependent manner [60]. When given during gestation, BPA appears to have sex- and 

dose-dependent results. Almost no studies showed any differences in female offspring of 

BPA-exposed dams compared to control offspring [61–64]. In rats, male offspring had 

increased cortical thickness at the 25 µg dose compared to control, but decreased cortical 

thickness at the 250 µg dose [61]. In another study in rats, male offspring in all groups 
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had shorter femoral length, but only male offspring in the 0.5 µg/kg BW dose group had 

lower trabecular bone volume and cortical area [62]. In mice, male offspring had 

increased femur lengths, but no differences in biomechanical strength [63]. In another 

study in mice, male offspring showed decreased cortical thickness and biomechanical 

strength regardless of dose [64]. In addition to animal models, BPA exposure blocks 

osteoblastic and osteoclastic differentiation and increases markers of apoptosis in a dose-

dependent manner in progenitor cells [65] and human osteosarcoma cells [66]. Overall, 

these data suggest that BPA exposure can have significant effects on bone cell activity 

and gestational exposure might have significant impacts on bone mass and strength, 

especially in male offspring.  

 The essential role of estrogen in bone health throughout the life cycle has been 

well established in both males and females. However, questions still remain regarding the 

relative importance of specific estrogen receptors, especially ERa, in the osteogenic 

response to exercise and expression of sclerostin in the osteocyte, considering the 

contrasting human and animal studies currently in the literature. In addition, there are 

several unexplored questions relating to the effect that xenoestrogen exposure, 

specifically BPA and BPS, could have on the vital activities of estrogen in bone, 

especially related to bone remodeling and cellular activity of osteoblasts. Considering 

that the current exposure levels BPA and BPS in industrialized countries is often higher 

than the tolerable daily intake level, understanding more about how this could affect 

skeletal health has significant public health importance. With this in mind, my 

dissertation project includes three studies to determine: 1) if the loss of estrogen signaling 

through ERa in aged, male mice is associated with an increase in sclerostin expression in 
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the osteocyte; 2) if the loss of estrogen signaling through ERa affects the osteogenic 

response to exercise in young, male mice, and if possible differences are associated with 

differential expression of sclerostin in the osteocyte; and 3) the extent to which BPA or 

BPS exposure during gestation and lactation effects bone outcomes in the offspring, 

especially related to bone remodeling via osteoblast and osteoclast activity. (Figure 1.1)  
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CHAPTER 2 

Extended Literature Review  

Bone as an Organ  

Bone is a dynamic tissue with several important roles in the body, from 

locomotion to calcium availability to energy balance. The adult human skeleton is made 

up of over 200 bones, from the top of the cranium to the tip of the phalanges. While not 

every bone is the same in shape or function, all bones in the body are made of the same 

primary material, a mineralized collagen matrix, and constantly undergoing modeling and 

remodeling processes to help them adapt to external forces and maintain healthy bone 

tissue. The four general categories of bone are long bones, short bones, flat bones, and 

irregular bones [67]. Because of differences in development and function between types, 

this dissertation will primarily be focusing on long bones, such as the humerus, tibia, and 

femur.   

The skeleton serves a variety of functions in the human body. Bones provide 

support and protection for other vital tissues of the body, as well as allowing for 

movement and locomotion by acting as levers for muscles. Bones also play a significant 

role in both mineral homeostasis and acid-base balance by acting as a reservoir for 

mineral material. In addition, long bones provide the environment for hematopoiesis 

within the marrow spaces. Finally, through the production of cytokines and other factors, 

bones can play a role in overall energy homeostasis. [67].  

 

Bone 101 – terms you should know 

Bone Material 
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Bone as a tissue is composed of two phases – organic and inorganic. By weight, 

bone tissue is about 60% inorganic material, 10% water, and 30% organic material [68]. 

On average, the organic phase is comprised of 90% type I collagen, 8% non-collagen 

proteins, and 2% cells [68,69]. Type I collagen consists of two a1 and one a2 

polypeptide chains assembled in a triple helix [69], and these helices are further 

assembled into fibrils. This triple helical structure allows for the molecules to elongate 

and slide in response to tension, which is a vital attribute of bone material that will be 

discussed in a later section. Non-collagenous proteins make up 8% of the organic phase 

and play several different roles in bone tissue. Some, such as osteopontin, work as a 

“glue” to help hold the collagen fibrils together and absorb the energy of elongation, 

which allows for deformation of the bone material without fracture [69]. Others, such as 

osteocalcin and matrix Gla protein (MGP) regulate the mineralization of the extracellular 

matrix [68,69]. Finally, growth factors such as insulin-like growth factor (IGF) and bone 

morphogenic proteins make up a small percentage of the organic material. The inorganic 

material of bone is primarily comprised of hydroxyapatite (Ca10(PO4)6(OH)2), a naturally 

occurring calcium phosphate. However, some impurities can be found, and 4-6% of the 

hydroxyapatite is actually tainted with other minerals, often carbonate in place of the 

phosphate group, potassium or magnesium in place of the calcium ions, or chloride or 

fluoride in place of the hydroxyl group [68]. These impurities can affect the solubility of 

the mineral matrix, which in turn affects mineral homeostasis by not allowing minerals to 

be released from the bone when needed by the body [68]. 

 

Bone Anatomy  



 12 

Long bones, such as the femur and tibia, are divided into three parts: the 

epiphysis, metaphysis, and diaphysis. The epiphysis is located at each end of the bone 

and develops from a center of ossification distinct from the rest of the bone (see bone in 

utero for more information on centers of ossification). The epiphysis is separated from 

the rest of the bone by a thin layer of growth cartilage known as the physis, until the 

growth cartilage fuses and longitudinal growth ends. The metaphysis is the region of 

transition between the wider epiphysis and the narrow, central shaft of the bone, which is 

known as the diaphysis [68]. Within each of these structural sections, two primary types 

of bone can be found: cortical, also known as dense or compact bone, and cancellous, 

also known as trabecular or spongy bone. On average, cortical bone comprises 80% of 

skeletal mass and cancellous bone comprises 20%. Cancellous bone is a porous structure 

comprised of a network of interconnected trabeculae, filled with bone marrow and some 

adipose tissue. Cortical bone is a dense, continuous structure of bone that surrounds the 

marrow cavity of long bones. Both the epiphyses and metaphyses of long bones are 

comprised of cancellous bone with a thin cortical shell, whereas the diaphyses are 

exclusively comprised of thicker cortical bone. Covering all of these structural sections 

are membranes on the outer and inner surfaces of the bone that play significant roles in 

bone growth and development. These membranes are known as the periosteum and 

endosteum, respectively, and both contain a multitude of cell types necessary for bone 

modeling and remodeling.  

 

Bone Cells  



 13 

There are four main types of cells found in bone: osteoclasts, osteoblasts, 

osteocytes, and bone-lining cells. Each of these will be covered in more detail later in the 

review (see Bone Cell Types). Osteoclasts and osteoblasts are found on the outer 

surfaces of bone, often in or around the periosteum and endosteum. Osteoclasts are 

responsible for bone resorption, or the breaking down of old or damaged bone. 

Osteoblasts are responsible for bone formation and laying down the new collagen matrix 

to be mineralized. Osteocytes are mature osteoblasts that have been buried in the 

mineralized matrix and are primarily responsible for sensing external signals and 

translating them to the osteoblasts and osteoclasts. Bone-lining cells line the surface of 

the bone where neither formation nor resorption is taking place. While the role of bone-

lining cells is still under question, some studies indicate that they serve as a barrier 

between healthy bone and osteoclasts, to stop resorption from occurring [70]. Bone 

formation and resorption happen under the control of two distinct processes, bone 

modeling and remodeling.  

Bone modeling in the process in which bone is grown and shaped by independent 

actions of osteoblasts and osteoclasts, often in separate anatomical locations. Bone 

modeling primarily occurs during skeletal growth and development; however, bone 

modeling can occur in the adult skeleton, particularly in response to lifestyle changes or 

injuries that would lead to the reshaping of bone. Bone remodeling, on the other hand, is 

the process in which bone is renewed by the coupled actions of osteoclasts and 

osteoblasts in the same anatomical location in order to repair areas of damaged bone. 

Bone remodeling persists through life, and it is estimated that the entire adult skeleton is 

remodeled every 10 years. Remodeling occurs in distinct areas known as bone 
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remodeling units (BRUs, also sometimes called basic multicellular units, or BMUs), and 

it is estimated that around 1 million BRUs are actively remodeling bone at any one time. 

Remodeling involves four distinct phases: the activation phase, where osteoclasts are 

recruited, the resorption phase, in which osteoclasts resorb bone, the reversal phase, 

where osteoclasts undergo apoptosis, or cellular death, and osteoblasts are recruited, and 

the formation phase, in which osteoblasts lay down new bone matrix which is then 

mineralized. In order to maintain bone mass, bone remodeling needs to be balanced with 

equal amounts of bone resorbed and reformed. [71] See Bone remodeling for more 

information.  

 

Bone Blood Flow  

Like all other tissues, bone is served by an extensive vascular network that 

delivers oxygen and nutrients and removes waste products. Bone blood vessels also 

deliver systemic hormones and growth factors, participate in hematopoiesis by delivering 

blood and immune factors to and from the bone marrow, and are a key component of 

each individual BRU [72]. Bone development and maintenance are dependent on a 

healthy blood supply, and the skeleton is considered a highly vascularized organ. In fact, 

the bone vascular network is so vast that the adult skeleton accounts for 10-15% of 

resting cardiac output [73]. Originally, blood flow in the bone was thought to occur in a 

centrifugal pattern – blood entered the bone through arteries into the marrow cavity and 

then was returned via periosteal veins [73]. However, recent studies have shown that 

blood flow through the bone can vary depending on skeletal site, and often the epiphyses 

and diaphysis of long bones have functionally separate blood supplies. In addition, some 
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areas of the bone, such as the femoral neck, have both medial and lateral arteries, 

concluding that not all bones rely on centrifugal blood flow [73].  

 

Bone metabolism   

Bone’s role in mineral balance.   

Bone is a dynamic, metabolically active tissue, most well-known for its role in 

mineral homeostasis. Bone acts as a reservoir for minerals in the body, primarily calcium 

and phosphorus, but also some magnesium and potassium. These minerals are released 

when needed and deposited when in excess by the process of bone remodeling. Mineral 

homeostasis is a highly regulated process that involves the coordination of several 

different organ systems. For example, blood calcium concentrations need to be 1.0-1.3 

mM for normal functioning of neuromuscular signaling and other physiological processes 

[74], which is a very narrow window for the body to maintain. When blood calcium is 

low, parathyroid hormone (PTH) is released from the parathyroid gland and acts on the 

kidney and bones to increase calcium concentrations. In the bone, PTH increases 

osteoclast activity leading to bone resorption, which releases calcium into the blood. In 

the kidney, PTH leads to the conservation of calcium through reabsorption in the renal 

tubules and increases the hydroxylation of vitamin D into its active form, 1,25(OH)2-D3. 

Activated vitamin D acts in the intestines to increase calcium absorption from food and 

supplements. When calcium levels return to normal, secretion of PTH is decreased and 

actions of PTH are stopped or reversed [74]. When calcium levels are high, calcitonin is 

released from the thyroid gland. Calcitonin acts directly on bone cells to inhibit 
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resorption in osteoclasts [75] and inhibit apoptosis in osteoblasts [76], which allows 

excess calcium to be deposited.  

 

Bone’s role in energy balance   

In addition to mineral balance, bones play a significant role in overall energy 

homeostasis, which has been underappreciated until recent decades. For one, calcium is 

required for intracellular signaling that allows for the release of certain hormones 

involved in energy homeostasis, such as insulin [77]. Although intracellular calcium does 

not come directly from bones, excess calcium is stored in the bones until needed as 

previously discussed. More directly, there is a positive association between bone mineral 

density (BMD), a measure of bone mass, and resting energy expenditure, particularly in 

women [78,79]. This increase in energy usage is primarily due to the high energy 

requirements of osteoblasts and osteoclasts during remodeling [80], Finally, recent 

studies have shown that bone releases proteins that have metabolic actions.  For example, 

some non-collagenous proteins produced by the bone, particularly osteocalcin, can act as 

cytokines to influence systemic glucose homeostasis by increasing insulin secretion in the 

pancreas and sensitizing other tissues to the actions of insulin [81].  

 

Mechanical and material properties of bone  

Bone is unique compared to other organ systems, in that its mechanical and 

material properties are just as important as its metabolic properties and are essential to its 

structural function. Bone acts as a scaffolding for ligaments, tendons, and muscles that 

allows individuals to perform daily tasks of living, from standing and walking to chewing 
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food and playing an instrument. In order to accomplish this, bones must be strong enough 

to withstand both internal (muscular) and external (gravitational) forces that are applied 

to the bone on a daily basis. Bone strength is defined as the maximal amount of load 

(force) tolerated before fracture occurs [82]. Ultimate bone strength is dependent on 

several factors, including the mass, size, shape, and material of the bone.  

 

Determinants of bone strength  

Bone mineral density (BMD) is measured by dual-energy x-ray absorptiometry 

(DXA) and is considered the gold standard measurement of bone mass in humans. A 

DXA scan is an easy, noninvasive procedure, and BMD is used clinically as a diagnostic 

tool for bone diseases, particularly diseases of low bone mass such as osteopenia and 

osteoporosis, and fracture risk assessment [82]. Experimentally, changes in BMD are 

often used as an outcome to evaluate the efficacy of a treatment on improving bone 

mineral density, as a proxy measure of bone strength in humans. However, BMD only 

predicts 60-70% of the variations in bone strength in ex vivo testing of human bone 

material [83], and some studies have shown increased strength without corresponding 

increases in BMD [82]. This highlights the importance of the other determinants of bone 

strength.  

Both size and shape of the bone can also impact strength, but cortical and 

cancellous bone have different measures of size and shape. The size and shape of cortical 

bone is called cortical geometry and includes measures of amount of bone (cortical 

thickness), size of bone (cortical diameter) and shape of bone (if the diaphysis is round or 

oval). Increases in cortical thickness correlate with increases in bone strength due to 
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higher bone mass, but increases in cortical diameter are a stronger influencer of bone 

strength due to the exponential relationship between diameter and strength in hollow 

cylinders [82,83]. In fact, outer diameter of long bones can predict up to 50% of 

variations in bone strength [83]. Trabecular microarchitecture refers to the amount and 

structure of cancellous bone.  Measures of trabecular microarchitecture include the 

amount of bone (trabecular bone volume), as well as 3-D morphologic measures such as 

the number, thickness, and spacing of individual trabeculae and the degree of anisotropy 

(uniformity in direction) between the trabeculae. Trabecular bone volume and degree of 

anisotropy are two of the strongest predictors of trabecular bone strength, but the 

thickness, spacing, and number of individual trabeculae often correlate with trabecular 

bone volume [83]. Evaluation of cortical geometry and trabecular microarchitecture in 

humans has just recently been accomplished with the use of high-resolution peripheral 

quantitative computed tomography (HR-pQCT) [84], but has long been done in animal 

models using micro-computed tomography (µCT) [85]. 

 

Mechanical properties of bone  

 Mechanical properties of the bone can be split into two categories: whole-bone or 

tissue-level mechanics, i.e. mechanical properties of the femoral diaphysis as a whole, 

and tissue- or material-level mechanics, i.e. mechanical properties of cortical bone tissue 

that makes up the femoral diaphysis [86]. Whole-bone mechanical properties include 

strength, stiffness, and work-to-fracture or energy-to-fracture. Tissue-level mechanical 

properties include ultimate stress, Young’s modulus of elasticity, or elastic modulus, and 

toughness [86,87]. Strength, also referred to as maximal load, is the amount of force that 
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the bone can withstand before failing, or fracturing. Stiffness and elasticity are both 

measures of the hardness of the bone, or the ability of the bone to resist deformation as 

load is applied [86,87]. The difference is that stiffness measures deformation of the bone 

as a whole, whereas the elastic modulus measures deformation of the material. A hard 

material, like glass, will resist deformation until failure, meaning it will not change shape 

at all until it actually breaks. A soft material, like a sponge, will not resist deformation, 

but will resist failure, meaning it will change shape very quickly, but then often not break 

at all. Bones need to be somewhere in the middle - both too hard and too soft can be 

detrimental to the mechanical properties of bone and its ability to withstand internal and 

external forces [87]. Work-to-fracture and toughness are measures of the ability of the 

whole bone or the bone material, respectively, to absorb energy before deformation or 

failure [88]. Similar to stiffness and elasticity, there is an ideal middle level – both too 

tough and too weak can be detrimental to the overall ability of the whole bone to resist 

fracture. Elasticity and toughness of bone are determined by different material properties 

but work together to define the overall strength and stiffness of the bone. Strength, 

stiffness, elasticity, and toughness are all interrelated, and often a material change that 

increases one can decrease another [88].  

 

Material properties of bone 

 Material properties of bone are determined by the organic and inorganic phases of 

bone material, as well as the interactions between the two. These can include collagen 

crosslinking, protein-mineral interfaces, and many more. There are two types of 

crosslinks between collagen fibrils, enzymatic and non-enzymatic. Enzymatic crosslinks 
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stabilize the collagen fibrils and are associated with improved mechanical properties, 

whereas non-enzymatic are associated with impaired mechanical properties [69]. 

Advanced glycation end products (AGEs) are non-enzymatic crosslinks formed when 

free glucose molecules react with free amino groups in the collagen fibrils. This 

introduction of a sugar molecule in the collagen can block the remodeling process, which 

stops the repair of damaged areas and leads to impaired mechanical properties as well 

[89]. Non-collagenous proteins also interact with both collagen and mineral material to 

form collagen-mineral and collagen-collagen interfaces that impact mechanical 

properties. For example, osteopontin connects two osteocalcin molecules with calcium 

ions to form a complex that can fold and unfold in response to forces, which allows for 

lengthening of the material without damage [69]. This improves the mechanical 

properties of bone, and in fact osteopontin-deficient mice have been shown to decrease 

bone toughness by 30%, without any losses in total bone mass [90]. Other material 

properties include the levels of crystallinity, which impacts the elasticity of bone 

material, and total water content, which can impact the toughness of bone material [69].  

 

The stress-strain curve – evaluating bone’s material and mechanical properties  

 Strength, stiffness, elasticity, and toughness of long bones in rodent models can 

be evaluated using a variety of ex vivo experimental techniques, the most common of 

which are three- and four-point bending. In each of these techniques, the whole bone is 

placed in a bending apparatus with either three or four points evenly spaced out along the 

diaphysis of the bone, and a uniform force (N) is applied at a steady rate (mm/s) to the 

middle one or two points until the bone fails, or fractures [91]. The software of the 
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bending apparatus will then produce a load-displacement (N vs mm) curve which 

presents the absolute force applied to the bone and the distance the points moved, which 

is a measure of deformation of the bone. A load-displacement curve is used to measure 

whole-bone mechanical properties, such as absolute strength, stiffness, and work-to-

fracture. Strength, or maximum load, is simply the maximum load achieved before 

failure, or fracture of the bone. Stiffness is defined by the slope of the linear portion of a 

load-displacement curve, and work-to-fracture is the area under the curve of a load-

displacement curve [86]. (Figure 2.1)  

  To measure tissue-level properties such as elasticity and toughness, absolute load 

and deformation need to be converted to stress and strain. Stress and strain are measures 

of load and deformation that are dependent on measures of size and shape, such as the 

moment of inertia and the diameter of the bone (See Appendix A for equations). A stress-

strain curve in analogous to a load-displacement curve but allows for comparison of 

mechanical and material properties across materials or experimental groups, because they 

have been normalized for size and shape [87]. A stress-strain curve is used to calculate 

the elasticity and toughness of a material. Similar to their whole-bone counterparts, the 

elasticity of the material is defined by the linear slope of the stress-strain curve, and 

toughness is defined by the area under the curve of a stress-strain curve [87,91]. Many 

researchers also report ultimate stress, or tissue-level strength. Similar to strength, 

ultimate stress is also defined as the highest load achieved before fracture, but measured 

on the stress-strain curve rather than the load-displacement curve [86]. (Figure 2.1)  
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Bones are exposed to internal and external forces on a daily basis, and how the 

bone responds to these forces is the major determinant of the size, shape, material 

properties, and subsequent strength of the bone. Low magnitude forces cause little to no 

damage to the bone, whereas medium magnitude forces can cause deformation of the 

bone material while the force is being applied. Repetitive medium magnitude forces can 

change the shape of a bone over time, as remodeling occurs to repair the damaged areas 

of the bone. Large magnitude forces can cause significant deformation of the material, 

which often leads to failure of the bone, or fracture. Ultimately, it is the magnitude, 

direction, and rate of application of the force, combined with the material properties, size, 

and shape of the bone that determines the amount of deformation [92]. Deformation 

caused by low or medium magnitude of forces can be difficult to measure, so often 

fracture is used as an endpoint to evaluate overall bone strength.  
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Bone Cell Types 

Osteoclasts 

 Osteoclasts are cells of hematopoietic origin, meaning they differentiate from 

hematopoietic stem cells (HCS’s) [93]. They are multi-nucleated cells uniquely adapted 

to degrade mineralized matrices, particularly bone and cartilage, through acid secretion 

and proteolysis [94]. The differentiation and activity of osteoclasts is under the control of 

several different factors, from estrogen and growth hormone to cytokines locally 

produced in the bone. Interestingly, there is evidence that there are several different 

subtypes of osteoclast at work in the body, from osteoclasts found on long bones and flat 

bones that are functionally different to chondroclasts, or osteoclasts that specifically 

degrade collagen [94]. However, these subtypes are outside of the scope of this review 

and thus only classical osteoclast signaling and activity will be discussed here.  

  The differentiation of HCS’s into osteoclasts is dependent on two essential 

factors: macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear 

factor-кB (RANK) ligand (RANKL). M-CSF promotes the proliferation of osteoclast 

precursors from HCS’s, and RANKL promotes the differentiation of precursors into 

active osteoclasts [93]. M-CSF is expressed by a variety of different tissues and cells, but 

the two primary sources of M-CSF in the bone microenvironment are bone marrow 

stromal cells and osteoblasts [93]. RANKL is also expressed by a variety of different 

tissues and cells, but the primary sources for RANKL in the bone microenvironment are 

bone marrow stromal cells, osteoblasts, and osteocytes. However, there is some evidence 

that RANKL produced by B- and T-cells systemically could contribute to bone loss with 

age [93]. In vitro experiments have shown that binding of M-CSF and RANKL with their 
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receptors, c-Fms and RANK, respectively is enough to stimulate osteoclastogenesis from 

HCS’s [93]. The primary inhibitory molecule of osteoclastogenesis is osteoprotegerin 

(OPG), produced by osteoblasts and osteocytes, which serves as a decoy receptor for 

RANKL and decreases the binding of RANKL to RANK (see Bone remodeling for more 

information). Fully differentiated osteoclasts bind to bone through the actions of 

integrins, which create a seal between the osteoclast and the bone matrix. This sealed 

region is known as the ruffled border, and it is where resorption takes place through the 

secretion of hydrochloric acid and proteases, such as cathepsin K [93,95]. Once a 

resorption cycle is complete, osteoclasts detach from the bone and either migrate to a new 

site and activate a new resorption cycle, or they undergo apoptosis [94,95].   

 

Osteoblasts 

 Osteoblasts differentiate from mesenchymal stem cells (MSCs), which means 

they are from a different cell line than osteoclasts. They are mononucleated cells that are 

responsible for creating and maintaining bone tissue through the production of 

extracellular matrix proteins and regulators of matrix mineralization [96]. In addition, 

osteoblasts regulate osteoclast differentiation through the production of cytokines, such 

as RANKL [96,97]. Osteoblast differentiation, proliferation, and activation is regulated 

by several factors, from systemic hormones such as growth hormone and estrogen to 

local cytokines produced by other bone cells and direct cell-to-cell interactions [96,98].  

 MSCs can differentiate into a multitude of different cell types other than 

osteoblasts, such as myocytes, chondrocytes, and adipocytes. The differentiation of 

MSCs into osteoblast precursors is stimulated by growth factors such as the Wnt family 
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of proteins, bone morphogenic proteins (BMPs), hedgehog proteins, fibroblast growth 

factors, and transforming growth factor-b1. Differentiation into osteoblasts is inhibited by 

several growth factors, but one of the most influential is peroxisome proliferator-

activated receptor (PPAR)-γ, which stimulates adipogenesis [97,98]. Signaling by 

stimulatory growth factors leads to the production of transcription factors, such as b-

catenin, Runx2, and osterix, which all work together to confirm the MSC to the 

osteoblast lineage and stimulate the differentiation and proliferation of osteoblast 

precursors [98]. The differentiation and activation of osteoblast precursors into mature, 

matrix-producing osteoblasts is under the control of systemic factors, such as parathyroid 

hormone, estrogen, and vitamin D, as well as paracrine factors, such as insulin-like 

growth factor-1, and direct cell-to-cell interactions between preosteoblasts and active 

osteoblasts or preostoblasts and osteocytes [98]. Active osteoblasts are indicated by a 

cuboidal shape and a large rough endoplasmic reticulum and Golgi apparatus, which are 

characteristics of secretory cells [98]. Active osteoblasts synthesize and secrete type I 

collagen and other non-collagenous proteins, such as osteocalcin, osteopontin, and bone 

salioprotein, as well as matrix vesicles [96]. The matrix vesicles contain enzymes, such as 

alkaline phosphatase, as well as growth factors, such as IGF-1, that interact with non-

collagenous proteins to stimulate the mineralization of the collagen matrix [98]. At the 

end of each bone formation cycle, 50-70% of osteoblasts undergo apoptosis, whereas the 

rest further differentiate into either bone-lining cells or osteocytes [96,98].   

 

Osteocytes  
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 Osteocytes are the most abundant bone cell type, composing 90-95% of all bone 

cells [99]. They are part of the osteoblast lineage, the result of osteoblasts that have been 

further differentiated and then fully surrounded by mineralized matrix. While originally 

this was considered a passive process, studies have shown that osteocytogenesis is an 

active process requiring the breakdown of collagen and the growth of dendritic processes 

from the cell itself [100]. These dendritic processes branch out from the cell in all 

directions through canaliculi, which allow osteocytes to connect to both each other and 

cells on the bone surface [99]. This results in a massive network of interconnected cells 

which give osteocytes the ability to serve as bone “communicators” and play a sensory or 

regulatory role in many bone processes. Osteocytes have a regulatory role in calcium and 

phosphate homeostasis and bone remodeling, as well as being the main mechanosensory 

cells in bone, which give it the ability to respond to external forces [99].  

 Because of their primary role in regulation, osteocytes produce a number of 

signaling molecules in response to certain stimuli. Signals that regulate bone formation 

through the activation of osteoblasts include stimulatory molecules, such as nitric oxide 

(NO) and prostaglandins, and inhibitory molecules, such as Dickkopf 1 (Dkk1) and 

sclerostin, which both inhibit Wnt signaling. Signals that regulate bone resorption 

through actions on the osteoclasts include RANKL and OPG. In addition, osteocytes can 

“signal” for bone resorption through their death. Osteocyte apoptosis can occur in 

response to several different factors, such as microdamage, aging, loss of estrogen, or 

hypoxia, but it ultimately leads to the activation and osteoclasts and bone resorption. [99] 

 

Bone-lining Cells  
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Bone-lining cells are flat cells derived from the osteoblast lineage that line the 

surface of the bone. The exact signals that cause osteoblasts to differentiate into bone-

lining cells are unknown, and the functions of bone-lining cells are not fully understood 

[98]. Several functions have been proposed, such as operating as a barrier between 

healthy bone and osteoclasts to block unnecessary resorption [70], contributing to mineral 

homeostasis through the regulation of calcium and phosphate flux [98], or helping 

maintain the marrow stem cell niche [98]. Bone-lining cells are also in direct 

communication with osteocytes through dendritic processes, and thus could work with 

the osteocyte to respond to mechanical loads and regulate bone remodeling [98]. Finally, 

bone-lining cells retain the ability to re-differentiate back into osteoblasts in response to 

certain stimuli such as mechanical loads and systemic hormones [96], and some mouse 

studies have shown that they can serve as a source of osteoblasts in the adult skeleton, 

when the MSC pool for differentiation of new osteoblasts is limited [101]. More research 

is necessary to fully elucidate the role of bone-lining cells to overall skeletal homeostasis.  
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Bone Remodeling  

Bone remodeling is a continual cycle of sequential bone resorption and formation 

through the coupled actions of osteoclasts and osteoblasts that is necessary to maintain 

integrity of the skeletal system by repairing areas of microdamage [102]. Bone 

remodeling also plays a role in mineral and acid/base homeostasis by releasing or 

sequestering minerals such as calcium and phosphorus, and the release of growth factors 

embedded in the bone matrix [71]. Finally, bone remodeling is the only process by which 

dead or dying osteocytes can be replaced with healthy cells [71]. Bone remodeling 

primarily takes place on the surface of the bone in distinct areas known as bone 

remodeling units (BRUs). Because of its high surface area to volume ratio, cancellous 

bone is more actively remodeled than cortical bone, with around 80% of remodeling 

activity taking place on the trabecular surface [71,102].  

 

Systemic and local control of bone remodeling 

The process of bone remodeling is under the control of many local and systemic 

factors. Systemically, remodeling is primarily controlled by hormones involved in 

mineral homeostasis, such as PTH and vitamin D, or those that regulate growth, such as 

growth hormone, estrogens, and androgens [102,103]. Estrogen is considered one of the 

most important controllers of bone remodeling in adults, due to its direct actions on all 

bone cell types (see Estrogen Actions for more information) [103]. Locally, bone 

remodeling is under the control of factors that regulate the differentiation and activity of 

osteoclasts and osteoblasts, such as M-CSF, OPG, prostaglandins, and nitric oxide 

[102,103]. Importantly, most local factors that regulate osteoblast and osteoclast activity 
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come from other bone cells, which allows for the coupling of the resorptive and 

formative activities. Without the coupled actions of osteoblasts and osteoclasts, bone 

resorption could be happening without subsequent bone formation, or vice versa, which 

could significantly alter the shape and material of the whole bone, which would in turn 

significantly impact the strength of the bone.  

 

Phases of bone remodeling 

Bone remodeling occurs in four distinct and sequential phases. Phase one is the 

activation phase, in which osteoclasts are recruited [71]. Osteoclast precursors from the 

bone marrow are recruited into the BRU, where they begin to differentiate fully into 

active osteoclasts through the binding of RANKL. This RANKL is produced by bone 

marrow stromal cells or osteocytes, which shows how bone cells, particularly osteocytes, 

regulate each other to maintain bone mass [93]. The second phase is the resorption phase, 

during which fully differentiated osteoclasts bind to the bone and actively begin to resorb 

the damaged bone area. The third phase is the reversal phase, in which osteocytes either 

move to a new BRU or undergo apoptosis and osteoblasts are recruited [71]. Osteoblast 

precursors are recruited into the BRU and differentiated into mature osteoblasts by local 

factors, such as nitric oxide and prostaglandins produced by the osteocytes, or systemic 

factors such as PTH and estrogen [104]. The final stage is formation, where activated 

osteoblasts lay down new organic matrix which is then mineralized [71]. In adults, 

remodeling is balanced, with equal amounts of bone resorbed and formed to maintain 

total bone mass. However, with aging and with the loss or disruption of systemic 

hormones, particularly estrogen, bone remodeling becomes unbalanced, with increases in 
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resorptive activity and decreases in formation [71]. This ultimately leads to loss of bone 

mass and diseases of low bone mass, such as osteoporosis.  

 

Osteoblast-osteoclast interactions – the RANK/RANKL/OPG axis   

 Many of the regulatory signals controlling bone remodeling come from 

osteocytes, but osteoblasts and osteoclasts communicate with either other, through direct 

cell-to-cell contact or the production of various cytokines and other proteins [105]. For 

example, osteoblasts can produce both M-CSF, which stimulates the differentiation of 

HSCs into osteoclast precursors, and Factor associated suicide ligand (FasL), which 

initiates osteoclast apoptosis [105]. Osteoclasts produce cytokines, such as complement 

component 3, and microRNAs, which stimulate osteoblast differentiation or activity 

[105]. However, one of the most important pathways of osteoblast-osteoclast interaction 

is the RANK/RANKL/OPG axis, which regulates osteoclastogenesis and bone turnover.  

Figure 2.2 Overview of Bone Remodeling [273] 
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 RANK is a receptor expressed on the membranes of osteoclast precursors and 

mature osteoclasts [105]. The binding of RANK with its ligand, RANKL, activates 

downstream signaling pathways, which induce differentiation and activation of 

osteoclasts and thus begin bone resorption. RANKL is highly expressed in osteoblast 

progenitor cells and mature osteoblasts, as well as other cell types such as activated T 

cells and osteocytes. A variety of systemic hormones regulate RANKL expression, such 

as PTH and estrogen. OPG is also a cell-membrane receptor, though it is primarily 

expressed on osteoblasts and B-cells in the bone marrow [105]. OPG acts as a decoy 

receptor for RANKL, which inhibits its binding activity with RANK. This decreases 

osteoclast activation and subsequently lowers bone resorption activity. OPG expression is 

also regulated by several systemic hormones, such as estrogen and vitamin D. The 

OPG/RANKL ratio is one of the strongest influencers of osteoclast formation and 

activity, and thus plays a significant role in the maintenance of bone mass through 

regulation of bone remodeling [105]. In fact, one of the primary mechanisms behind age-

related bone loss is a loss of estrogen leading to an increase in RANKL and decrease in 

OPG expression. This imbalance of the OPG/RANKL ratio leads to increased bone 

resorption and a subsequent imbalance in bone remodeling [71].  

 

Assessment of Bone Turnover 

Bone turnover refers to a complete remodeling cycle, or bone resorption followed 

by bone formation. Clinically, both the bone turnover balance and rate are important, as 

abnormalities in either can lead to bone loss [106]. Measurement of bone turnover thus 

depends on measurement of both bone resorption and formation. In humans and animals, 
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bone turnover can be measured either directly in the bone, or indirectly in serum or urine. 

In humans, biochemical markers related to the production or degradation of collagen, 

bone-cell specific enzymes, or other non-collagenous constituents of the bone matrix that 

are released during remodeling [106] are measured in urine or serum. Although rarely 

done, biochemical markers of bone formation or resorption can also be measured in bone 

through a bone biopsy [107]. In animal models, biochemical markers of bone turnover 

can be measured in urine or serum or in bone. An advantage of animal models is that 

bone formation and resorption rates can be measured directly through histology or 

immunochemistry [108]. 

 

Assessment of bone resorption 

Osteoclast number and activity are both clinically relevant measures of bone 

resorption, and thus both should be evaluated. Osteoclast activity markers are those that 

are released from the bone matrix during bone resorption, such as pyridinoline (PYD) and 

deoxypyridinoline (DPD), which form crosslinks between collagen fibrils, and the N- and 

C-terminal cross-linked telopeptides of type I collagen (NTX or NTX-I and CTX or 

CTX-I, respectively), which are peptide fragments of type I collagen. Clinically and 

experimentally, the most common marker of osteoclast activity measured is CTX, as 

recommended by the International Osteoporosis Foundation (IOF) [106,107]. Markers of 

osteoclast number are osteoclast specific enzymes, the most common of which is tartrate 

resistant acid phosphatase type 5 (TRAP), although there is some evidence that serum 

levels of cathepsin K also correlate with osteoclast activity. However, more evidence is 

needed before cathepsin K can become a standard marker of resorption [106,107].  
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Assessment of bone formation 

Bone turnover markers of bone formation include by-products of collagen 

synthesis, osteoblast-specific enzymes, and non-collagenous matrix proteins produced by 

the osteoblast. By-products of collage synthesis are the N- and C-terminal propeptides of 

type I pro-collagen (P1NP and P1CP, respectively). While collagen can be made in 

tissues other than bone, studies have shown that the majority of circulating P1NP and 

P1CP are from the bone, and the IOF recommends P1NP be used as a standard marker of 

bone formation, usually a measure of osteoblast activity [107]. Other markers of bone 

formation are osteoblast-specific enzymes, such as bone-specific alkaline phosphatase 

(bone-specific ALP or BAP) or non-collagenous matrix proteins synthesized by the 

osteoblast, such as osteocalcin [106,107]. Although approximately half of the circulating 

ALP comes from bone, there can be some cross reactivity in assays with other forms of 

ALP, such as those produced in the liver, making the specificity of the test low and thus 

subtle changes in bone formation can be hard to detect using only BAP [106]. Because of 

this issue, osteocalcin and P1NP have become the most common pairing of bone 

formation markers in the last couple decades [106,107].  
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Bone throughout the life cycle  

 Bone development is a unique process because it involves the construction of a 

temporary structure, a collagen model in utero, which is then slowly replaced with a 

permanent structure uniquely suited for an individual body’s needs [109]. In addition, this 

development of the permanent structure, the adult skeleton, takes place over a decades-

long growth cycle, which has unique implications on the process of organogenesis.  

 

Bone in utero 

Bone development begins in utero through a process called endochondral 

ossification [110]. Briefly, endochondral ossification begins in utero with the migration 

of mesenchymal stem cells to the pre-determined sites of future bones, where they 

differentiate into chondrocytes and form the cartilage model. These chondrocytes 

proliferate and differentiate intro hypertrophic chondrocytes, which then recruit 

osteoclasts and osteoblast progenitors, as well as endothelial and hematopoietic cell 

precursors through the production of various cytokines and growth factors. Osteoclasts 

begin to degrade the cartilage, and osteoblast progenitors differentiate into osteoblasts 

and begin to lay down new bone where there was cartilage previously. Endothelial cells 

begin to differentiate and grow into blood vessels, and hematopoietic cells begin to 

establish bone marrow. This combination of differentiated bone cells, bone marrow, and 

blood vessels is known as the primary ossification center, and it is located in what will 

end up being the diaphysis of the bone. As the fetus grows, the primary ossification 

center begins to expand as more and more of the collagen model is degraded and then 

replaced with bone material. [109,111] 
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After the primary ossification center is established at the center of the bone, 

secondary ossification centers begin to develop at each end of the long bone. These 

secondary centers often develop near the end of gestation, but in some bones they 

develop in the first few months of life after birth [112]. Secondary ossification centers are 

made up of a similar combination of osteoclast, osteoblast, and endothelial progenitor 

cells as primary centers, and they degrade the collagen model to develop bone in what 

will become the epiphysis. In between the primary and secondary ossification centers are 

the epiphyseal growth plates, made of cartilage, which are necessary for longitudinal 

growth of the bone. Post-natal, endochondral ossification continues into adolescence, 

until the growth cartilage becomes fully fused into the secondary ossification center and 

longitudinal growth ends [109,113].  

Figure 2.3 Overview of Endochondral Ossification [109] 
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Bone accrual – birth through adulthood   

Longitudinal bone growth is controlled by the ossification of the epiphyseal 

growth plate, or growth cartilage, and the timing and rate of growth plate ossification is 

what determines an individual’s final height [113]. Longitudinal growth ends when the 

growth cartilage fuses completely with the epiphysis, which is often in late puberty [114]. 

However, bone accrual can still occur through appositional growth, or growth of the 

diameter of the bone through the addition of bone on the periosteal surface, long after 

longitudinal growth has ended. Bone mass can continue to increase until around the age 

of 30, at which point most individuals reach their peak bone mass [115].  

 

Longitudinal growth  

 Longitudinal bone growth is under the control of several endocrine and paracrine 

factors, through their actions on the epiphyseal growth plate. These factors include 

growth hormone (GH), insulin-like growth factor-1 (IGF-1), glucocorticoids, thyroid 

hormones, and estrogens and androgens [113,116]. GH is one of the most potent 

stimulators of bone growth in childhood, both through direct actions on the growth 

cartilage and indirectly by increasing production of IGF-1 in the liver [113,116].  IGF-1 

increases the activity of both chondrocytes and osteoblasts, which stimulates the growth 

of both new collagen and new bone needed for longitudinal growth [117]. 

Glucocorticoids can have the opposite effect, and inhibit longitudinal growth by 

inhibiting the proliferation of chondrocytes [116]. Hypothyroidism can also impair 

longitudinal growth, because thyroid hormone is necessary for the conversion of resting 
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chondrocytes into hypertrophic chondrocytes. Thyroid hormone can also indirectly effect 

longitudinal growth through the GH/IGF-1 axis, because individuals with hypothyroidism 

also often have low circulating levels of GH and IGF-1 [116].  

 Once an individual begins puberty, estrogen becomes the most important 

endocrine factor controlling longitudinal growth, in both males and females. Initially, low 

doses of estrogen stimulate the GH/IGF-1 axis into the pubertal “growth spurt”, or time 

of accelerated longitudinal growth [114]. As puberty continues and estrogen levels 

increase, estrogen acts directly on the growth cartilage and induces growth plate 

senescence and fusion [114,116]. Growth plate senescence is a time in which 

chondrocyte proliferation and differentiation slow dramatically until they reach zero. 

Fusion happens when proliferation ends and the remaining chondrocytes are rapidly 

replaced with bone material [118].  Androgens in males can also stimulate the GH/IGF-1 

axis and accelerate longitudinal growth at the beginning of puberty, but the final closure 

of the epiphyseal plate and subsequent end of longitudinal growth is solely dependent on 

estrogen [116].  

 

Mineralization and Appositional Growth 

 Longitudinal growth and full mineralization of the bone material are coordinated, 

but do not occur at the same pace [119]. Mineralization lags behind growth, which can 

have unique implications on skeletal health in childhood. In general, adolescents achieve 

peak mineral acquisition rates about one year after they achieve peak growth rates [119]. 

This lag in mineralization can lead to a one year period where adolescents have lower 

BMD and lower bone strength, which puts them at higher risk for fracture [115]. Khosla, 
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et al. showed that the incidence of forearm fractures peaks during the same ages as the 

pubertal growth spurt in both boys and girls [120]. Mineral acquisition then continues 

even as longitudinal growth slows and stops – within 4 years of peak high velocity 

individuals have acquired 90-95% of their peak bone mass [121], but 6-10% of peak bone 

mass is acquired after longitudinal growth stopped [119]. Mineralization rates can vary 

between skeletal sites, but whole body peak bone mass is acquired by the end of the 

second or beginning of the third decade of life [121,122].  

 Bones grow in both length and width until epiphyseal plate closure, but growth in 

width can continue after longitudinal growth ends. Bones get wider primarily through 

actions of osteoblasts on the periosteal (outer) surface of the bone, a process known as 

periosteal apposition or periosteal expansion [123]. Periosteal expansion is under similar 

hormonal control as longitudinal growth, with GH, IGF-1, PTH, estrogen, and androgens 

being the primary players. The GH/IGF-1 axis stimulates periosteal expansion, whereas 

the effects of sex hormones are more complicated [117,123]. Androgens and estrogens 

can have differing effects on periosteal expansion in men and women, which partially 

explains the common sex differences seen in bone mass between men and women [124]. 

 

Sex Differences in Bone Accrual  

Males 

 On average, males tend to hit developmental milestones at later ages than females. 

Males often have their pubertal growth spurt around the age of 13, and studies have 

shown that their peak height velocity occurs around 13.5 years of age [119], and then 

growth rates slowed until epiphyseal plate closure. Mineralization lags behind growth, 
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and on average males achieve peak mineral acquisition rates around 14 [119]. While 

males tend to have higher bone mass even through periods of growth, they also can have 

higher cortical porosity during this time, which is an indicator of weaker bones and puts 

them at higher risk for fracture in adolescence [125]. After puberty and adolescence, 

however, males end up with higher bone mass than females – on average young adult 

men have 25-33% higher cross-sectional bone area than young adult women. [126]. 

Young adult men also have higher trabecular bone volume than young adult women, 

which contributes to increases in bone strength [126]. These increases in bone mass and 

strength are maintained through the lifespan, which puts men at lower risk for fracture 

later in life [115,124].  

 Larger increases in periosteal expansion and trabecular bone volume in young 

men have been positively associated with circulating levels of free testosterone in some, 

but not all studies [124]. However, it should be noted that part of testosterone’s effects on 

bone could be mediated by the aromatization of testosterone to estrogen locally in bone, 

and not directly related to testosterone levels. The importance of aromatase to bone health 

can be seen in a case study of a young man with aromatase deficiency, who had no signs 

of epiphyseal plate closure and thin bones at the time of treatment [127]. Two years of 

daily estrogen administration led to the closure of epiphyseal plates and a 45% increase in 

cross-sectional area of the radius, implying that estrogen is necessary in men for both 

longitudinal and transverse growth [127]. However, estrogen treatment had no effect on 

trabecular bone volume, implying that androgens are the primary determinants of 

trabecular bone development in men [127].   
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Females 

 Females tend to have lower total bone mass than males, partly because they 

achieve developmental milestones at earlier ages than males. Females often have their 

pubertal growth spurt around the age of 10 or 11, and studies have shown that their peak 

height velocity occurs between 11 and 11.5 years of age dependent on race [119]. 

African-American girls tend to achieve peak height and mineralization velocities earlier 

than non-African American girls [119]. On average, females achieve peak mineral 

acquisition rates between 12 and 12.5 years, again depending on race [119]. Females 

grow less total bone mass than males, which protects them from the high cortical porosity 

seen in males during adolescence [125], and female adolescents tend to have lower rates 

of fracture than males [115]. However, after adolescence and puberty, females tend to 

have lower measures of peak bone mass which can have significant implications on bone 

health later in life [128].  

 Similar to males, estrogen is responsible for the closure of epiphyseal plates and 

increases in periosteal bone mass in females. In addition, estrogen appears to be 

responsible for trabecular bone development in females. BMD is positively associated 

with free estrogen in premenopausal women [129], and women with estrogen deficiency 

and impaired ovulation have lower BMD than regularly ovulating women at all skeletal 

sites [130]. There is some evidence that high circulating levels of androgens can impact 

bone mass in women in certain disease states, such as polycystic ovarian syndrome, but 

further studies are needed to elucidate the specific role of androgens in normal bone 

development, and if these actions are specific to androgens or secondary to androgens 

being aromatized into estrogens [131].  
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Bone maintenance and loss – adulthood through senescence    

Peak bone mass in both sexes is achieved by the age of 30 [121]. After 30 years of 

age, bone mass either remains stable or begins declining slowly, dependent on an 

individual’s lifestyle  [110,128]. In adults, total bone mass is directly related to bone 

remodeling. To maintain bone mass, bone remodeling needs to be coupled and equal 

amounts of bone need to be resorbed and formed. However, as individuals age, bone 

remodeling can become uncoupled, and more bone is resorbed by actions of osteoclasts 

than is subsequently formed by actions of osteoblasts, leading to decreases in bone mass 

[110]. After the age of 45, bone mass starts declining in both men and women, regardless 

of lifestyle choices. This decline can be linked to decreasing levels sex hormones in both 

men and women, but it is particularly noticeable in women with the onset of menopause 

[2]. Declining bone mass can lead to osteopenia and osteoporosis, diseases of low bone 

mass, which puts individuals at higher risk of fractures, particularly of certain skeletal 

sites such as the hip and spine [132].  

 

Sex Differences in bone loss  

Males 

 Male sex is one of the most protective factors against osteoporosis, with only one-

third of osteoporotic fractures happening in men [124]. Studies have shown that age-

related bone loss effects men and women equally, but men are still protected against 

fracture for the following reasons: 1) men have higher peak bone mass, which leads to 

higher bone mass later in life even after equivalent losses, and 2) men maintain their 
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levels of sex steroid hormones better than women, showing a steady decline over time 

rather than the abrupt drop seen at the onset of menopause [2,124]. As men age, they 

show a steady decline in bioavailable levels of both testosterone and estrogen, but the 

loss of estrogen seems to be particularly significant to the loss of bone mass [2]. Low 

bioavailable estrogen levels in older men are associated with an increased risk of fracture, 

whereas there is no association with bioavailable testosterone [133]. Older men can have 

higher circulating levels of estrogen than postmenopausal women [124], which could also 

contribute to their lower risk of osteoporotic fractures.  

 

Females 

  Females are at much higher risk for osteoporotic fractures than men, for the 

following reasons: 1) calcium requirements and hormonal changes during pregnancy and 

lactation often lower BMD, although more studies are needed to determine if these 

changes are reversible and the impact these changes have on fracture risk with age, 2) 

women have lower bone mass overall compared to men, and 3) the steep drop in sex 

hormones, particularly estrogen, at the onset of menopause leads to a subsequent steep 

drop in BMD [2,134,135]. This steep drop in BMD which occurs in the first 8-10 years 

after menopause leads to low levels of BMD at earlier ages, which significantly impacts 

the length of time that women are susceptible to fractures [2,134]. Interestingly, there is 

still an association between lower bioavailable estrogen and increased fracture risk, even 

among the already low levels of postmenopausal women [2]. Hormone replacement 

therapy (HRT) of estrogen alone or combined with progestin was the premier treatment 

option for the prevention of osteoporosis in postmenopausal women for many years, until 
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the Women’s Health Initiative concluded that the risks of HRT outweighed the benefits 

[2,136], and other treatment options were prioritized. However, even with high risks, the 

anti-fracture benefits of estrogen treatment could not be denied [136].  

 

Lifestyle factors impacting bone accrual and loss 

 Each individual has the potential to achieve a genetically determined peak bone 

mass, and 60-80% of the variation in individual peak bone mass is genetically determined 

[137–139]. However, whether this genetic potential is reached is highly impacted by their 

lifestyle choices, particularly their nutrition and activity habits [128].  

 

Nutrition  

 Considering the composition of bone material, it should be no surprise that 

mineral intake, primarily calcium, is strongly linked to bone mass accrual. Almost every 

single study involving supplementation in adolescents showed that calcium 

supplementation led to increases in BMD over time, ranging from 1-5% [128]. In general, 

individuals with lower baseline calcium intake saw higher increases in BMD than those 

with higher baseline intake, implying a threshold of calcium benefits. This threshold of 

has been confirmed in balance studies, which show that calcium retention increases with 

calcium intake up to a certain point, at which calcium retention plateaus [128]. The 

calcium retention plateau can be affected by a variety of factors, such as sex and race, as 

well as other dietary components. Vitamin D has been shown to increase calcium 

absorption in the intestines, and often calcium and vitamin D are given together in one 

supplement. Studies showing supplementation with both calcium and vitamin D together 
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also show increases in BMD [128]; however studies supplementing with only vitamin D 

have been more controversial. The effects of vitamin D supplementation on bone accrual 

during childhood seem to be dependent on baseline vitamin D status, with improvements 

in BMD primarily seen in individuals with vitamin D insufficiency [128].  

 Interestingly, the link between vitamin D, calcium, and bone mass seems to be 

most important in children and young adults. Multiple meta-analyses of supplementation 

in adults over 50 have shown that there was no association between supplementation with 

vitamin D, calcium, or both with increases in BMD or decreased risk of fracture 

[140,141]. This implies that calcium and vitamin D are more important during bone 

growth to help achieve a higher peak bone mass than later in life to prevent bone loss.  

 

Physical Activity and Exercise 

 Engaging in regular physical activity and exercise is considered one of the most 

important lifestyle choices that an individual can make throughout the lifespan in order to 

improve and maintain bone health [128]. Physical activity is considered “any body 

movement produced by muscle contraction resulting in energy expenditure above a 

resting level”, whereas exercise is defined as “planned, organized, and repetitive physical 

activity that is aimed at maintaining or enhancing one or more components or physical 

fitness or a specific health outcome” [128]. For research purposes, often exercise is used 

in randomized control trials, whereas physical activity levels are tracked in observational 

studies.  

 The majority of randomized control trials in children and adolescents showed 

increases in BMD in the exercising group compared to the control. Interestingly, the 



 45 

magnitude of the differences decreased as the children got older, ranging from up to a 6% 

increase in prepubertal children to up to a 1.9% increase in late or post-pubertal 

adolescents over 6 months of intervention [128]. One study used the same exercise 

intervention in all female participants, but only showed improvements in prepubescent 

participants [142]. The majority of observational studies also report increases in BMD 

with increases in physical activity, particularly in children who participate in sports [128]. 

As an example, the University of Saskatchewan Pediatric Bone Mineral Accrual Study 

showed that children who were most physical active at 8-15 years of age had the highest 

BMC and BMD at 23-30 years, even after controlling for adult physical activity levels 

[143].  

 In adulthood and beyond, physical activity and exercise become about bone mass 

maintenance, or the prevention of bone loss, rather than bone accrual. Exercise 

intervention trials often have mixed results dependent on age of the participants and the 

type of exercise intervention [144–146]. For example, a meta-analysis showed that 

impact-based exercise interventions conveyed a benefit to BMD whereas walking 

interventions did not, in older men [144]. However, positive associations between levels 

of leisure physical activity and BMD remain in observational studies in both men and 

women [147–149]. Overall, regular, age-appropriate physical activity throughout the 

entire lifespan is one of the most important lifestyle choices an individual can make in 

order to prevent osteoporosis. 
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 Figure 2.4 Bone Mass Across the Lifespan [128] 
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Mechanical Loading and Bone 

It has been well established that engaging in regular, age-appropriate physical 

activity throughout the lifespan is one of the most influential ways to prevent age-related 

bone loss and fracture [128]. The benefits of physical activity are due to the mechanical 

forces of muscle contraction and ground-reaction forces exerted on the skeleton during 

exercise. Bone is a very mechanosensitive tissue, meaning it can sense external 

mechanical loads and then adapt to these forces [150,151]. Similar to muscle 

hypertrophy, bone tissue adapts in size and shape to be able to withstand new and regular 

forces applied to it. This idea of bone adapting to mechanical forces in order to maintain 

structural competence is known as the “mechanostat” theory, and it was first introduced 

by Harold Frost in the early 1980’s [151]. Since then, decades of research have worked to 

elucidate the cellular mechanisms behind bone’s mechanosensitive abilities.  

 

Frost’s mechanostat 

 While Frost was not the first to notice that bone was a mechanosensitive tissue, he 

was the first to propose a theory regarding a regulatory mechanism through which bones 

sense and respond to mechanical forces, and he was the first to propose the idea of a 

mechanical threshold [151]. The theory of the mechanical threshold has been proven 

through the last decades of research – there is a low threshold of inactivity under which 

bone is lost, and there is a high threshold of activity over which new bone is grown. In 

between thresholds, bone mass is maintained [151]. As with any other homeostatic 

mechanism, the mechanostat is comprised of three main parts – a stimulus, a sensory 
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mechanism that is capable of detecting the stimulus, and effector mechanisms that can 

adapt to the stimulus and bring the system back to homeostasis [151].  

In bone, the stimulus is ultimately strain, or amount of deformation of the bone 

material in response to a load applied. However, other strain-related characteristics, such 

as frequency of loading cycles, amount of rest between bouts of loading, and the 

distribution of the load within the bone structure all can affect the functional adaptation 

of the bone. In addition, the functional adaptation can be affected by the environment, 

particularly hormonal and nutritional status of the individual [151]. For example, 

individuals undergoing the same exercise treatment will not adapt the same if one is 

nutritionally or hormonally deficient [150]. Estrogen in particular seems to be a 

significant influencer of the mechanosensitive abilities of the bone (see estrogen actions) 

[150]. The effector cells are osteoclasts and osteoblasts, which can resorb and form bone 

where needed through the processes of bone modeling and remodeling [151]. The 

sensory mechanism, or the cell that detects the stimulus and translates it to the effector 

cells, is the osteocyte.  

 

Osteocytes and the mechanostat 

 Osteocytes play a significant role at all three responses of the bone mechanostat – 

low forces leading to bone loss, normal forces leading to bone maintenance, and high 

forces leading to bone growth. Osteocytes are surrounded by fluid filled lacunae and 

canaliculi, and fluid flow shear stress resulting from loads on the bone is one of the main 

mechanical stimuli that leads to maintenance and increases in bone mass [151,152]. A 

reduction in fluid flow shear stress in the bone, such as occurs in immobilization, space 
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flight, and other situations of disuse, is implicated in biochemical signaling that leads to 

bone loss [151]. Disuse can possibly lead to lower blood flow, which inhibits the nutrient 

supply and impairs the removal of waste products [151]. In addition, studies in rodents 

have shown that diffusion in unloaded bones is not enough for large molecules, such as 

proteins, to reach the osteocyte where it is buried in the bone matrix [153], which means 

that active fluid flow stimulated by loading is required for normal protein transport and 

signaling. Together, this shows that disuse leads to nutrient and protein deficiencies 

which result in osteocyte apoptosis. Osteocyte apoptosis is a strong biochemical signal 

for bone resorption, as cytokines released from apoptotic osteocytes, such as RANKL, 

signal osteoclast differentiation and activation [151].  

 In the presence of loading, bone mass is either maintained or increased, depending 

on the magnitude of the load, as well as other confounding factors such as nutritional and 

hormonal status. In the presence of loading, osteocytes sense increases in fluid flow shear 

stress and changes in hydrostatic pressure through several cellular mechanisms, such as 

conformation changes in protein structures or movement of the cilia on the cell body and 

dendritic processes [152]. Once the mechanical signal is sensed by the osteocytes, it is 

translated into biological cues that both regulate gene transcription in the osteocyte itself 

and transduce the signal to other cell types. The main biological cues involved are 

intracellular calcium signaling, nitric oxide, prostaglandins, and Wnt proteins [152]. 

Prostaglandins can work on osteocyte in an autocrine fashion to regulate gene 

transcription along with intracellular calcium signaling. Nitric oxide and prostaglandins 

also work in a paracrine fashion to modulate osteoblast and osteoclast activities towards 

bone formation [152]. Wnt proteins act as signaling molecules to stimulate osteoblast 
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differentiation and activation [152,154]. One of the main genes downregulated in the 

osteocyte in response to mechanical loading is Sost, which codes for the protein 

sclerostin, a Wnt signaling inhibitor.  

 

Wnt Signaling 

 Research developments in the past decades have revealed the importance of Wnt 

signaling in the development and maintenance of the skeleton through the discovery of 

certain skeletal dysplasias associated with loss- or gain-of-function alterations to genes 

involved in Wnt signaling pathways [155,156]. The Wnt family of proteins are secreted 

glycoproteins that are post-translationally modified by the addition of a lipid, usually 

palmitate, necessary for activity [155]. Currently there are 19 known Wnt proteins 

involved in three different signaling pathways – one “canonical” signaling pathway, 

which is the most studied and involves the transcription factor b-catenin, and two non-

canonical pathways, the Wnt/Ca2+ pathway and the Wnt/PCP pathway [156]. The three 

Wnt signaling pathways are involved in a broad number of cellular processes across 

many organ systems. For most processes there is only one pathway involved, but there is 

also some evidence of overlap between the signaling pathways in certain processes [156]. 

In bone, canonical Wnt signaling through the Wnt/b-catenin pathway seems to be the 

most important, and thus is the one that will be discussed in more detail.  

 Canonical signaling begins when the Wnt ligand binds with its co-receptor 

complex involving either lipoprotein-related receptor (LRP)-5 or -6 and the seven 

transmembrane-span Frizzled (FZD) receptor [155,156]. Binding of the ligand to this co-

receptor complex leads to the activation of Disheveled by phosphorylation, which leads 
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to downstream phosphorylation of glycogen synthase kinase-3b (GSK-3b). GSK-3b is a 

key component of a large complex of proteins responsible for the sequestration of b-

catenin, a transcription factor. When not phosphorylated, GSK-3b is marked for 

ubiquitination and the entire protein complex, including b-catenin, is degraded. However, 

when GSK-3b is phosphorylated, the complex collapses and free b-catenin is released 

into the cytoplasm. b-catenin then translocates to the nucleus and interacts with other 

transcription factors to regulate the expression of genes related to the differentiation, 

proliferation, and function of various bone cells, particularly those in the osteoblast 

lineage [155,156]. For example, Wnt/b-catenin signaling is required for the 

differentiation of MSC’s to osteoblast precursors, regulates osteoprogenitor proliferation, 

and can increase the expression of OPG in osteoblasts [155]. In general, Wnt signaling in 

bone results in alterations to gene and protein expression that encourage bone formation.  

 

 
Figure 2.5 Overview of Wnt signaling [31] 
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Sclerostin is a Wnt inhibitor  

 Sclerostin was first discovered through two skeletal dysplasias resulting in higher 

than normal bone mass, sclerosteosis and Van Buchem’s disease, which result from loss-

of-function genetic mutations in or around the Sost gene [157]. This high-bone-mass 

phenotype associated with low or undetectable levels of sclerostin protein implied that 

sclerostin plays a role in blocking bone formation. Consistent with this hypothesis, mouse 

models altered to overexpress sclerostin have low bone mass, in both cortical and 

cancellous bone [33]. Research over the past two decades has shown that sclerostin is 

expressed in osteocytes, but not in other cells of the osteoblast lineage. Specifically, 

sclerostin is expressed only in mature osteocytes that are embedded in the mineral matrix, 

not recently differentiated osteocytes that are close to the active bone formation surface 

[33].  

 Sclerostin primarily inhibits bone formation by acting as a Wnt signaling inhibitor 

[33,157]. Sclerostin binds to LRP-5 and -6, which antagonizes canonical Wnt signaling 

and blocks downstream upregulation of osteogenic gene transcription. Deletion of the 

Sost gene or treatment with antibodies to sclerostin in mouse models showed higher bone 

mass associated with increased osteoblast number and activity [33]. Sclerostin can also 

indirectly increase bone resorption – overexpression of sclerostin in mice is associated 

with an imbalance in the OPG/RANKL ratio leading to increased osteoclast 

differentiation and activity [33].  Sclerostin expression is regulated by many local and 

systemic factors, such as mechanical loads applied to the bone and hormonal status. 

 

Regulation of sclerostin expression  
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Mechanical Loading 

 Mechanical loading is the primary functional determinant of bone mass, and 

downregulation of sclerostin expression in osteocytes is one of the primary cellular 

mechanisms behind the functional adaptation to mechanical loading. Osteocytes sense 

loads through fluid shear stress and hydrostatic pressure changes, which leads to the 

release of paracrine and autocrine factors, such as nitric oxide and prostaglandins. Cell 

culture studies show that prostaglandins, specifically PGE2, bind with EP2 and EP4 

receptors on the osteocyte to trigger a cascade of signaling that ends with the 

downregulation of sclerostin in the osteocyte [158]. This downregulation of sclerostin 

allows for an increase in Wnt signaling, which leads to bone formation. 

 There is significant evidence that downregulation of sclerostin is required for 

loading-induced bone formation, and that upregulation is required for disuse-induced 

bone loss. In mice subjected to ulnar loading, there were significant decreases in 

sclerostin expression, both mRNA measured via PCR and cellular expression measured 

via immunohistochemistry, in the loaded ulnae compared to the unloaded ulnae [159]. 

This downregulation of sclerostin was associated with increased bone formation rate, and 

the magnitude of downregulation correlated to the magnitude of the loading strain [159]. 

However, in transgenic mice overexpressing sclerostin, ulnar loading did not lead to 

increased bone formation like it did in the wild-type counterparts [160,161]. Mice 

subjected to hind limb unloading or disuse via sciatic neurectomy have increased 

sclerostin expression associated with increased bone resorption, but sclerostin knockout 

mice do not [160,161]. Interestingly, the downregulation of sclerostin and subsequent 

increase in bone formation appears to be a localized phenomenon. Robling and Moustafa 



 54 

both found in separate experiments that sclerostin downregulation was was spatially 

distributed along the loading axis – areas of the bone that underwent the highest strains 

showed the largest decreases in sclerostin expression compared to areas of the bone that 

underwent smaller or no strain [159,162]. Overall, downregulation of sclerostin appears 

to be a key step in the osteogenic response to mechanical loading.  

 

Hormonal Status 

Sclerostin expression can also be influenced by systemic and local hormones, 

especially PTH and sex hormones, which play significant roles in the development and 

maintenance of bone mass. Postmenopausal women treated with intermittent PTH, one of 

the only approved anabolic bone treatments, had decreased circulating sclerostin levels 

compared to the control subjects [163]. It should be noted that sclerostin levels 

circulating in serum are not always reflective of sclerostin expression from a bone biopsy, 

and thus human data using circulating sclerostin only should be used sparingly [33,163]. 

However, mice treated with intermittent PTH also had decreased mRNA expression of 

sclerostin in the bone, providing more evidence that PTH can influence sclerostin 

expression.  

Sex hormones are also significant regulators of sclerostin expression, especially 

estrogen. Postmenopausal women show higher serum sclerostin levels than 

premenopausal women, and there is a significant inverse relationship between 

bioavailable estrogen and circulating sclerostin in both older men and postmenopausal 

women [163]. Treatment with estrogen reduced circulating sclerostin levels in 

postmenopausal women, as well as in men, compared to control subjects [163].  
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Postmenopausal women treated with estrogen for 3 weeks also had decreased mRNA 

expression of sclerostin measured when assessed via RNAseq or QPCR from a bone 

biopsy, giving more substantial support to the influence of estrogen on sclerostin levels 

[164]. Many rodent models also support the influence of estrogen on sclerostin 

expression, but they will be discussed in a later section (see Estrogen and Sclerostin).  
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Estrogen and the Skeleton - Mechanisms of Action 

Estrogen is one of the most influential hormones in growth and maintenance of 

the skeleton, and epidemiological evidence supports a strong positive correlation between 

bioavailable estrogen and bone mass in both women and men [1]. While the importance 

of estrogen was first discovered in relation to bone loss during menopause [3], estrogen 

plays a significant role in bone growth and maintenance across the entire lifestyle (see 

Bone throughout the lifecycle). In both adolescent girls and boys, estrogen stimulates 

growth spurts of the skeleton [165]. The onset of puberty in adolescent females coincides 

with peak mineralization velocity [166], and both adolescent boys and girls have 

significant increases in bone mineral density (BMD) between pre- and post-pubertal ages 

[167,168]. Estrogen loss associated with menopause leads to a significant loss of bone 

mass in older women; however, a loss of estrogen with age contributes to bone loss in 

men as well, albeit is at a slower rate [2]. Overall, there is significant epidemiological 

evidence that bioavailable estrogen is a primary influencer of total bone mass. Here, we 

will explore cellular mechanisms that make estrogen such a vital effector of bone health.  

 Mechanistic data often comes from animal or cell culture models, which allow us 

to manipulate and control environmental, nutritional, and genetic factors to fully explore 

ideas. However, there are some key differences in sex steroid hormone physiology 

between animals and humans that should be considered when using animal models for 

estrogen research. For one, rodents do not produce sex hormone binding globulin, a 

transport protein found in humans, which affects circulating levels of free estrogen and 

testosterone [124]. In addition, male rodents show a higher reliance on peripheral 

aromatization of testosterone to estrogen than humans. Free bioavailable estrogen in the 
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serum can sometimes be undetectable in male rodents, implying that their skeleton relies 

almost exclusively on locally produced or aromatized estrogen rather than circulating 

estrogen [124]. Gonadectomy is also often used as a preclinical model of menopause or 

osteoporosis, but findings can be confounded by the rapid loss of all gonadal hormones, 

not just estrogen or testosterone [124,169]. Global genetic knockout models can have 

indirect effects on the target tissue due to a disrupted negative feedback loop or 

secondary effects in another tissue – for example, global estrogen receptor knockout mice 

often have decreased IGF-1 production in the skeleton, but whether that is due directly to 

a loss of estrogen signaling in the skeleton or indirectly to a disrupted hypothalamus-

pituitary axis in the brain is not clear [124]. However, recent advancements with the Cre-

Lox system have allowed for cell-specific and inducible knockouts, which has lessened 

the influence of confounding variables seen in global knockout models. Finally, it should 

be noted that a single estrogen receptor knockout model does not mimic hormone 

deficiency exactly, given that estrogen has multiple receptors, and there appear to be 

ligand-independent effects of the estrogen receptors (ER), particularly estrogen receptor-

alpha (ERa) [170]. Even with these physiological caveats, rodent models still provide 

some of the best models for hormonal research, given their lower cost and wider range of 

genetic manipulation compared to other models.  

 

Estrogen receptors in bone 

 Estrogen actions are mediated primarily by estrogen binding with the ER, which 

is found in two main isoforms, ERa and ERb. ERs are part of a nuclear receptor 

superfamily characterized by zinc-finger-containing transcription factors that bind to 
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DNA sequences called hormone response elements, in this case estrogen response 

elements (EREs), to stimulate the transcription of target genes [169,170]. Both ERa and 

ERb are found in bone tissue, and in all bone cell types [4]. However, they are unevenly 

distributed, with higher expression of ERa in cortical bone, and higher expression of 

ERb in cancellous bone [15]. In addition, ERa and ERb have been found on immune 

cells, such as B- and T-cells, which are important in bone regulation due to their 

production of differentiation factors, such as RANKL [4]. The specific role of ERa and 

ERb in bone can be elucidated using receptor knockout models (ERKO and BERKO, 

respectively).  

 

Estrogen Receptor-a  

Males  

Adult male ERKO mice have decreased BMD and femur length compared to WT 

counterparts [16,18,20,23]. They also have negative alterations in cortical bone geometry, 

such as decreased cortical bone area and cortical thickness, which are associated with 

decreases in biomechanical strength [16,18,21].  In addition, male ERKO mice have 

reduced bone turnover compared to WT mice, with decreased serum concentrations of 

both osteocalcin and CTX [18,21]. However, male ERKO mice have increased 

cancellous BMD and total cancellous bone, due to an increase in trabecular number and 

thickness, compared to WT animals [16,20–22]. They also have increased bone formation 

rate and decreased osteoclast number per area of bone surface in cancellous bone 

compared to WT [16]. These differential responses to the loss of ERa in cortical versus 
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cancellous bone are most likely due to the variable distribution of the estrogen receptors, 

since ERa is more highly expressed in cortical bone  [15].   

 

Females  

 Female ERKO mice usually have similar phenotypes as male ERKO mice, 

however the studies are not as consistent [23]. Female ERKO animals have decreased 

cortical BMD compared to WT animals [16,19,20], and one study showed a decrease in 

femoral length compared to WT [16]. In two other studies there were no differences 

between groups in femoral length, regardless of age of the animals [19,20]. In contrast 

with the male ERKO animals, one study showed increases in cortical area and bending 

strength in the female ERKO animals compared to their WT counterparts [16]. However, 

another study showed decreases in cortical thickness in the female ERKO animals, 

although bending strength was not tested [20]. In cancellous bone, female ERKO animals 

have increased BMD and total trabecular volume, similar to male ERKO animals [16,20]. 

They also have decreased osteoclast number and markers of bone resorption in the 

cancellous bone compared to WT animals [16,20]. However, measures of bone formation 

are more variable and seem to be dependent on age – one study showed decreases in 

measures of bone formation via histomorphometry at 10 and 16 weeks of age, but 

increases at 12 months [20]. Similar to male ERKO animals, the varied responses in 

cortical and cancellous bone are most likely due to the differential distribution of the ER 

isoforms [15]. In addition, due to the loss of the negative feedback loop in the 

hypothalamus, circulating concentrations of estrogen are often 10-fold higher in female 

ERKO animals compared to WT [4,169]. These high concentrations of estrogen could 



 60 

lead to increased binding activity with ERb or signaling through non-classical pathways, 

such as protein-protein interactions, that could explain some of the varied results 

[4,23,169].  

 

Estrogen Receptor-b   

 ERb is much less studied than ERa, and the role of ERb in bone is still unclear. 

Generally, male BERKO mice have very limited phenotypic alterations in the skeleton 

compared to WT counterparts [18,23,171,172]. Female BERKO mice have increased 

trabecular bone volume, similar to female ERKO mice [20]. However, the cortical bone 

impairments seen in female ERKO mice are not seen in female BERKO mice. In fact, 

one study in aged female BERKO mice showed that the loss of ERb protected the 

animals against age-induced bone loss, in both cortical and cancellous bone [171]. This 

was associated with an upregulation of ERa, which implies that these protective effects 

could partially be explained by increased estrogen binding activity [171].  

 While the lack of phenotypic differences in male BERKO mice implies no role 

for ERb in bone, the increased trabecular bone volume seen in male ERKO mice suggests 

otherwise. In addition, both female ERKO and BERKO animals have increased 

trabecular bone volume, which implies a redundancy in actions between the receptors in 

cancellous bone [4,23]. However, based on global knockout models, there does not 

appear to be a significant role for ERb in cortical bone, other than possibly regulating the 

expression of ERa [171]. Cell-specific knockout models would tell us more about the 

specific role of ERb in bone.  
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Cellular actions on each bone cell type   

Osteoclasts 

 Estrogen primarily works to inhibits bone resorption in osteoclasts. Estrogen 

stimulates osteoclast apoptosis through the production of FasL, leading to decreased 

osteoclast number [3,169]. Estrogen also stimulates the production of Wnt proteins and 

b-catenin in osteoclasts, which would indirectly lead to increases in osteoblast activity 

(see Wnt signaling) [169].  Finally, estrogen can inhibit osteoclastogenesis both directly 

and indirectly. In the osteoclast itself, estrogen blocks transcription of RANKL/M-CSF 

activator protein and other proteins required downstream of ligand binding, which 

suppresses RANKL-induced osteoclastogenesis [3,169]. Indirectly, estrogen signaling in 

B- and T-cells in the bone marrow suppresses RANKL production and stimulates OPG 

expression, which decreases osteoclastogenesis. In addition, estrogen can suppress the 

production of other inflammatory cytokines, such as TNF-a, which stimulate bone 

resorption [3].   

 Deletion of ERa from mature osteoclasts in female mice leads to low cancellous 

bone mass associated with increased osteoclast number, but it had no effect on cancellous 

bone mass in male mice [170]. Deletion of ERa from osteoclast progenitor cells showed 

the same phenotype – low cancellous mass only in the female animals [173]. However, 

no study has shown any negative effects on cortical bone in either sex [169,170]. This 

implies that ERa in the osteoclast itself is protective against cancellous bone loss in 

females, whereas estrogen’s antiresorptive actions in cortical bone and in males must 

occur indirectly through actions in osteoblasts or B- and T-cells and other immune cells 

[4].  
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Osteoblasts 

 In osteoblasts, estrogen act primarily to induce or maintain bone formation. 

Estrogen has been shown to protect against osteoblast apoptosis, leading to increases in 

osteoblast number and bone formation [3]. Estrogen modulates both the Wnt/b-catenin 

and IGF-1 pathways to stimulate the differentiation, proliferation, and activation of 

osteoblasts [169]. Estrogen can also block the differentiation of mesenchymal stem cells 

to adipocyte progenitors, allowing for more differentiation into osteoblast progenitors 

[7,169]. Estrogen indirectly increases bone formation through decreases in oxidative 

stress and the production of reactive oxygen species, which have been shown to induce 

osteoblast apoptosis [3]. Finally, estrogen can inhibit NF-кB activity in osteoblasts, 

which leads to an increase in the expression of proteins necessary for matrix formation 

and mineralization [3].  

 Deletion of ERa from osteoblast progenitors led to decreased cortical bone mass 

and cortical thickness in both male and female mice, associated with decreased osteoblast 

number, lower bone formation rate, and impaired Wnt signaling [174]. There were no 

differences in trabecular bone mass, again supporting the idea that direct actions of 

estrogen on osteoblasts are protective in cortical bone, whereas the protective actions of 

estrogen in cancellous bone are through the osteoclasts [169,174]. Interestingly, female 

mice without ERa in osteoblast progenitors do not show the expected increase in 

osteoclast number after ovariectomy and are protected from ovariectomy-induced cortical 

bone loss [170]. This supports that the antiresorptive actions of estrogen are not directly 

through the osteoclast but involve communication between osteoblast and osteoclast. In 
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addition, deletion of ERa from undifferentiated mesenchymal stem cells led to an 

increase in adipocyte progenitors and a decrease in osteoblast progenitors in bone marrow 

[174]. This shows that estrogen plays an important role in the differentiation of 

mesenchymal stem cells, but the exact mechanism still remains to be elucidated. 

However, deletion of ERa from mature osteoblast had no or little effect on the skeleton 

phenotype [4,169,170]. One study did show an increase in markers of osteoblast 

apoptosis in mature osteoblast-specific ERa knockout mice, but it was not accompanied 

by any skeletal differences compared to WT animals [174]. This shows that estrogen’s 

osteogenic effects are primarily through direct actions on MSCs and osteoblast 

progenitors.  

 

Osteocytes 

 Similar to osteoblasts, estrogen protects against apoptosis in osteocytes, which 

protects against bone resorption [3,169].  In addition, estrogen appears to modulate load-

induced bone formation [169], although the exact role of estrogen in osteocytes during 

mechanical loading is still being explored. Cell culture studies show that estrogen can 

modulate the downregulation of sclerostin, as well as decrease RANKL production, 

which together would stimulate bone formation in osteoblasts [3,169].  

 Osteocyte-specific gene knockout models are difficult to produce, due to the 

limited amount of proteins produced solely by the osteocyte. However, to this date two 

studies on mice with ERa deleted from osteocytes have been performed with conflicting 

results [169]. One study showed no phenotypic differences in the female mice, but a 20% 

decrease in trabecular bone volume in the male mice [175]. The other study showed no 
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phenotypic differences in the male mice, but low bone mass associated with decreased 

osteoblast number in the female mice [176]. The conflicting results could be a result of 

animal model, as they were bred on different genetic backgrounds. The animals were 

similar in age at the time of the study (11 and 12 weeks, respectively), and thus age is 

most likely not a factor [169]. Further studies are needed to explore the role of ERa in 

osteocytes, particularly related to estrogen’s possible role in controlling or modulating the 

osteogenic response to mechanical loading.  

 

Estrogen and Mechanical Loading 

Exercise is a major influencer of total bone mineral density at all stages of the 

lifespan, and one of the most important lifestyle choices that individuals can make to 

protect their bone health [128]. Understanding the key factors in this osteogenic response 

to exercise is important to optimize bone accrual during the lifespan. Estrogen 

availability has been implicated as a significant influencer of the osteogenic response to 

exercise, particularly in women. In adolescent female rowers, lumbar spine BMD after 18 

months of training increased only in those who had regular menses and circulating 

estrogen levels similar to those of the non-exercising controls [177]. Rowers who had 

irregular menses and lower circulating estrogen levels showed no improvements in bone 

mineral density [177]. In postmenopausal women, the majority of studies agree that 

exercise is effective in preventing age-related bone loss [178,179]; however, several 

studies show larger improvements in BMD in response to exercise in postmenopausal 

women undergoing estrogen treatment compared with untreated women [180–182]. 

While this concept is less studied in men, one study did show that the ability to adapt to 
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exercise was diminished in Finnish men with a certain polymorphism in the ERa gene 

[183], despite no differences in circulating estrogen levels between groups. This implies 

that estrogen signaling, through ERa, might play a controlling role in bone’s response to 

exercise.  

 

Cellular actions of ERs during mechanical loading  

Estrogen and the estrogen receptors in bone influence the skeletal response to 

mechanical loading [13,14]. Cell culture models show that ERa is directly involved in 

the cellular response to strain in the osteoblast [25,26,184], in that ERa is upregulated 

and activated after mechanical strain has been applied. Additionally, ERa appears to be 

required for stabilization of secondary Wnt signaling molecules, such as b-catenin [25] 

and for the activation of extracellular signal-related kinase (ERK) [184], both of which 

are required for the normal osteogenic response to mechanical loading. Cultures of 

osteoblasts taken from long bones normally proliferate in response to strain, but this 

proliferation can be blocked by the addition of ER antagonists [185]. In addition, 

osteoblast cultures taken from ERKO mice do not proliferate in response to strain like 

osteoblast cultures from WT controls [186,187]. Taken together, this implies that ERa 

plays a direct role in bone’s response to mechanical loading.  

However, the role of ERa in the osteogenic response to mechanical loading seems 

to be sex dependent. Cell culture models show impaired proliferation of osteoblasts 

without ERa in both males and females [185,186,188], but only female animal models 

have impaired bone growth. Female global ERKO mice have a significantly smaller 

osteogenic response to loading in cortical bone, whether that be at the ulna [27] or the 
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tibia [28], measured as the change in cortical area over the loading period. Deletion of 

ERa only from mature osteoblasts and osteocytes also led to an impaired osteogenic 

response in female mice [29]. However, male global ERKO mice have an increased 

osteogenic response to mechanical loading compared to WT [28]. In addition, male mice 

that had no ERa in mature osteoblasts and osteocytes had no differences in the 

osteogenic response to loading when compared to littermate controls [29]. Both groups 

showed a similar increase in cortical thickness after 2 weeks of loading when comparing 

loaded and unloaded limbs. The reason for this sex difference is unclear but implies some 

sort of compensatory mechanism in male mice, possibly through ERb or actions of 

androgens.  

Few studies have looked at the role of ERb in mechanical loading, and they show 

conflicting results. In one study, female BERKO mice had an impaired net-osteogenic 

response in cortical bone to ulnar loading; however, osteoblast cell cultures from these 

same animals had increased proliferation when subjected to strain [27]. In another study, 

both male and female BERKO mice had increased net-osteogenic response to tibial 

loading in cortical bone [28].  Both studies measured net-osteogenic response as percent 

change in cortical area after the loading period. Much more research is needed to fully 

understand the role of ERb in mechanical loading, and how it might interact with ERa.  

 

Estrogen and Sclerostin  

The importance of estrogen and estrogen receptors in mechanical loading are clear. 

However, the exact cellular pathways involved are still being explored. One more 

recently proposed mechanism of action is the modulation of sclerostin expression by 
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estrogen. In women, there appears to be an inverse relationship between estrogen and 

sclerostin expression. Estrogen treatment decreased circulating sclerostin [34] and 

sclerostin expression in the posterior iliac crest [35] in older women. Treatment with 

aromatase inhibitors, which decrease circulating estrogen, increased circulating sclerostin 

in women with breast cancer [189], again supporting the inverse relationship between 

estrogen and sclerostin. In female mice, ovariectomy increased the percentage of 

sclerostin-positive osteocytes in the femur 3 weeks after ovariectomy, but treatment with 

endogenous estrogen reversed this change [37]. In female rats, increases in sclerostin 

mRNA levels were seen in lumbar vertebrae 8 weeks after ovariectomy, and this increase 

was reversed with estrogen treatment [38]. In cell culture experiments using osteoblastic 

cells derived from female mice, sclerostin expression was downregulated after the 

application of endogenous estrogen, although ERb appeared to play a greater role in the 

regulation of sclerostin levels than ERa [184]. In human males, estrogen treatment, but 

not testosterone treatment, lowered circulating levels of sclerostin in older men [34], 

implying that this inverse relationship is also present in males. However, circulating 

levels may not reflect bone sclerostin expression [36], so further studies looking at the 

effect of estrogen on bone sclerostin expression in males are warranted.  
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Selective Estrogen Receptor Modulators  

 Selective estrogen receptor modulators (SERMs) are a class of endocrine 

disruptors that specifically target the estrogen receptors. Endocrine disruptors are defined 

by the Environmental Protection Agency as “an exogenous agent that interferes with 

synthesis, secretion, transport, metabolism, binding action, or elimination of the natural 

blood-borne hormones that are present in the body and are responsible for homeostasis, 

reproduction, and development process” [190]. While endocrine disruptors are generally 

considered to be substances with negative consequences, SERMs can have both negative 

and positive effects.  

SERMs have tissue-specific effects, meaning they can work as an agonist, or 

estrogen mimicker, in certain tissues while working as an antagonist, or estrogen blocker, 

in other tissues [191]. Recent advances in the pharmaceutical industry have produced 

several SERMs that are drugs, such as tamoxifen or raloxifene, often used in the 

treatment of certain cancers, particularly breast cancer, and osteoporosis [191]. As an 

example, tamoxifen can act as an antagonist in breast tissue to prevent breast cancer, 

while also acting as an agonist to estrogen receptors in bone, leading to increases in BMD 

[191]. Clinically, SERM drugs are often prescribed because they can induce some of the 

benefits of hormone replacement therapy (HRT) in women, although not to the same 

extent or magnitude, without many of the negative side effects [191]. In addition, SERMs 

can possibly be used to treat male osteoporosis, whereas HRT was only used in 

postmenopausal women [192].  

SERMs can also be substances found in food or the environment. Two common 

examples are phytoestrogens found in plant products, i.e. isoflavones in soy protein, or 
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manufacturing by-products, i.e bisphenols found in plastics, which interact with estrogen 

receptors [193,194] Soy isoflavones and many other phytoestrogens preferentially bind 

with ERb over ERa, which contributes to their tissue-specific effects [195]. Individuals 

interested in the benefits of SERMs without a prescription might turn to increasing soy 

protein consumption, which has been shown to improve BMD when consumed regularly 

over the lifespan [196].  Other environmental SERMs, such as bisphenols, are considered 

substances that should be avoided, due to the growing amount of evidence that they could 

adversely affect human health [39].  

 

Bisphenols  

Bisphenols are endocrine disruptors and SERMs found in plastics that can have 

significant impacts on human health [39,40]. The most common bisphenol analog is 

bisphenol-A (BPA), though bisphenol-S (BPS) and bisphenol-F (BPF) can also be found 

in similar products (Figure 2.6). When BPA binds to the estrogen receptors, it leads to a 

modification of gene expression, but a different pattern of gene expression than classic 

estrogen binding [41–43]. This varied pattern of gene modulation is what makes BPA a 

SERM and contributes to its tissue-specific effects. BPA has been shown to bind to both 

ERa and ERb, but it has a higher affinity for ERb, which also contributes to its tissue-

specific effects [41]. Less information is known about BPS and other analogs of BPA, 

which are often used as a substitute in “BPA-free” plastic products, but they appear to 

have similar endocrine disrupting activities as BPA [40]. 
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Human exposure to BPA 

Human studies have associated BPA exposure with several endocrine issues, from 

low circulating sex hormones and decreased birth weight to metabolic diseases, such as 

obesity and cardiovascular disease [39]. The most common route of exposure of BPA and 

BPS in humans is food contamination, usually from epoxy resins used to line metal cans 

to stop food from being exposed to the metal [53,197]. BPA can also be released from 

plastic food and beverage containers, which allows the BPA to leach into the food over 

time [198]. This leaching process is accelerated by frequent washing of the container, 

storage of highly acidic or basic foods, and use of the containers at high temperatures 

[198]. While less impactful to human exposure, BPA and its analogues can also be found 

in thermal paper, dust, and certain dental and medical equipment [53,197]. BPA exposure 

is essentially ubiquitous in humans, with BPA being detectable in almost 100% of the 

blood or urine samples tested [39]. In addition, BPA has been detected in samples of 

Figure 2.6 Chemical structures of the bisphenol analogs, bisphenol-A (BPA), 

bisphenol-F (BPF), bisphenol-AF (BPAF), and bisphenol-S (BPS) [274].  
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breast milk, cord blood, and fetal tissue [39], indicating that humans can be exposed to 

BPA at all ages and stages of life. The presence of BPA in cord blood and fetal tissue 

implies direct transfer across the placenta, and this has been confirmed in human studies 

of placental explants [50–52]. All three studies showed that the ratio between fetal and 

maternal serum levels of BPA was 1, implying that the exposure of the fetus is equal to 

that of the mother.  

Before 2015, both the US Environmental Protection Agency (EPA) and the 

European Food Safety Authority (EFSA) recommended the tolerable daily intake (TDI) 

for BPA exposure be 50 µg/kg BW/day; however, in 2015, the EFSA dropped the TDI to 

4 µg/kg BW/day for European countries. Most American and Asian countries still set the 

TDI at 50 µg/kg BW/day, although Health Canada has set the TDI at 25 µg/kg BW/day 

[54]. Daily exposure is difficult to assess, due to the short half-life of BPA and possible 

unknown exposure routes. Global estimates show that the average exposure is about 30 

ng/kg BW/day in adults, but anywhere from 60-90 ng/kg BW/day in infants and children 

[54]. However, those are global estimates, and many individual countries, such as the 

United States, China, Germany, and Australia show higher daily exposure rates, often 

times above the current EFSA TDI of 4 µg/ kg BW/day, especially in infants and children 

[54]. In addition, the majority of epidemiological studies show that BPA exposure is 

associated with adverse effects on human health, even at intakes far below the current 

TDI [39].  

 

Mechanisms of Action 
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BPA and its analogs have structural features that allow them to bind with ERs, 

although BPA displays a 1000- to 2000-fold lower affinity for binding than estradiol, the 

most active form of estrogen [199]. Interestingly, although BPA and BPF can bind with 

both ERa and ERb, BPS has recently been shown to bind only with ERa in cell culture 

models [44]. In addition, there is some evidence that BPA can act as an agonist for ERa, 

but an antagonist for ERb, depending on the location of the ligand-binding domain [199]. 

A study using colon cancer cells showed that the presence of BPA in culture media could 

block the ability of estrogen to activate a pro-apoptotic signaling cascade through ERb, 

allowing for more growth of cancerous cells [200]. However, one of the key attributes of 

SERMs is that they have selective, or tissue-specific, effects on estrogen receptors, and 

more studies are needed to know if these mechanistic actions apply to all tissues.  

In addition to actions directly on ERs, there is also evidence that BPA can affect 

epigenetic programming. Environmental effects on epigenetic programming primarily 

occur through changes in DNA methylation or histone modification [199]. Using the 

Agouti mouse model, which changes coat color in response to epigenetic interruptions 

[45], Dolinoy, et al., showed that gestational BPA exposure induced hypomethylation at 

the agouti locus [46]. In another study, gestational exposure led to both hypo- and 

hypermethylation of different genes in the forebrain of mice [47]. In addition, gestational 

BPA exposure increased methylation of histone 3 in female mice [48], implying that BPA 

can effect both DNA and histone methylation levels. Interestingly, studies have shown 

that these epigenetic effects of BPA exposure are not seen in adult-exposure models [49], 

implying that BPA only effects the epigenome during critical periods of development, 

primarily uterine development.    
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Bisphenols and Bone  

Human Exposure Studies  

In spite of the known estrogen-disrupting effects of BPA and BPS, few studies 

have looked at the impact that BPA exposure might have on bone health, and no studies 

have looked at BPS exposure outside of cell culture. In humans, only four studies have 

looked at possible relationships between BPA exposure and skeletal health. There was no 

correlation between serum BPA levels and BMD in a study of 51 postmenopausal women 

with osteoporosis [55]. However, these women were also currently undergoing treatment 

for osteoporosis, which could mask effects of environmental BPA exposure. In another 

study of 256 premenopausal women, there was no correlation between BPA exposure and 

BMD after adjustment for body mass index [56]. In another study of 14 women with 

osteoporosis and 10 age-matched healthy controls, there were no differences in urinary 

BPA concentrations between the two groups [57]. In a study involving 754 school-aged 

children, there was no correlation between urinary BPA levels and height in girls; 

however, there was a significant negative correlation between urinary BPA levels and 

height in boys, which remained when adjusted for pubertal status and at a follow-up visit 

19 months later [58]. No studies have looked at BPA exposure and fracture incidence, 

and three of the four were cross-sectional studies involving only one study visit, which 

gives no information about changes in exposure leading to changes in BMD over time. 

More information is needed to truly understand the consequences that BPA exposure 

could have on skeletal health.  

 

Animal models 
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Few studies have looked at BPA exposure and skeletal health in animal models as 

well, and those that did used either a prenatal exposure model, or a model of menopause. 

In female ovariectomized (OVX) rats, BPA exposure decreased cancellous BMD more 

than just OVX alone, although there was a slight increase in serum osteocalcin after BPA 

exposure [59]. However, BPA exposure increased femoral BMD in female aromatase 

knockout mice in a dose-dependent manner [60]. So far no studies have looked at BPA 

exposure in a male adult model of osteoporosis.  

BPA seems to have larger effects during prenatal exposure [194], due to 

combination of direct hormonal actions and indirect epigenetic actions of BPA. However, 

few studies have looked at the effects of BPA exposure during gestation on bone, and 

those that exist show contrasting sex- and dose-dependent responses. In rats, dams were 

exposed to BPA, beginning on gestational day 7 and continuing through lactation, at 

varying daily doses (25, 250, 5,000, or 50,000 µg/kg BW). At 3 months of age, female 

offspring had increased femoral length at 25 and 5,000 µg doses compared to control 

animals; male offspring had increased cortical thickness at the 25 µg dose compared to 

control, but decreased cortical thickness at the 250 µg dose [61]. No differences were 

seen in BMD or biomechanical strength in any offspring [61]. In another study in rats, 

dams were exposed to BPA beginning on gestational day 3, again at varying daily doses 

(0.5 and 50 µg/kg BW). Male offspring in all groups had shorter femoral length, but only 

male offspring in the 0.5 µg/kg BW dose group had lower trabecular bone volume and 

smaller cross-sectional area compared to control offspring [62]. There were no effects on 

female offspring. In mice, dams were exposed to BPA starting on gestational day 11 at a 

daily dose of 10 µg/kg BW. At 23 weeks of age, male offspring had increased femur 
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lengths compared to control offspring, but no differences in biomechanical strength; at 13 

weeks of age, the female offspring showed a decrease in energy to failure, which could 

not be explained by any morphological differences in the bone [63]. In contrast, another 

studying involving mice showed that neither morphological nor biomechanical outcomes 

were impacted by BPA exposure, regardless of dose, in female offspring, but male 

offspring showed decreased cortical thickness and biomechanical strength at a higher 

dose of exposure (10 mg/kg BW). Interestingly, the male offspring exposed to a lower 

dose (10 µg/kg BW) also had impairments in biomechanical strength, without any 

morphological changes [64]. Taken together, these data indicate that BPA exposure 

during gestation can have significant impacts on both bone mass and strength, especially 

in male offspring. Importantly, these impairments were seen at doses lower than the 

current safe exposure levels in humans.  

 

Cell culture models  

In vivo studies have focused primarily on bone morphology and overall 

biomechanical strength, rather than measures of bone remodeling, even though ultimately 

both of those properties are under the control of bone remodeling. However, BPA has 

been shown to have significant impacts on osteoblast and osteoclast differentiation and 

activity in vitro. BPA enhanced adipogenesis from MSCs and blocked osteoblastic 

differentiation [201]. BPA exposure blocks both osteoblastic and osteoclastic 

differentiation and increases markers of apoptosis in a dose-dependent manner in 

progenitor cells [65]. In human osteosarcoma cells, long-term exposure to BPA and BPS 

downregulated the expression of several genes involved in bone morphogenesis, such as 
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Lrp5 and Wnt5A, both of which are involved in the Wnt signaling pathway. In addition, 

long-term exposure of BPA and BPS downregulated several osteoblastogenic gene 

markers, such as Runx2 and osteoprotegerin [66]. Overall, these data suggest that BPA 

and BPS exposure can have significant effects on bone cell activity, especially osteoblast 

activity. Measuring the impact of BPA and BPS exposure on osteoblast activity in an in 

vivo model is vital, because osteoblast activity and bone remodeling directly control 

morphological and biomechanical outcomes. 

 

  

Figure 2.7 Overview of the actions of BPA and other bisphenol analogs on bone cells 

[275] 
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CHAPTER 3 

Global estrogen receptor-a knockout has differential effects on cortical and cancellous 

bone in aged male mice [202] 

Introduction  

 Epidemiological evidence supports a strong positive relationship between 

bioavailable estrogen and bone mass in both women and men [1,203]. Estrogen actions 

are mediated in part by estrogen binding to the estrogen receptor (ER), which is found in 

two isoforms, ERa and ERb. Both ERa and ERb are found in bone; however, ERa is 

more prevalent in cortical bone, whereas ERb is more widely distributed in cancellous 

bone [15]. ERa and ERb knockout mouse models have been used to determine the 

significance of this differential expression in the growth and maintenance of bone mass. 

Male ERa knockout (ERKO) mice generally show increased cancellous bone but 

decreased cortical bone mass, whereas male ERb knockout (BERKO) mice show 

equivalent bone mass when compared with wild-type (WT) mice [23]. However, total 

bone mass is only one determinant of bone strength [82,83], and reduction in estrogen 

signaling can affect all levels of bone’s hierarchal structure [3,4], which collectively 

determine fracture resistance.   

 Male ERKO mice have decreased absolute longitudinal bone growth [16–18] 

relative to their WT counterparts. Young male ERKO mice have decreased cortical bone 

area, cortical thickness [18,21], and biomechanical bending strength [18], but increased 

cancellous bone mineral density (BMD) and trabecular number compared to WT mice 

[21,22]. Aged male ERKO mice have a similar phenotype, with decreased cortical bone 

area [16,17] compared to WT. And, although cancellous BMD is greater in male ERKO 
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mice, trabecular microarchitecture has not been examined in an aged male ERKO mouse 

model. Considering the significant role that trabecular microarchitecture plays in 

biomechanical bone strength [204], analysis of the trabecular microarchitecture of aged 

male ERKO animals is important.  

  Ultimately, the three-dimensional structure of bone is controlled via activity of 

osteoblasts, osteoclasts, and osteocytes. Osteocytes express sclerostin, a protein which 

down-regulates bone formation by inhibition of Wnt signaling [33] through paracrine 

actions on local osteoblasts and osteoclasts [159,162]. Sclerostin expression is regulated 

by several external factors, such as age and mechanical loading, as well as endogenous 

hormones such as IGF-I, parathyroid hormone, androgens, and estrogens [33]. In women 

and female rodent models, estrogen status is inversely related to sclerostin expression, 

whether measured via serum sclerostin concentrations [189,205,206], or sclerostin 

mRNA or protein expression in the bone [35,37,38] . In men, circulating sclerostin is 

negatively correlated with testosterone concentrations [207], though correlation does not 

prove direct regulation. In fact, estrogen treatment of elderly men decreased circulating 

sclerostin, whereas testosterone treatment did not [34]. This implies that estrogen directly 

regulates circulating sclerostin in men, though the direct impact on bony sclerostin and 

whether this regulatory role requires ERa is still unknown. Thus, further studies looking 

at the effect of estrogen on bone sclerostin expression in males are warranted.  

In addition to direct ERa-mediated effects, estrogen affects bone indirectly by 

impacting metabolic health. Reduction in ERa activity is associated with increased body 

weight [21], as well as metabolic dysfunction, including insulin resistance [208] and type 

2 diabetes [209], all of which are associated with decreased bone quality [210] and an 
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increased risk of fracture [211–213]. However, the relative contributions of these indirect 

metabolic effects to the overall skeletal phenotype of male ERKO mice has yet to be 

evaluated.  

 In this study, we compare aged male ERKO mice to their age-matched WT 

counterparts. We hypothesized that aged male ERKO mice would have improved 

trabecular microarchitecture in both the femur and the lumbar vertebrae, as well as 

decreased femoral length, mineral content, and cortical bone area compared to WT mice. 

Additionally, we hypothesized that, versus WT, male ERKO mice would have a higher 

percentage of sclerostin-positive osteocytes in cortical bone.  
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Methods 

Experimental design 

This study is part of a larger study investigating the effects of ERKO on glycemic 

control, inflammation, and hepatic steatosis in aged, male mice [214]. Heterozygote ERα-

/+ mice on a C57BL/6J background were bred at our facility to produce male 

homozygote (ERα-/-) and littermate wild-type mice, as previously described [215,216]. 

Briefly, development of the ERα-/- mouse was accomplished by homologous 

recombination and insertion of a neomycin sequence containing premature stop codons 

and polyadenylation sequences into a Not1site in exon 2 of the mouse estrogen receptor 

gene, resulting in an interruption of gene transcription, but not full removal of the gene 

[215–217]. Knockout was verified via western blot [214]. After weaning, mice were fed 

standard rodent chow [(3.3 kcal/g of food), 13% kcal fat, 57% kcal carbohydrate, and 

30% kcal protein, 5001, LabDiet, St. Louis, MO, USA] ad libitum until 14 months of age, 

providing 2 experimental groups: ERα-/- mice (ERKO) and wild-type (WT) controls 

(n=6-7/group). All mice were pair-housed (mixed genotypes) in a temperature-controlled 

environment at 25°C, with a 0700-1900 light, 1900-0700 dark cycle. Body weight and 

food intake were measured weekly, and body composition was measured by a nuclear 

magnetic resonance imaging whole-body composition analyzer (EchoMRI 4in1/1100; 

Echo Medical Systems, Houston, TX) on conscious mice one week prior to sacrifice. At 

14 months of age, mice were euthanized following a 5-hour fast. Blood samples were 

collected via cardiac puncture and centrifuged; plasma was separated, frozen in liquid 

nitrogen, and stored at -80°C for further analysis. Circulating estradiol and fasting 

insulin, glucose, and lipids were measured as previously described [214]. Femurs, tibiae, 



 81 

forelimbs, and lumbar vertebrae were harvested, wrapped in PBS-soaked gauze, frozen in 

liquid nitrogen, and stored at -80°C for further analysis. All procedures were approved in 

advance by the University of Missouri Institutional Animal Care and Use Committee. 

 

Cortical Geometry and Trabecular Microarchitecture 

Micro-computed tomographic (µCT) imaging of the right femur and the fourth 

lumbar vertebrae was performed using a high-resolution imaging system (Xradia 520 

Versa, ZEISS, Oberkochen, Germany). The methods used were in accordance with 

guidelines for the use of µCT in rodents put forth by the American Society of Bone and 

Mineral Research [85]. Scans were acquired using an isotropic voxel size of 0.012 mm, a 

peak X-ray tube potential of 50 kV, and a 4-sec exposure time. Trabecular bone 

microarchitecture was evaluated in a 0.5-mm region of interest directly above the growth 

plate of the distal femur, representing the distal metaphysis, and in a 0.5-mm region of 

interest of the lumbar vertebral body above the intervertebral disc. Cortical bone cross-

sectional geometry was evaluated at a 1-mm region of interest beginning at the end of the 

third trochanter, representing the diaphysis. The optimize threshold function was used to 

delineate mineralized bone from soft tissue. Scans were analyzed using BoneJ software 

[218] (NIH public domain), and measures of cortical geometry and trabecular 

microarchitecture were collected. Outcomes for cortical geometry included: femur length 

(Le), total cross-sectional area inside the periosteal envelope (Tt.Ar), marrow area 

(Ma.Ar), cortical bone area (Ct.Ar), cortical area fraction (Ct.Ar/Tt.Ar), mean cortical 

thickness (Ct.Th), and robustness (R, total bone area over length calculated as R = 

Tt.Ar/Le). Outcomes for trabecular microarchitecture included: total volume (TV, 
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volume of region of interest), bone volume (BV, volume of region segmented as bone), 

bone volume fraction (BV/TV), connectivity density (Conn.D, degree of trabeculae 

connectivity normalized to TV), mean trabecular thickness (Tb.Th), trabecular separation 

(Tb.Sp, distance between trabeculae), trabecular number (Tb.N, average number of 

trabeculae per unit length calculated as 1/(Tb.Th + Tb.Sp) [219]), structural model index 

(SMI), and degree of anisotropy (DA).  

 

Cortical Collagen and AGE Content 

Left femur diaphyses were flushed of marrow, acid-hydrolyzed with 6N HCL, 

dried overnight and reconstituted in 0.001 N HCL. The hydrolysate used to measure 

collagen and advanced glycated end-product (AGE) content.  Collagen content was 

estimated by determination of hydroxyproline via colorimetric assay using Chloramine T 

and Erlich’s reagents (Sigma-Aldrich, St. Louis, MO, USA) compared to a 

hydroxyproline standard (Sigma-Aldrich, St. Louis MO, USA).  Total AGEs were 

quantified by fluorescence with excitation at 360 nm and an emission of 460 nm using 

quinine as a standard (Thermo Fisher Scientific, Watham, MA, USA) [220].   

 

Ash and Mineral Content 

Right forelimbs (humerii, ulnae, and radii) were cleaned of all soft tissue, 

weighed, and defatted in hexane and diethyl ether each for 24 hours. Following lipid 

extraction, forelimbs were dried to a constant weight at 60° C. Forelimbs were then 

placed in a muffle furnace (800° C) overnight to collect ash. Final weight of ash content 

was recorded, and the ashed forelimbs were analyzed for calcium and phosphorus content 
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via inductive coupled plasma-optical emission spectroscopy (Agricultural Chem Station, 

University of Missouri). Results are expressed as gram of calcium or phosphorus per 100 

grams of ash (g/100g).  

 

Osteocyte Sclerostin Expression  

 Right femurs and lumbar vertebrae were fixed in 10% formalin for 48 hours at 4° 

C, and then decalcified in 14% EDTA at 4° C. Decalcified femurs were embedded in 

paraffin wax blocks, and 5-µm sections were taken longitudinally down the midline of 

the femur. Lumbar vertebrae were embedded in paraffin wax and 5-µm sections were 

taken transversely through the vertebral body. The sections were dried and 

deparaffinized, and then underwent enzymatic antigen retrieval using a 1x solution (20 

µg/ml) of protease K (Fisher Scientific, Hampton, NH) in TE buffer (Fisher Scientific, 

Hampton, NH), followed by blocking of endogenous peroxidase activity (3% H2O2, 

Ricca Chemical, Arlington, TX) and avidin and biotin expression (Avidin Biotin 

Blocking Solution, Thermo Scientific, Waltham, MA). Sections were then incubated in 

anti-sclerostin primary antibodies (Abcam, Cambridge, UK) overnight at 4° C. Secondary 

antibody binding and detection were accomplished using the Vectastain Elite ABC kit 

(Vector Laboratories, Burlingame, CA), with diaminobenzidine (ImmPACT DAB, 

Vector Laboratories, Burlingame, CA) as the chromogen. Sections were counterstained 

with hematoxylin (Fisher Scientific, Hampton, NH), dried, and mounted. Sections were 

analyzed at 20x for sclerostin expression. Sclerostin positive (Sost+) osteocytes were 

defined as osteocytes exhibiting brown staining, and sclerostin negative (Sost-) 

osteocytes were defined as osteocytes exhibiting blue (hematoxylin) staining. Data are 
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reported as percent Sost+ osteocytes. In addition to Sost+ and Sost- osteocytes, empty 

osteocytic lacunae revealed by hematoxylin staining were counted, and data are reported 

as percent empty lacunae, as previously described [221]. For cortical bone, percent Sost+ 

osteocytes were counted in a 1-mm region directly below the third trochanter, and for 

trabecular bone, percent Sost+ osteocytes were counted in the region directly above the 

growth plate, in order to correlate with the uCT data.  

 

Statistical Analysis  

Student’s t-tests were used to test for significant differences between groups 

(ERKO vs WT) for metabolic outcomes, material properties, trabecular 

microarchitecture, and percentage of sclerostin+ osteocytes. Body weight is a strong 

predictor of cortical bone mass, so cortical geometry was assessed by one-way ANCOVA 

with final body weight included as a covariate. Pearson correlations between metabolic 

outcomes (body weight, body fat percentage, and serum insulin and glucose) and 

circulating estradiol concentrations from the parent study [214] and bone outcomes 

(trabecular microarchitecture, cortical geometry, sclerostin expression) were performed to 

determine direct effects of genotype versus indirect effects of metabolic health on bone 

outcomes. Data are presented as means ± SEM or adjusted means ± SEM. Statistical 

significance was set at p<0.05. All analyses were performed using SPSS software 

(SPSS/25.0, SPSS, Chicago, IL, USA). 
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Results 

Metabolic Characteristics  

 The metabolic characteristics for these animals have been previously published as 

part of a larger study [214] and the results have been summarized in Table 3.1. Briefly, 

ERKO mice had higher body fat percentage (p=0.026), fasting glucose (p=0.024) and 

triglycerides (p=0.013) compared to WT mice. No differences were detected between 

groups in body weight, absolute food intake, circulating estradiol, or fasting levels of 

insulin, total cholesterol, HDL, LDL, or NEFA.  

Outcome WT ERKO P-value 

Body Mass (g)  33.6 ± 1.0 39.0 ± 3.1 0.148 

Body Fat Percentage 16.81 ± 0.46 24.80 ± 2.83 0.034* 

Average Food Intake (g/day) 5.10 ± 0.48 4.10 ± 0.25 0.188 

Blood Glucose (mg/dL) 227 ± 20 321 ± 29 0.024* 

Insulin (uU/L) 36.4 ± 9.6 36.8 ± 8.8 0.974 

Cholesterol (mg/dL) 62 ± 4 79 ± 8 0.099 

HDL (mg/dL) 32 ± 3 38 ± 2 0.103 

LDL (mg/dL) 5 ± 0.6 6± 1 0.591 

Triglycerides (mg/dL) 122 ± 6 147 ± 6 0.013* 

NEFAs (mmol/L)  0.49 ± 0.11 0.52 ± 0.05 0.763 

Circulating Estradiol (pg/mL)  7.1 ± 2.0 8.5 ± 1.3 0.567 

Table 3.1. Metabolic characteristics of male ERα-/- mice (ERKO) and wild-type (WT) 
mice. Data are means ± SEM, n=6 per group. Significance between groups (p<0.05) is 
indicated by asterisk (*). Adapted from [214]. 
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Femoral Cortical Geometry 

 Femur length was not different between WT and ERKO animals (WT: 15.80 ± 

0.17 mm and ERKO: 15.73 ± 0.17 mm; p=0.788), though there was a trend toward an 

increase in robustness in the WT group over the ERKO animals (WT: 0.143 ± 0.003 mm 

and ERKO: 0.134 ± 0.003 mm; p=0.075). ERKO mice showed significantly lower Tt.Ar 

(ERKO: 2.096 ± 0.052 mm2 and WT: 2.277 ± 0.052 mm2; p=0.042), Ct.Ar (ERKO: 0.865 

± 0.023 mm2 and WT: 0.961 ± 0.023 mm2; p=0.018), and Ct.Th (ERKO: 0.198 ± 0.004 

mm and WT: 0.212 ± 0.004 mm; p=0.047) compared to WT animals. There were no 

differences between groups in Ma.Ar (WT: 1.315 ± 0.042 mm2 and ERKO: 1.232 ± 

0.042 mm2; p=0.205) or Ct.Ar/Tt.Ar (WT: 0.418 ± 0.009 and ERKO: 0.411 ± 0.009; 

p=0.629). No differences were seen in the Imax/Imin ratio, a measure of the circularity of 

the diaphysis [222], between groups (WT: 2.287 ± 0.113 and ERKO: 2.364 ± 0.113; 

p=0.655). (Figure 3.1) 
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Figure 3.1. Cortical geometry of the femur in male ERα-/- mice (ERKO) compared to wild-type 
(WT) counterparts. (A) total area, (B) cortical area, (C) marrow area, (D) cortical-to-total area 
ratio, (E) cortical thickness, (F) Imax/Imin, (G) robustness. Data are adjusted mean ± SEM, n=6 
per group. Significance between groups (p<0.05) is indicated by asterisk (*).  
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Femoral Trabecular Microarchitecture 

 ERKO mice had significantly higher BV/TV (ERKO: 0.149 ± 0.011 and WT: 

0.090 ± 0.011; p=0.002), Tb.N (ERKO: 3.192 ± 0.128 mm-1 and WT: 2.360 ± 0.128 mm-

1; p=0.001), and Conn.D (ERKO: 145.69 ± 16.76 mm-3 and WT: 59.76 ± 16.76 mm-3; 

p=0.005), compared to WT animals. ERKO mice had significantly lower Tb.Sp (ERKO: 

0.245 ± 0.015 mm and WT: 0.354 ± 0.015 mm; p=0.001) and DA (ERKO: 0.263 ± 0.029 

and WT: 0.373 ± 0.027; p=0.021) compared to WT animals. Tb.Th (ERKO: 0.073 ± 

0.001 mm and WT: 0.072 ± 0.001 mm; p=0.875) and SMI (ERKO: 8.927 ± 1.120 and 

WT: 8.548 ± 1.120; p=0.816) were not different between groups. (Figure 3.2)  
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Figure 3.2. Trabecular microarchitecture of the distal femur in male ERα-/- mice 
(ERKO) compared to wild-type (WT) counterparts. (A) trabecular bone volume, (B) 
trabecular number, (C) trabecular thickness, (D) trabecular separation, (E) degree of 
anisotropy, (F) connectivity density, (G) structural mode index. Data are mean ± SEM, 
n=6 per group. Significance between groups (p<0.05) is indicated by asterisk (*). 
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Vertebral Trabecular Microarchitecture 

 ERKO mice had significantly higher BV/TV (ERKO: 0.334 ± 0.013 and WT: 

0.245 ± 0.013; p=0.001), Tb.N. (ERKO: 5.616 ± 0.137 mm-1 and WT: 3.891 ± 0.137 mm-

1; p=0.001), and Conn.D (ERKO: 435.42 ± 24.28 mm-3 and KO: 133.36 ± 24.28 mm-3; 

p=0.001) compared to WT mice. ERKO mice had significantly lower Tb.Th (ERKO: 

0.055 ± 0.001 mm and WT: 0.061 ± 0.001 mm; p=0.008), Tb.Sp. (ERKO: 0.124 ± 0.005 

mm and WT: 0.197 ± 0.005; p=0.001), and DA (ERKO: 0.713 ± 0.021 and WT: 0.812 ± 

0.021; p=0.007) compared to WT mice. There was no significant difference in SMI 

(ERKO: 3.946 ± 0.146 and WT: 3.656 ± 0.146; p=0.187) between groups. (Figure 3.3) 
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Figure 3.3. Trabecular microarchitecture of the lumbar vertebrae in male ERα-/- mice 
(ERKO) compared to wild-type (WT) counterparts. (A) trabecular bone volume, (B) 
trabecular number, (C) trabecular thickness, (D) trabecular separation, (E) degree of 
anisotropy, (F) connectivity density, (G) structural mode index. Data are mean ± SEM, 
n=6 per group. Significance between groups (p<0.05) is indicated by asterisk (*). 
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Femoral Cortical Collagen and AGE Content 

No differences were seen in total femoral collagen content (mg hydroxyproline/g 

bone) between groups (WT: 15.05 ± 1.32 and ERKO: 15.39 ± 1.34; p=0.654). There were 

no differences in total femoral AGE content (ng quinine/mg bone) between groups (WT: 

25.53 ± 5.93 and ERKO: 26.92 ± 6.49; p=0.697). Relative to total collagen content, there 

also were no differences in AGE content (ng quinine/mg hydroxyproline) between groups 

(WT: 1718.1 ± 477.6 and ERKO: 1739.0 ± 332.3; p=0.928). (Figure 3.5) 
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Figure 3.4. 3D reconstructions of regions of interest in cortical and cancellous bone in 
ERα-/- mice (ERKO) compared to wild-type (WT) counterparts.  
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Ash and Mineral Content 

 There were no differences in total ash weight between groups (WT: 26.42 ± 0.55 

mg and ERKO 24.97 + 0.55 mg; p=0.092). No differences in calcium content (g Ca/100 g 

ash) were detected between groups (WT: 38.83 ± 0.45 and ERKO: 39.11 ± 0.42; 

p=0.286). There were no differences in phosphorus content (g P/100 g ash; WT: 18.26 ± 

Figure 3.5. Femoral cortical collagen and advanced glycated end-products in male 
ERα-/- mice (ERKO) compared to wild-type (WT) counterparts. (A) hydroxyproline, 
(B) advanced glycated end-products (AGE), (C) AGE normalized to hydroxyproline 
content. Data are mean ± SEM, n=6 per group. Significance between groups (p<0.05) 
is indicated by asterisk (*). 
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0.14 and ERKO: 18.46 ± .26; p=.181) or the calcium to phosphorus ratio between groups 

(WT: 2.12 ± .03 and ERKO: 2.12 ± .03; p=0.834). (Figure 3.6) 

 

 

 

Osteocyte Sclerostin Expression  

 There was a trend towards an increase in percentage of sclerostin-positive 

osteocytes in ERKO animals compared to WT (WT: 59.35 ± 4.69 % and ERKO: 75.30 ± 

5.25 %; p=0.058) in the cortical bone of the femoral diaphysis, but no differences in 

cancellous bone of the femoral metaphysis (WT: 54.61 ± 7.93 % and ERKO: 51.39 ± 
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Figure 3.6. Femoral mineral content in male ERα-/- mice (ERKO) compared to wild-
type (WT) counterparts. (A) ash weight, (B) calcium-to-phosphorus ratio, (C) grams 
calcium per 100g ash, (D) grams phosphorus per 100g ash. Data are mean ± SEM, n=6 
per group. Significance between groups (p<0.05) is indicated by asterisk (*). 
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9.15 %; p=0.801) or the lumbar vertebrae (WT: 6.75 ± 0.94 % and ERKO: 5.75 ±1.03 %; 

p=0.491). No differences were detected in percentage of empty lacunae between WT and 

ERKO animals in cortical bone of the femoral diaphysis (WT: 24.82 ± 6.32 % and 

ERKO: 29.79 ± 7.07 %; p=0.617) or cancellous bone of the femoral metaphysis (WT: 

20.01 ± 4.35 % and ERKO: 14.07 ± 5.03 %; p=0.413) or the lumbar vertebrae (WT: 

13.31 ± 2.85 % and ERKO: 20.55 ± 3.12 %; p=0.119). (Figure 3.7 and 3.8). 
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Figure 3.7. Osteocyte sclerostin expression and empty lacunae in male ERα-/- mice 
(ERKO) compared to wild-type (WT) counterparts. (A) percent sclerostin positive 
osteocytes in cortical bone, (B) percent empty lacunae in cortical bone, (C) percent 
sclerostin positive osteocytes in cancellous bone of the femur, (D) percent empty lacunae in 
cancellous bone of the femur, (E) percent sclerostin positive osteocytes in cancellous bone 
of the vertebrae, (F) percent empty lacunae in cancellous bone of vertebrae. Data are mean ± 
SEM, n=6 per group. Significance between groups (p<0.05) is indicated by asterisk (*). 
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Metabolic influences on skeletal outcomes 

 Since ERKO can alter metabolic function, and metabolic health can have 

significant impact on the skeletal phenotype, we determined whether impaired metabolic 

health was associated with any skeletal outcomes. There were significant positive 

correlations between circulating fasting glucose and BV/TV of the femoral distal 

metaphysis (r=0.666, p=0.018), Tb.N (r=0.670, p=0.017), and Conn.D (r=0.623, 

p=0.031). There were significant negative correlations between circulating fasting 

glucose and Tb.Sp (r=-0.668, p=0.018) and DA (r=-0.634, p=0.036) of the femoral distal 

metaphysis. In the lumbar vertebrae, there were significant positive correlations between 

fasting glucose and BV/TV (r=0.672, p=0.017) and Tb.N (r=0.594, p=0.042), and a 

significant negative correlation between fasting glucose and Tb.Sp. (r=-0.622, p=0.031).   

Figure 3.8. Representative photos of sclerostin staining in cortical and cancellous 
bone in male ERα-/- mice (ERKO) and wild-type (WT) counterparts. Scale bar 
represents 100 µm. 
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We tested trabecular outcomes with fasting glucose as a covariate to assess the 

influence of circulating glucose on the group differences seen. In the femoral distal 

metaphysis, significant differences between groups remained in Tb.N (without glucose: 

ERKO: 3.192 ± 0.128 mm-1 and WT: 2.360 ± 0.128 mm-1, p=0.001; with glucose: 

ERKO: 3.111 ± 0.143 mm-1 and WT 2.441 ± 0.143 mm-1, p=0.015) and Tb.Sp (without 

glucose: ERKO: 0.245 ± 0.015 mm and WT: 0.354 ± 0.015 mm, p=0.001; with glucose: 

ERKO: 0.254 ± 0.017 and WT: 0.345 ± 0.017, p=0.008) when glucose was included as a 

covariate. Significant group differences (KO vs WT) changed to trending group 

differences in BV/TV (without glucose: ERKO: 0.149 ± 0.011 and WT: 0.090 ± 0.011, 

p=0.002; with glucose: ERKO: 0.142 ± 0.013 and WT: 0.097 ± 0.013, p=0.056) and 

Conn.D (without glucose: ERKO: 145.69 ± 16.76 mm-3 and WT: 59.76 ± 16.76 mm-3, 

p=0.005; with glucose: ERKO: 136.72 ± 19.21 mm-3 and WT: 68.73 ± 19.21 mm-3, 

p=0.051). Significant group differences in DA were abolished when circulating fasting 

glucose was included as a covariate (without glucose: ERKO: 0.263 ± 0.029 and WT: 

0.373 ± 0.027, p=0.021; with glucose: ERKO: 0.282 ± 0.034 and WT: 0.358 ± 0.030, 

p=0.172). In the lumbar vertebrae, significant group differences remained in BV/TV 

(without glucose: ERKO: 0.334 ± 0.013 and WT: 0.245 ± 0.013, p=0.001; with glucose: 

ERKO: 0.325 ± .014 and WT: 0.253 ± 0.014, p=0.011), Tb.N (without glucose: ERKO: 

5.616 ± 0.137 mm-1 and WT: 3.891 ± 0.137 mm-1, p=0.001; with glucose: ERKO: 5.603 

± 0.165 mm-1 and WT: 3.904 ± 0.165 mm-1, p=0.001), and Tb.Sp (without glucose: 

ERKO: 0.124 ± 0.005 mm and WT: 0.197 ± 0.005, p=0.001; with glucose: ERKO: 0.125 

± 0.006 mm and WT: 0.195 ± 0.006, p=0.001). There were no significant relationships 
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between circulating estradiol concentrations, fasting insulin concentrations, or percentage 

sclerostin+ osteocytes and other outcomes.   
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Discussion 

 In this study, we showed that ERKO had differential effects on cancellous and 

cortical bone in aged male mice. ERKO animals showed changes in cancellous bone 

microarchitecture of the femoral distal metaphysis and lumbar vertebrae, which others 

have shown to be associated with increased fracture resistance [223,224]. By contrast, 

ERKO resulted in detrimental changes in cortical bone geometry of the femoral diaphysis 

compared to WT counterparts. This is the first study to assess sclerostin expression in a 

male ERKO model. ERKO did not increase sclerostin expression in cancellous bone of 

the distal femoral metaphysis or the lumbar vertebrae; however, sclerostin expression 

trended towards an increase in cortical bone of the femoral diaphysis. Furthermore, the 

skeletal effects of ERKO were not attributable to differences in overall metabolic health 

between ERKO and WT, implying that the skeletal phenotype is primarily attributed to 

the ERKO.  

 The morphological changes seen in the cortical bone in this study are supported 

by previous studies [18,21,22]. Estrogen and the estrogen receptors have significant, cell-

specific roles in the development and maintenance of bone mass (reviewed in [3,4]), 

which directly influence bone remodeling. Estrogen blocks osteocyte and osteoblast 

apoptosis, induces osteoblast differentiation, increases osteoclast apoptosis, and reduces 

osteoclast differentiation through a direct suppression of receptor activator of NFkB 

ligand (RANKL) expression [3,9]. Estrogen indirectly reduces osteoclast differentiation 

through increased expression of osteoprotegerin (OPG), a decoy receptor for RANKL 

[10,11]. ERa specifically is required for the maintenance of cortical bone mass, as we 

can see in cell-specific ERa knockouts. When ERa was deleted from osteoblast 
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precursors, femoral BMD and cortical thickness were reduced compared to wild-type 

animals, indicating that ERa controls cortical bone formation through actions on 

progenitor cells [174]. This agrees with our results, since we only saw detrimental 

changes in cortical geometry, and not in trabecular microarchitecture of the femur or 

vertebrae. However, when ERa was deleted from mature osteocytes only, trabecular 

bone volume of the lumbar vertebrae decreased, which is in contrast with our results 

[175]. This is most likely due to the difference in cell-type; possibly the deletion of ERa 

in just the osteocyte produces a small enough effect on estrogen signaling that ERb is not 

required to compensate as it often does in a whole-body model, though further studies in 

this area are needed.  

 As expected in a global knockout model, the improvements in vertebral trabecular 

microarchitecture were consistent with those observed in the femur and support our 

original hypothesis. The improvements we saw in trabecular microarchitecture of the 

femur are also consistent with previous studies done in younger male ERKO mice 

[21,22]. These improvements can be explained by the greater presence of ERb in 

cancellous bone. In cancellous bone, ERb and ERa appear to have similar actions, and 

both play a role in maintaining total bone mass [4]. However, one characteristic in our 

study that did not match previous studies is the lack of differences in femoral length. This 

could be in part due to the age of our animals compared to other studies, as mice do not 

fully close their epiphyseal plates and slowly continue longitudinal growth after sexual 

maturity [225,226].  

 Another possible cellular action of estrogen is the downregulation of sclerostin 

[227], which would also directly affect bone remodeling. In women, estrogen treatment 
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decreased sclerostin mRNA concentrations in bone biopsy samples [35], but here we 

were the first to explore how a decrease in ERa could affect sclerostin expression in a 

male model. We hypothesized that, similar to previous female rodent models [37,38], the 

reduction in estrogen signaling would increase osteocyte sclerostin expression in male 

ERKO mice, as measured by immunohistochemistry. We observed increased osteocyte 

sclerostin expression in cortical bone in the ERKO animals that approached statistical 

significance (p=0.058), supporting the hypothesis that ERa plays role in the control of 

sclerostin expression. Interestingly, we only saw this change in the cortical bone, which 

directly correlated with the morphological effects also seen in the cortical bone. 

Therefore, we propose that downregulation of sclerostin is an important cellular action of 

estrogen in the overall control of bone remodeling and bone mass maintenance in cortical 

bone, and further studies are warranted. 

 Bone mass declines with aging, due to an imbalance in bone formation and 

resorption that favors increased bone loss [228,229]. In addition, serum concentrations of 

sclerostin increase with age in humans [228,230,231], although serum concentrations of 

sclerostin are not always reflective of sclerostin expression in the bone [33]. For instance, 

bone needle biopsies of the iliac crest showed no difference in bone levels of sclerostin 

mRNA between young and old women, despite an increase in circulating sclerostin with 

age [231]. However, in rodent models, there is a distinct increase in sclerostin as the 

animals age, whether measured by immunohistochemistry [232] or protein and gene 

expression [233]. Since the present study used an aged rodent model, it is possible that 

differences caused by ERa knockout were obscured by age-related increases in sclerostin 
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[232,233]. Further studies are warranted to fully explore the importance of ERa in 

osteocyte sclerostin expression throughout the lifespan. 

In addition to direct ERa-mediated effects on the bone, decreased ERa 

expression is associated with increased body weight [21] and metabolic dysfunction, 

including insulin resistance [208] and type 2 diabetes [209]. These metabolic health 

concerns are associated with decreased bone quality [210] and an increased risk of 

fracture [211–213]. In this study, ERKO mice were metabolically unhealthy, 

characterized by increased body fat percentage, glucose intolerance, liver steatosis, and 

increased fasting glucose and triglyceride concentrations [214]. We observed significant 

correlations between fasting glucose concentrations and trabecular microarchitecture 

outcomes, such as Tb.Sp, Tb.N, Tb.Th, BV/TV, DA, and Conn.D in both the femoral 

metaphysis and the lumbar vertebrae. Thus, to determine if the improvements in 

trabecular microarchitecture seen in the ERKO animals could be partly due to differences 

in glucose levels, we tested group differences with fasting glucose as a covariate. After 

accounting for differences in fasting glucose, the effect of ERKO on Tb.Sp, Tb.N, and 

Tb.Th remained, implying a direct effect of the loss of ERa activity on trabecular 

microarchitecture in the femur and vertebrae.  

 It is important to note that ERKO does not exactly mimic estrogen deficiency, 

given that estrogen signaling may occur via ERb and there are ligand-independent effects 

of the ERa receptor [170]. In addition, female ERKO mice tend to have higher 

circulating estrogen levels [23], which could overemphasize the role of ERb. However, in 

our study there were no differences in circulating estradiol between groups, which 

corroborates other studies done with male ERKO animals [214,234]. Another important 
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note is that the knockout model used in this study is not a complete gene knockout, as it 

is achieved by splicing the neo cassette rather than removal of the full gene. In this and 

previous studies, this method has shown to be an effective knockout model, in that the 

interruption of the gene reduces estrogen receptor expression to levels undetectable by 

western blot [215,235]. In addition, previous studies have shown that this knockout 

model has significantly reduced estrogen receptor activity, which manifests as significant 

phenotypic differences that can be attributed to the difference in the estrogen receptor 

gene [215,236,237].  

One limitation of this study was that these mice were global ERKO mice, which 

did not allow for the distinction between osteocyte-, osteoblast-, or osteoclast-specific 

actions. Other studies have aimed to elucidate these cell-specific actions (reviewed in 

[4]), but none of them have looked at sclerostin expression, which makes this study 

novel. Another limitation was the lack of biomechanical strength data. While detrimental 

effects on cortical strength can be inferred, based on previous literature correlating a loss 

of cortical mass and thickness with a loss of biomechanical strength [83], we did not have 

the ability to test to biomechanical strength due to previous cracks and fractures that were 

revealed in the µCT analysis. Biomechanical strength can also be effected by the material 

properties of the bone, such as mineral composition and heterogeneity, collage 

composition and amount of crosslinking, and crystallinity of the material [69,238]. While 

we saw no differences in mineral or collagen composition, the effects of ERa on other 

material properties are worth exploring.  

 In conclusion, ERKO had differential effects on cortical and cancellous bone in 

aged male mice. Specifically, ERKO significantly improved trabecular microarchitecture 
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of both the femur and lumbar vertebrae, but negatively altered cortical geometry of the 

femur, which supports a significant role for ERa in the maintenance of cortical bone 

mass. We also found a trend towards an increase in the percentage of sclerostin positive 

osteocytes in the cortical bone of the femoral diaphysis, suggesting a possible mechanism 

for the altered cortical geometry, and thus a regulatory role for ERa in osteocyte 

sclerostin expression in cortical bone. Taken together, these data warrant further studies 

to explore the effect of ERKO on osteocyte sclerostin expression. 
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CHAPTER 4 

Voluntary wheel running partially compensates for the effects of global estrogen 

receptor-a knockout on cortical bone in young male mice 

Introduction  

Estrogen is one of the most influential hormones in growth and maintenance of 

the skeleton across the entire lifespan in both males and females [1,2,165,167,168]. 

Estrogen actions are mediated primarily by estrogen binding with the nuclear estrogen 

receptor (ER), which is found in two isoforms, ERa and ERb. Bone expresses both ERa 

and ERb; however, ERa tends to be more prevalent in cortical bone, whereas ERb is 

more widely distributed in cancellous bone [15]. Global ERa knock out (ERKO) 

decreased longitudinal bone growth in both male and female mice [16–18]. Male ERKO 

mice show reduced bone turnover compared to wild-type (WT) controls [21], resulting in 

alterations in cortical bone geometry associated with decreased bending strength, such as 

decreased cortical bone area and cortical thickness [18,21]. However, cancellous BMD 

and total cancellous bone are increased in male ERKO mice, due to  increased trabecular 

number [21,22]. These differential responses to the loss of ERa in cortical versus 

cancellous bone are most likely due to the variable distribution of the estrogen receptors 

[15].   

Estrogen and the estrogen receptors in bone play an important role in the skeletal 

response to mechanical loading [13,14]. ERa is directly involved in the osteoblast 

response to strain [25,26,184], and ERa is upregulated and activated after application of 

mechanical strain. In vitro, osteoblasts taken from male and female ERKO mice do not 

proliferate and respond to strain like osteoblast cultures from WT controls [7], and female 
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ERKO mice had an impaired osteogenic response to exercise [239]. However, male 

ERKO mice had either no differences or increased osteogenic response to mechanical 

loading compared to WT controls [28,29]. This implies some type of compensatory 

mechanism that allows for an osteogenic response to mechanical loading in the ERKO 

males, possibly through ERb or the androgen receptors in bone [30].  

Another recently hypothesized role of estrogen in the skeletal response to 

mechanical loading is the downregulation of the protein sclerostin. Osteocytes express 

sclerostin, which is a competitive inhibitor of the canonical Wnt signaling pathway. 

Canonical Wnt signaling plays a key role in bone formation, as it increases transcription 

of several osteogenic genes (reviewed in [31,32]). Briefly, association of the Wnt 

molecule with its receptor, co-receptor lipoprotein receptor-related protein 5 or 6 (LRP 

5/6) leads to the release of a transcription factor, b-catenin into the cytosol. b-catenin is 

then free to translocate into the nucleus, where it activates the transcription of several 

osteogenic genes, especially those related to osteoblast differentiation, such as 

osteoprotegerin. Inhibition of the Wnt signaling pathway via sclerostin is associated with 

decreased bone growth [33]. Animal and cell culture models show that sclerostin 

expression in osteocytes is regulated by several external factors, including insulin-like 

growth factor-I, parathyroid hormone, androgens and estrogens, and mechanical loading 

[33]. In healthy animals, mechanical loading downregulates sclerostin expression and 

leads to osteogenesis [33,160]. However, the specific role of estrogen in the control of 

sclerostin expression, and the effects of estrogen status on the sclerostin-mediated 

skeletal response to mechanical loading is still unknown.  
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In women and female rodent models, estrogen status is inversely related to 

sclerostin expression, whether measured via serum sclerostin levels [189,205,206] or by 

sclerostin mRNA [35] or protein in the bone [37,38]. In osteoblasts derived from female 

mice, sclerostin expression was downregulated after the application of exogenous 

estrogen, and ERb appeared to play a greater role in the regulation of sclerostin than ERa 

[184]. In older men, estrogen treatment lowered circulating levels of sclerostin [34], 

implying that the inverse relationship between estrogen and sclerostin is also present in 

males. However, because circulating levels of sclerostin may not reflect bone sclerostin 

expression [36], further studies looking at the effect of estrogen on bone sclerostin 

expression in males are warranted. 

The essential role of estrogen in bone health throughout the life cycle has been 

well established in both males and females. However, questions still remain regarding the 

relative importance of specific estrogen receptors, especially ERa, in osteocyte sclerostin 

expression and the osteogenic response to exercise in males. Here, we look at the effects 

of global ERa knock out and voluntary wheel running exercise on cortical geometry, 

trabecular microarchitecture, biomechanical strength, and osteocyte sclerostin expression 

in male mice. We hypothesized that ERKO animals would have impaired cortical 

geometry and biomechanical strength compared to WT animals, but that exercise could 

lead to partial improvements in cortical geometry and biomechanical strength in ERKO 

animals, and significant improvements in the WT animals. We also hypothesized that 

ERKO animals would have increased trabecular bone volume compared to WT animals. 

Finally, we hypothesized that ERKO animals would have higher sclerostin expression 
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than WT animals, and that exercise would downregulate sclerostin only in the WT 

groups.  
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Methods 

Experimental design 

This study is part of a larger study investigating the effects of global ERKO on 

glycemic control, inflammation, and hepatic steatosis in male mice, and whether exercise 

could be an effective treatment to reverse the negative impacts of ERKO [214]. 

Heterozygote ERα-/+ mice on a C57BL/6J background were bred at our facility to 

produce male homozygote (ERα-/-) and littermate wild-type mice, as previously 

described [215,216]. Briefly, development of the ERα-/- mouse was accomplished by 

homologous recombination and insertion of a neomycin sequence containing premature 

stop codons and polyadenylation sequences into a Not1site in exon 2 of the mouse 

estrogen receptor gene [215–217]. After weaning, mice were fed standard rodent chow 

[(3.3 kcal/g of food), 13% kcal fat, 57% kcal carbohydrate, and 30% kcal protein, 5001, 

LabDiet, St. Louis, MO, USA] ad libitum until 12 weeks of age. At 12 weeks of age, all 

mice were given ad libitum access to a high fat diet [4.65 kcal/g of food; 46.0% kcals 

from fat, 36.0% kcals from carbohydrate with sucrose content (per weight) of 17.5% and 

high-fructose corn syrup content of 17.5% (Test Diet modified 58Y1; 5APC)], and both 

ERa-/- (ERKO) and wild-type (WT) animals were randomized into two groups - an 

exercising (EX) group given access to running wheels, and a sedentary (SED) control 

group with no running wheels - resulting in 4 experimental groups: ERKO-EX, ERKO-

SED, WT-EX, and WT-SED (n=6-8/group). All mice were pair-housed (mixed 

genotypes) in a temperature-controlled environment at 25°C, with a 0700-1900 light, 

1900-0700 dark cycle. Body weight and food intake were measured weekly, and body 

composition was measured by a nuclear magnetic resonance imaging whole-body 
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composition analyzer (EchoMRI 4in1/1100; Echo Medical Systems, Houston, TX) on 

conscious mice one week prior to sacrifice. At 22 weeks of age, mice were euthanized 

following a 5-hour fast. Blood samples were collected via cardiac puncture and 

centrifuged; plasma was separated, frozen in liquid nitrogen and stored at -80°C for 

further analysis. Circulating estradiol and fasting insulin, glucose, and lipids were 

measured as previously described [214]. Hindlimbs were harvested, wrapped in PBS-

soaked gauze, frozen in liquid nitrogen, and stored at -80°C for further analysis. All 

procedures were approved in advance by the University of Missouri Institutional Animal 

Care and Use Committee. 

 

Tibial Cortical Geometry and Trabecular Microarchitecture 

Micro-computed tomographic (µCT) imaging of the right tibia was performed 

using a high-resolution imaging system (Xradia 520 Versa, ZEISS, Oberkochen, 

Germany). The methods used were in accordance with guidelines for the use of µCT in 

rodents [85]. Scans were acquired using an isotropic voxel size of 0.012 mm, a peak X-

ray tube potential of 60 kV, and a 2-sec exposure time. Trabecular bone 

microarchitecture was evaluated in a 0.5-mm region of interest directly below the growth 

plate of the proximal tibia, as previously described [240,241]. Cortical bone cross-

sectional geometry was evaluated at a 1-mm region of interest at the mid-diaphysis of the 

tibia, or the midway point between the tibial crest and the tibiofibular joint, as previously 

described [240,241]. The optimized threshold function was used to delineate mineralized 

bone from soft tissue. Scans were analyzed using BoneJ software [218] (NIH public 

domain), and measures of cortical geometry and trabecular microarchitecture were 
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collected. Outcomes for cortical geometry included: tibia length (Le), total cross-

sectional area inside the periosteal envelope (Tt.Ar), marrow area (Ma.Ar), cortical bone 

area (Ct.Ar), cortical area fraction (Ct.Ar/Tt.Ar), mean cortical thickness (Ct.Th), and 

robustness (R, total bone area over length calculated as R = Tt.Ar/Le). Outcomes for 

trabecular microarchitecture included: bone volume fraction (BV/TV), connectivity 

density (Conn.D, degree of trabeculae connectivity normalized to total bone volume), 

mean trabecular thickness (Tb.Th), trabecular separation (Tb.Sp, distance between 

trabeculae), trabecular number (Tb.N, average number of trabeculae per unit length 

calculated as 1/(Tb.Th + Tb.Sp) [219]), structural model index (SMI), and degree of 

anisotropy (DA). 

 

Tibial Biomechanical Strength  

 Biomechanical strength of the right tibia was performed using three-point bending 

[86]. Briefly, tibias were cleaned of all soft tissue and placed in the three-point bending 

apparatus with a span of 6-mm. Tibiae were loaded via a materials testing machine 

(Instron 5942; Instron, Inc., Norwood, MA) at a rate of 10 mm/minute at the midpoint of 

the tibia until fracture. Outputs from the Instron machine were used to produce a load-

displacement curve. The slope of the load-displacement curve was used to estimate 

material stiffness, and the area under the load-displacement curve was used to estimate 

work-to-fracture [91]. Maximal load was measured as the highest force applied to the 

bone before fracture [91]. Load-displacement data were converted into stress and strain to 

produce a stress-strain curve using the geometric measurements of the bone and 

following the equations of Turner and Burr [91]. The slope of the stress-strain curve was 
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used to estimate Young’s modulus of elasticity, and the area under the curve was used to 

estimate the modulus of toughness [91].  

 

Femoral Osteocyte Sclerostin Expression  

 Right femurs were fixed in 10% formalin for 48 hours at 4° C, and then 

decalcified in 14% EDTA at 4° C. Decalcified femurs were embedded in paraffin wax 

blocks, and 5-µm sections were taken transversely at the mid-diaphysis and the proximal 

metaphysis above the growth place of the femur, for measures of cortical and cancellous 

bone, respectively. The sections were deparaffinized and underwent heat-induced epitope 

retrieval overnight at 60 °C using a 10 mM sodium citrate buffer, followed by blocking 

of endogenous avidin and biotin expression (Avidin Biotin Blocking Solution, Thermo 

Scientific, Waltham, MA). Sections were then incubated in anti-sclerostin primary 

antibodies (Abcam, Cambridge, UK) overnight at 4 °C, followed by blocking of 

endogenous peroxidase activity (3% H2O2, Ricca Chemical, Arlington, TX) and 

secondary antibody application. Secondary antibody binding and detection were 

accomplished using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA), 

with diaminobenzidine (ImmPACT DAB, Vector Laboratories, Burlingame, CA) as the 

chromogen. Sections were counterstained with hematoxylin (Fisher Scientific, Hampton, 

NH), dried, and mounted. Sections were analyzed at 20x for sclerostin expression. 

Sclerostin positive (Sost+) osteocytes were defined as osteocytes exhibiting brown 

staining, and sclerostin negative (Sost-) osteocytes were defined as osteocytes exhibiting 

blue (hematoxylin) staining. Data are reported as percent Sost+ osteocytes. In addition to 

Sost+ and Sost- osteocytes, empty osteocytic lacunae revealed by hematoxylin staining 
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were counted, and data are reported as percent empty lacunae, as previously described 

[221].  

 

Statistical Analysis  

A two-way ANOVA was used to assess the main and interactive effects of 

genotype and exercise on metabolic outcomes, trabecular microarchitecture, and 

percentage of sclerostin+ osteocytes. Body weight is a strong predictor of cortical bone 

size and strength, so cortical geometry and biomechanical strength outcomes were 

assessed by two-way ANCOVA with final body weight included as a covariate [86]. If an 

interaction was present, one-way ANOVA or ANCOVA was used as necessary to 

determine the location of the interaction. Data are presented as means ± SEM or adjusted 

means ± SEM. Statistical significance was set at p<0.05. All analyses were performed 

using SPSS software (SPSS/25.0, SPSS, Chicago, IL, USA). 
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Results 

Animal Characteristics 

 The metabolic characteristics of these animals have been previously published as 

part of a larger study [214], and the results have been summarized in Table 1. Briefly, 

exercise significantly decreased body mass (p=0.001) and body fat percentage (p=0.004) 

and increased average weekly food intake (p=0.001), regardless of genotype (Table 4.1). 

Exercise also significantly decreased LDL cholesterol, triglycerides, and leptin [214]. 

There was no difference in running distance between groups provided with running 

wheels (Figure 4.1, [214]). ERKO animals had significantly higher LDL and total 

cholesterol compared to WT animals [214]. There was no effect of ERKO or exercise 

status on fasting blood glucose or insulin levels or HOMA-IR [214]. 

 WT ERKO  
Outcome SED EX SED EX P-value 

Body Mass (g) 39.63 ± 1.70 33.06 ± 1.77* 41.52 ± 1.70 36.39 ± 1.58* G: 0.129 
E: 0.001  
G*E: 0.670 

Body Fat (%) 32.28 ± 2.33 22.96 ± 2.64* 33.22 ± 2.33 27.56 ± 2.21* G: 0.254 
E: 0.004 
G*E: 0.450 

Average Food 
Intake (kcal/d)  

6.04 ± 0.14 6.77 ± 0.16* 5.87 ± 0.14 6.38 ± 0.13* G: 0.054 
E: 0.001 
G*E: 0.432 

Table 4.1. Metabolic Characteristics. Data are means ± SEM, n=6-8 per group. ERKO: ERa knock 
out; WT: wild type; EX: voluntary wheel running; SED: sedentary. G: genotype; E: exercise status; 
G*E: genotype by exercise interaction. *p≤0.05 vs SED. There was a significant main effect of EX 
on body mass [(g): EX = 34.73 ± 1.19; SED = 40.58 ± 1.18; p=0.001], body fat [(%): EX = 25.26 ± 
1.72; SED = 32.75 ± 1.65; p=0.004], and average food intake [(g/wk): EX = 9.89 ± 0.15; SED = 
8.96 ± 0.15; p=0.001).  
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Tibial Cortical Geometry 

 Tibial length was not different between groups. There was a main effect of 

genotype (p=0.007) on Tt.Ar, with the ERKO animals having significantly lower Tt.Ar 

compared to the WT animals. There was a significant interaction (p=0.05) between 

genotype and exercise, in that EX increased Tt.Ar only in the ERKO animals. ERKO 

animals had significantly lower robustness (Tt.Ar/Le) than WT counterparts (p=0.01), but 

there was a significant interaction (p=0.01) between genotype and exercise, in that EX 

increased robustness only in the ERKO animals. ERKO animals also had significantly 

lower Ma.Ar. than WT animals (p=0.05). There was a main effect of genotype (p=0.003) 

and exercise (p=0.02) on Ct.Ar, with ERKO animals having lower Ct.Ar compared to 

WT and EX animals having higher Ct.Ar than SED animals. There was a significant 

interaction (p=0.05) between genotype and exercise on Ct.Ar, in that EX increased Ct.Ar 

significantly more in the ERKO animals than the WT animals. There were main effects 

of genotype (p=0.02) and exercise (p=0.03) on Ct.Th, with ERKO animals having lower 

Figure 4.1 Average running distance. ERKO: ERa knock out; WT: wild type.   
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Ct.Th than WT animals, and EX animals having higher Ct.Th than SED animals. There 

were no differences in Ct.Ar/Tt.Ar or Imax/Imin ratios between groups. (Figure 4.2)  
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Figure 4.2. Cortical Geometry of the Tibia. Data are adjusted means ± SEM, n=6-8 per group ERKO: 
ERa knock out; WT: wild type; Ex: voluntary wheel running; Sed: sedentary. G: main effect of genotype 
(p≤0.05); EX: main effect of exercise status (p≤0.05); different letters denote significance (p≤0.05) if 
G*EX interaction is present. There was a significant main effect of G on Tt.Ar [(mm2): ERKO = 0.980 ± 
0.019; WT = 1.063 ± 0.019; p=0.007], Ct.Ar [(mm2): ERKO = 0.643 ± 0.011; WT = 0.695 ± 0.011; 
p=0.003], Ma.Ar [(mm2): ERKO = 0.337 ± 0.010; WT = 0.368 ± 0.010; p=0.05], Ct.Th [(mm): ERKO = 
0.247 ± 0.003; WT = 0.257 ± 0.003; p=0.02], and robustness [(no unit): ERKO = 0.55 ± 0.01; WT = 0.59 
± 0.01; p=0.01]. There was a significant main effect of EX on Ct.Ar [(mm2): Ex = 0.691 ± 0.011; Sed = 
0.646 ± 0.011; p=0.02] and Ct.Th [(mm): Ex = 0.258 ± 0.003; Sed = 0.247 ± 0.003; p=0.03]. 
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Tibial Biomechanical Strength  

 Exercising animals had significantly lower Young’s modulus of elasticity than 

their sedentary counterparts (p=0.04), regardless of genotype. There were no differences 

between groups in max force, stiffness, work-to-fracture, or modulus of toughness. 

(Figure 4.3) 
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Figure 4.3. Biomechanical Strength of the Tibia. Data are adjusted means ± SEM, n=6-8 per group 
ERKO: ERa knock out; WT: wild type; Ex: voluntary wheel running; Sed: sedentary. G: main effect 
of genotype (p≤0.05); EX: main effect of exercise status (p≤0.05). There was a significant main effect 
of EX on Young’s modulus of elasticity [(GPa): Ex = 6.012 ± 0.762; Sed = 8.665 ± 0.762; p=0.04).  
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Tibial Trabecular Microarchitecture 

 There was a main effect of genotype on BV/TV (p=0.034), Tb.N (p=0.001), 

Conn.D (p=0.001), and SMI (p=0.04) with ERKO animals having higher values than WT 

animals in these outcomes. There was a main effect of genotype on Tb.Th (p=0.006) and 

Tb.Sp (p=0.001) with ERKO animals having lower values than WT animals. Exercising 

animals had significantly higher DA than their sedentary counterparts (p=0.01), 

regardless of genotype. (Figure 4.4)  
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Figure 4.4 Trabecular Microarchitecture of the Tibia. Data are means ± SEM, n=6-8 per group ERKO: 
ERa knock out; WT: wild type; Ex: voluntary wheel running; Sed: sedentary. G: main effect of genotype 
(p≤0.05); EX: main effect of exercise status (p≤0.05). There was a significant main effect of G on BV/TV 
[(no unit): ERKO = 0.145 ± 0.01; WT =0.114 ± 0.01; p=0.03], Tb.Th [(mm): ERKO = 0.042 ± 0.001; WT 
= 0.047 ± 0.001; p=0.006], Tb.Sp [(mm): ERKO = 0.159 ± 0.01; WT = 0.218 ± 0.01; p=0.001], Tb.N 
[(mm-1): ERKO = 5.06 ± 0.163; WT = 3.84 ± 0.16; p=0.001], Conn.D [(mm3): ERKO = 367.7 ± 26.9; WT 
= 178.5 ± 26.9; p=0.001], and SMI [(no unit): ERKO = 8.58 ± 0.64; WT = 6.62 ± 0.64; p=0.04]. There was 
a significant main effect of EX on DA [(degree): Ex = 0.771 ± 0.021; Sed = 0.688 ± 0.021; p=0.01]. 
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Femoral Osteocyte Sclerostin Expression  

 There were no differences in percent empty lacunae or percent sclerostin positive 

osteocytes between groups in samples of either cortical or cancellous bone. (Figure 4.5) 

 

  

Figure 4.5. Sclerostin Expression in Cortical and Cancellous Bone of the Femur. Data are means 
± SEM, n=6-8 per group ERKO: ERa knock out; WT: wild type; Ex: voluntary wheel running; 
Sed: sedentary. 
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Discussion  

 Here we showed that ERKO had differential effects on cortical and cancellous 

bone in young, male mice compared to their WT counterparts. More specifically, ERKO 

animals, regardless of exercise status, had improved measures of trabecular 

microarchitecture, such as bone volume and trabecular number; however sedentary 

ERKO animals had significant negative alterations in cortical bone geometry, such as 

reduced cortical thickness and area relative to controls. We also found that exercise 

begun after skeletal maturity could reverse some of these negative alterations in cortical 

bone of ERKO mice. Exercising male ERKO animals had significantly improved 

measures of cortical geometry than their sedentary counterparts, implying that ERa is not 

necessary for males to grow bone in response to exercise. Exercise, regardless of 

genotype, decreased young’s modulus of elasticity in the tibia, but there was no effect of 

exercise or genotype on any other measures of biomechanical strength or sclerostin 

expression in cortical or cancellous bone of the femur.  

 The negative morphological changes seen in the cortical bone of male, global 

ERKO animals in this study are supported by previous studies by both ourselves [202] 

and others [18,21,22]. Estrogen and the estrogen receptors have significant, cell-specific 

roles in the development and maintenance of bone mass - estrogen blocks osteocyte and 

osteoblast apoptosis, induces osteoblast differentiation, increases osteoclast apoptosis, 

and reduces osteoclast differentiation [3,4,9–11]. ERa is particularly important in the 

maintenance of cortical bone mass due to its higher prevalence compared to ERb [15] 

and its actions in certain cell types. When ERa was deleted from osteoblast precursors, 

femoral BMD and cortical thickness were reduced compared to wild-type animals [174], 
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whereas there were no alterations in cortical bone when ERa was deleted from mature 

osteocytes only [175]. This indicates that ERa controls cortical bone formation through 

actions on progenitor cells and supports our findings in this global knockout model.  

Previous studies have shown that both global [28] and osteoblast-specific [29] 

male ERKO models can respond to exercise despite the loss of ERa, which is in contrast 

to females, for which ERa is required for the osteogenic response to exercise [239]. 

However, we were the first to further explore one cellular mechanism of the exercise 

response by analyzing sclerostin expression in male ERKO animals. We have previously 

shown that aged, sedentary male ERKO animals have higher sclerostin expression than 

aged, sedentary male WT animals [202]. Considering exercise downregulates sclerostin 

[33], we wanted to explore whether ERKO animals would also have higher sclerostin 

expression under exercise conditions. While exercise decreased sclerostin expression in 

both groups, it was not statistically significant. There were no differences between ERKO 

and WT in sclerostin expression, which implies that there is no effect of ERKO on 

sclerostin expression in younger males. The differences between this study and our 

previous study could be partially explained by age or metabolic status. In our previous 

study ERKO animals had higher fasting blood glucose levels than their WT counterparts, 

and high blood glucose is associated with increased sclerostin expression [33]. In this 

study, there were no difference in blood glucose, which could partially explain the lack of 

differences in sclerostin expression. In addition, sclerostin naturally increases with age 

[33], and this higher expression overall could exacerbate differences triggered by 

metabolic changes over time. However, more studies are needed to fully understand the 

interacting effects of ERa, age, and exercise on sclerostin expression.    
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Exercise had minimal effects in the cortical bone of WT animals. Exercise 

increased both total area and cortical thickness but did not have a significant effect on 

marrow or cortical area or robustness. We attribute this to the initiation of exercise after 

skeletal maturity – exercise began at 12 weeks of age, which is around skeletal maturity 

[242]. Previous studies have shown that bone cells are less responsive to exercise after 

skeletal maturity, and it thus takes higher mechanical forces to induce osteogenesis [243]. 

However, in the ERKO animals, which had significant impairments in cortical bone 

geometry, exercise induced enough strain for an osteogenic response. Exercising ERKO 

animals had significantly higher cortical and total area, cortical thickness, and robustness 

than their sedentary counterparts, which equalized their cortical geometry to that of the 

WT animals. The difference in magnitude of osteogenic response between the WT and 

ERKO animals could also be partially attributed to body weight. Higher body weight in 

the exercising ERKO animals would lead to increased load during exercise, which could 

lead to increases in bone accrual [151]. Interestingly, exercising animals, regardless of 

genotype, had lower Young’s modulus of elasticity and stiffness, although stiffness was 

not quite at a significant level (p=0.10). Both are measures of the elasticity of the bone, or 

the ability of the bone to resist deformation before fracture, but stiffness is a measure of 

the elasticity of the bone material whereas Young’s modulus is a measure of the elasticity 

of the bone as a whole structure. However, there was no effect of exercise or genotype on 

maximal load sustained, so these alterations in stiffness and elasticity did not appear to 

have a negative impact on overall strength of the bone.   

 The positive morphological changes in the trabecular bone of the ERKO animals 

have also been supported in previous studies by both ourselves [202] and others [21,22]. 
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These improvements can be explained by the greater presence of ERb in cancellous bone. 

In cancellous bone, ERb and ERa appear to have similar actions, and both play a role in 

maintaining total bone mass [4]. Thus, the loss of ERa does not lead to a loss of bone 

mass as it does in cortical bone. However, we were one of the first to explore the effects 

of exercise on trabecular microarchitecture in ERKO mice, as well as further explore the 

cellular mechanisms by measuring sclerostin expression. Exercise begun after skeletal 

maturity increased the degree of anisotropy, which is a strong indicator of trabecular bone 

strength [83]. Thus, it is possible that exercise increased the strength of the trabecular 

bone in conjunction with the morphological changes; however, we did not have the 

capacity to measure trabecular bone strength. We saw no effect of ERKO or exercise on 

sclerostin expression in cancellous bone, consistent with previous studies [202].   

 In conclusion, we found that ERKO has differential effects on cortical and 

cancellous bone in young, male mice. Specifically, ERKO significantly improved 

trabecular microarchitecture, implying ERa is not required for the maintenance of 

trabecular bone. However, ERKO negatively impacted cortical geometry, which supports 

a significant role for ERa in the maintenance of cortical bone in sedentary animals. We 

also found that exercise started after skeletal maturity was able to reverse the negative 

alterations in cortical geometry in the ERKO animals. This would indicate that ERa is 

not necessary for an osteogenic response to mechanical loading in male mice, which is in 

direct contrast with females. There were no effects of ERKO or exercise on sclerostin 

expression, and thus further studies are warranted to explore additional cellular 

mechanisms which allow this osteogenic response to exercise in male ERKO animals and 

if these mechanisms can translate to humans. This would allow for further understandings 
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of potential targets to improve the efficacy of exercise treatments for osteoporosis and 

other diseases of low bone mass in both men and women.  
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CHAPTER 5 

Gestational exposure to BPA, but not BPS, significantly impairs trabecular 

microarchitecture and cortical geometry in male adult offspring 

Introduction 

Estrogen is one of the most influential hormones in growth and maintenance of 

the skeleton across the entire lifespan in both males and females [1,2,165,167,168]. 

Estrogen actions are mediated primarily by estrogen binding with the nuclear estrogen 

receptor (ER), which is found in two isoforms, ERa and ERb. Bone expresses both ERa 

and ERb; however, ERa tends to be more prevalent in cortical bone, whereas ERb is 

more widely distributed in cancellous bone [15]. Bisphenols are endocrine disruptors and 

selective estrogen receptor modulators (SERMs) found in plastics that significantly 

impact human health [39,40]. The most common bisphenol analog is bisphenol-A (BPA), 

though bisphenol-S (BPS) and bisphenol-F (BPF) are also found in similar products 

[244]. BPA and its analogs have structural features that allow them to bind to ERs, 

although BPA displays a 1000- to 2000-fold lower affinity for binding than estradiol, the 

most active form of estrogen [199]. Binding of BPA or its analogs to the ERs modifies 

gene expression in a pattern that differs from that resulting from classic estrogen binding 

[41–43]. However, different analogs appear to have different binding capabilities and 

anti-estrogenic effects. BPA and BPF can bind with both ERa and ERb, but there is 

conflicting on whether BPS can bind with both ERa and ERb or just ERa [44,245,246]. 

There is also evidence that BPA can act as an agonist for ERa, but an antagonist for ERb, 

depending on how it interacts with the ligand-binding domain [199]. Despite the possible 

differences in receptor binding, there is evidence that both BPA and BPS can block 
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estrogen binding in competitive assays [245], and that both BPA and BPS can stimulate 

cellular activity, although BPS binding usually leads to a weaker response than BPA 

binding [40,245–247]. In addition to direct actions on ERs, BPA affects epigenetic 

programming via DNA methylation or histone modification [46–48], particularly when 

exposure occurs during gestation [49]. 

Human studies have associated BPA exposure with several endocrine issues, from 

low circulating sex hormones and decreased birth weight to metabolic diseases, such as 

obesity and cardiovascular disease [39]. The most common route of BPA or BPS 

exposure in humans is food contamination, usually from epoxy resins used to line metal 

cans [53,197] or from BPA leaching into food from plastic storage containers [198]. 

While less impactful to human exposure, BPA and its analogues can also be found in 

thermal paper, dust, and certain dental and medical equipment [53,197]. BPA exposure is 

essentially ubiquitous in humans, with BPA being detectable in almost 100% of the blood 

or urine samples tested [39]. Many industrialized countries, such as the United States, 

China, Germany, and Australia have exposure rates above the current tolerable daily 

intake (TDI) [54]. In addition, the majority of epidemiological studies show that BPA 

exposure is associated with adverse health effects even at intakes below the current TDI 

[39]. However, despite the known anti-estrogenic effects of BPA and its ubiquitous 

exposure, little is known about the effects that exposure to BPA or its analogs can have 

on the skeleton.  This is surprising given the key role of estrogen in skeletal health. 

In humans, few studies have looked at relationships between BPA exposure and 

skeletal health, and only two of those studies included male subjects. In school-aged 

boys, there was a significant negative correlation between urinary BPA levels and height, 
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which remained when adjusted for pubertal status and at a follow-up visit 19 months later 

[58]. In addition, there was a significant negative correlation between maternal urinary 

BPA levels in the first trimester and BMD at age 10, regardless of sex [248]. The impact 

of BPA exposure on BMD or fracture incidence in adult males has not been investigated. 

Nor have any studies looked at skeletal effects of bisphenols other than BPA. The 

majority of animal studies involving males have examined gestational, rather than adult, 

exposure. When BPA is given during gestation, male offspring had decreased cortical 

cross-sectional area and lower trabecular bone volume compared to control offspring 

[61,62,64]. However, rarely did these morphological changes result in differences in 

biomechanical strength [62,63]; one study showed impairments in biomechanical strength 

but they were dose-dependent [64]. In vitro, BPA blocked osteoblastic and osteoclastic 

differentiation and increased markers of apoptosis [65,66,201]. However, no studies have 

analyzed osteoblast or osteoclast activity in vivo, despite bone remodeling directly 

controlling morphological and biomechanical outcomes. Overall, these data suggest that 

BPA exposure can have significant effects on bone cell activity and that gestational 

exposure might have significant impacts on bone mass and strength in male offspring. 

However, little is known about the effects of other bisphenol analogs, such as BPS, and 

there are still many unanswered questions about the mechanisms behind the 

morphological impairments seen in response to BPA exposure.  

In this study, we explored the effects of gestational and lactational BPA or BPS 

exposure on skeletal outcomes in adult male offspring. Based on previous literature, we 

hypothesized that the male offspring exposed to BPA during gestation would have 

decreases in cortical thickness and trabecular bone volume relative to controls, and that 
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these morphological differences could coincide with impairments in biomechanical 

strength. We also hypothesized that these changes would be associated with slower 

skeletal growth from decreased osteoblast activity. Based on the often-weaker anti-

estrogenic activity of BPS, we hypothesize that BPS exposure will lead to smaller 

impairments in morphological and biomechanical outcomes than BPA exposure.   
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Methods 

Experimental Design  

 Female, sexually mature, C57B6/J mice were randomly assigned to three 

treatment groups: BPA exposure (BPA), BPS exposure (BPS), or control (CON). Within 

those treatment groups, they were further randomized into two groups – an exercising 

treatment (EX) that had an unlocked running wheel in the cage, or a sedentary control 

(SED) that had a locked running wheel in the cage. This resulted in six treatment groups. 

All animals were given one small vanilla cookie every day. The animals in the BPA 

group had the equivalent of 200 µg BPA/kg body weight dissolved in ethanol injected 

into their cookie daily. The animals in the BPS group had the equivalent of 200 µg 

BPS/kg body weight dissolved in ethanol injected into their cookie daily. The control 

animals had unaltered ethanol injected into their cookie. Two weeks after treatment 

started, all mice were mated to C57B6/J male mice which had not been exposed to BPA 

or BPS. BPA/BPS/CON and EX/SED treatment continued during gestation and lactation. 

Once weaned, one male and one female offspring were randomly kept from each dam. 

Dams were singly housed and kept on a 12-hour light-dark cycle in a temperature-

controlled room.  

 After weaning, the male and female offspring were placed on a high-fat diet 

(18.6% protein, 37.7% carbohydrate, and 43.8% fat by kcal) and aged to skeletal 

maturity. Mice were pair-housed by sex and kept on a 12-hour light-dark cycle in a 

temperature-controlled room. Because of aggressive behavioral issues that began after 

puberty, male animals were moved to singly housed cages and sacrificed earlier, i.e., at a 

younger age, than the females to prevent loss of experimental animals. Male animals 
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were sacrificed at 16 weeks of age, and female offspring were sacrificed at 17 weeks of 

age. Because of the differences in ages, statistical comparisons based on sex would not be 

valid and were not performed. Thus, males and female offspring will be treated as 

separate studies, although the experimental design and overall methods were the same for 

both sexes. Female results will be reported in chapter 6. At sacrifice, body weight was 

measured, and hind limbs were collected, flash frozen, and stored at -80 °C for further 

analysis. All procedures were approved in advance by the University of Missouri 

Institutional Animal Care and Use Committee. 

 

Femoral Cortical Geometry and Trabecular Microarchitecture 

Micro-computed tomographic (µCT) imaging of the right femur was performed 

using a high-resolution imaging system (Xradia 520 Versa, ZEISS, Oberkochen, 

Germany), as previously described [202]. The methods used were in accordance with 

guidelines for the use of µCT in rodents [85]. Scans were acquired using an isotropic 

voxel size of 0.012 mm, a peak X-ray tube potential of 60 kV, and a 2-sec exposure time. 

Trabecular bone microarchitecture was evaluated in a 0.5-mm region of interest directly 

above the growth plate of the distal femur, as previously described [240,241]. Cortical 

bone cross-sectional geometry was evaluated at a 1-mm region of interest at the mid-

diaphysis of the femur as previously described [240,241]. The optimized threshold 

function was used to delineate mineralized bone from soft tissue. Scans were analyzed 

using BoneJ software [218] (NIH public domain), and measures of cortical geometry and 

trabecular microarchitecture were collected. Outcomes for cortical geometry included: 

tibia length (Le), total cross-sectional area inside the periosteal envelope (Tt.Ar), marrow 
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area (Ma.Ar), cortical bone area (Ct.Ar), cortical area fraction (Ct.Ar/Tt.Ar), mean 

cortical thickness (Ct.Th), and robustness (R, total bone area over length calculated as R 

= Tt.Ar/Le). Outcomes for trabecular microarchitecture included: bone volume fraction 

(BV/TV), connectivity density (Conn.D, degree of trabeculae connectivity normalized to 

total bone volume), mean trabecular thickness (Tb.Th), trabecular separation (Tb.Sp, 

distance between trabeculae), trabecular number (Tb.N, average number of trabeculae per 

unit length calculated as 1/(Tb.Th + Tb.Sp) [219]), structural model index (SMI), and 

degree of anisotropy (DA). 

 

Femoral Biomechanical Strength  

 Biomechanical strength of the right femur was performed using three-point 

bending [86]. Briefly, femurs were cleaned of all soft tissue and placed in the three-point 

bending apparatus with a span of 6-mm. Tibiae were loaded via a materials testing 

machine (Instron 5942; Instron, Inc., Norwood, MA) at a rate of 10 mm/minute at the 

midpoint of the tibia until fracture. Outputs from the Instron machine were used to 

produce a load-displacement curve. The slope of the load-displacement curve was used to 

estimate material stiffness, and the area under the load-displacement curve was used to 

estimate work-to-fracture [91]. Maximal load was measured as the highest force applied 

to the bone before fracture [91]. Load-displacement data were converted into stress and 

strain to produce a stress-strain curve using the geometric measurements of the bone and 

following the equations of Turner and Burr [91]. The slope of the stress-strain curve was 

used to estimate Young’s modulus of elasticity, and the area under the curve was used to 

estimate the modulus of toughness [91].  
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Tibial Osteocyte Sclerostin Expression  

 Sclerostin expression was evaluated using immunohistochemistry as previously 

described [202]. Briefly, Right tibiae were fixed in 10% formalin for 48 hours at 4 °C, 

and then decalcified in 14% EDTA at 4 °C. Decalcified tibiae were embedded in paraffin 

wax blocks, and 5-µm sections were taken transversely at the mid-diaphysis of the tibia 

for measures of cortical bone. The sections were deparaffinized and underwent heat-

induced epitope retrieval overnight at 60 °C using a 10 mM sodium citrate buffer, 

followed by blocking of endogenous avidin and biotin expression (Avidin Biotin 

Blocking Solution, Thermo Scientific, Waltham, MA). Sections were then incubated in 

anti-sclerostin primary antibodies (Abcam, Cambridge, UK) overnight at 4 °C, followed 

by blocking of endogenous peroxidase activity (3% H2O2, Ricca Chemical, Arlington, 

TX) and secondary antibody application. Secondary antibody binding and detection were 

accomplished using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA), 

with diaminobenzidine (ImmPACT DAB, Vector Laboratories, Burlingame, CA) as the 

chromogen. Sections were counterstained with hematoxylin (Fisher Scientific, Hampton, 

NH), dried, and mounted. Sections were analyzed at 20x for sclerostin expression. 

Sclerostin positive (Sost+) osteocytes were defined as osteocytes exhibiting brown 

staining, and sclerostin negative (Sost-) osteocytes were defined as osteocytes exhibiting 

blue (hematoxylin) staining. Data are reported as percent Sost+ osteocytes. In addition to 

Sost+ and Sost- osteocytes, empty osteocytic lacunae revealed by hematoxylin staining 

were counted, and data are reported as percent empty lacunae, as previously described 

[221].  
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Dynamic Histomorphometry of the Femur 

 Dynamic histomorphometry of the left femur was analyzed using calcein and 

alizarin fluorescent labeling. Calcein (15 mg/kg BW) and alizarin (20 mg/kg BW) were 

administered via intraperitoneal injection 7 and 3 days before sacrifice, respectively. 

Femora were cleaned of all soft tissue, fixed in 10% formalin overnight at 4 °C, 

dehydrated in graded alcohols, and dried overnight. Samples were then embedded in low-

viscosity epoxy (Epo-Thin, Beuehler Ltd., Lake Bluff, IL) under a vacuum and allowed 

to cure overnight. A 1-mm slice was taken from the mid-diaphysis using a low-speed 

saw. Sections were mounted on slides and polished to smooth the bone surface. Slides 

were imaged using a fluorescent confocal microscope (Leica GSD 3D, Leica Biosystems, 

Buffalo Grove, IL) with excitations at 560 nm and 642 nm for calcein and alizarin, 

respectively. Images were analyzed in ImageJ. Mineral apposition rate (MAR) was 

calculated as the distance between the corresponding edges of the two consecutive labels 

divided by the time between injections (um/day), as recommended by ASBMR [108]. 

 

Statistical Analysis  

Two-way ANOVA was used to assess the main and interactive effects of 

gestational BPA or BPS exposure and exercise status of the dam on metabolic outcomes, 

trabecular microarchitecture, and percentage of sclerostin+ osteocytes. Body weight is a 

strong predictor of cortical bone size and strength, so cortical geometry and 

biomechanical strength outcomes were assessed by two-way ANCOVA with final body 

weight included as a covariate [86]. If an interaction was present, one-way ANOVA or 

ANCOVA based on dam group was used as necessary to determine the location of the 
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interaction. Data are presented as means ± SEM or adjusted means ± SEM. Statistical 

significance was set at p<0.05. All analyses were performed using SPSS software 

(SPSS/25.0, SPSS, Chicago, IL, USA). 
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Results 

Animal Characteristics 

 There were no main or interactive effects of gestational exposure or exercise 

status on final body weight. There was a main effect of exercise status on body fat 

percentage (p=0.017), with offspring of exercising dams having lower body fat 

percentage than those from sedentary dams, regardless of gestational exposure. (Figure 

5.1)  

 

Femoral Cortical Geometry   

 There were no main effects of gestational exposure or exercise status on Tt.Ar, 

Ma.Ar,  Ct.Ar, cortical area fraction, or Imax/Imin ratio. There was a significant 

interaction (p=0.022) between gestational exposure and exercise status on cortical area 

fraction, in that exercise decreased cortical area fraction in BPA and BPS exposed 

offspring but increased it in the CON offspring. There was a main effect of gestational 

Figure 5.1 Animal Characteristics. Data are means ± SEM. BPA: gestational bisphenol-A exposure; 
BPS: gestational bisphenol-S exposure; CON: control group; Ex: dam had access to unlocked running 
wheel; Sed: dam had locked running wheel. E: main effect of exercise status (p<0.05). There was a 
main effect of exercise on body fat percentage [(%) Ex: 27.23 ±1.72; Sed: 33.53 ± 1.76; p=0.017].  
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exposure on Ct.Th (p=0.025), with BPA offspring having significantly lower Ct.Th than 

BPS or CON offspring. (Figure 5.2)  
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Figure 5.2 Cortical Geometry of the Femur. Data are adjusted means ± adjusted SEM. BPA: 
gestational bisphenol-A exposure; BPS: gestational bisphenol-S exposure; CON: control; Ex: 
dam had access to unlocked running wheel; Sed: dam had locked running wheel. B: main effect 
of gestational bisphenol exposure (p<0.05); E: main effect of exercise status (p<0.05). Different 
letters denote significance if a B*E interaction was present. There was a main effect of 
gestational exposure on cortical thickness [(mm): BPA: 0.193 ± 0.005; BPS: 0.211 ± 0.005; 
CON: 0.208 ± 004; p=0.025]. 
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Femoral Biomechanical Strength  

There were no main effects of gestational exposure or exercise status on maximal 

force, young’s modulus of elasticity, work-to-fracture, or modulus of toughness. There 

was a main effect of exercise status on stiffness (p=0.031), with offspring from exercising 

dams having significantly higher stiffness than offspring from sedentary dams. There was 

a significant interaction between gestational exposure and exercise status on work-to-

fracture (p=0.044) and modulus of toughness (p=0.018), in that exercise increased both 

work-to fracture and modulus of toughness in BPS and CON offspring, but not BPA 

offspring. (Figure 5.3)  
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Figure 5.3 Biomechanical Strength of Cortical Bone of the Femur. Data are adjusted means ± 
adjusted SEM. BPA: gestational bisphenol-A exposure; BPS: gestational bisphenol-S exposure; 
CON: control; Ex: dam had access to unlocked running wheel; Sed: dam had locked running 
wheel. B: main effect of gestational bisphenol exposure (p<0.05); E: main effect of exercise 
status (p<0.05). Different letters denote significance if a B*E interaction was present. There was 
a main effect of exercise on stiffness [(N/mm): Ex: 101.29 ± 5.58; Sed: 83.33 ± 5.61; p=0.031].  
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Femoral Trabecular Microarchitecture 

There was a main effect of gestational exposure on BV/TV (p=0.001), Tb.Sp 

(p=0.001), Tb.N (p=0.001), Conn.D (p=0.001). BPA exposure significantly decreased 

BV/TV, Tb.N, and Conn.D compared to BPS and CON offspring. BPA exposure 

significantly increased Tb.Sp compared to BPS and CON offpring. There was a 

significant interaction between gestational exposure and exercise status on Conn.D 

(p=0.036), with offspring from BPA-Sed dams having significantly lower Conn.D than 

all other groups except BPA-Ex. There was a significant interaction between gestational 

exposure and exercise status on SMI (p=0.001), in that exercise decreased SMI in BPA 

and BPS exposed offspring but increased it in the CON offspring. There were no main or 

interactive effects of gestational exposure or exercise status on Tb.Th, DA, or ellipsoid 

factor. (Figure 5.4)  
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Figure 5.4 Trabecular Microarchitecture of the Femur. Data are means ± SEM. BPA: gestational 
bisphenol-A exposure; BPS: gestational bisphenol-S exposure; CON: control; Ex: dam had access to 
unlocked running wheel; Sed: dam had locked running wheel. B: main effect of gestational bisphenol 
exposure (p<0.05); E: main effect of exercise status (p<0.05). Different letters denote significance if a 
B*E interaction was present. There was a main effect of gestational exposure on bone volume fraction 
[(no unit): BPA: 0.076 ± 0.008 ; BPS: 0.129 ± 0.008; CON: 0.129 ± 0.007; p=0.001], trabecular number 
[(1/mm): BPA: 2.65 ± 0.15; BPS: 3.60 ± 0.16; CON: 3.54 ± 0.14; p=0.001], trabecular separation 
[(mm): BPA: 0.362 ± .022; BPS: 0.226 ± 0.024; CON: .233 ± .020; p=0.001], and connectivity density 
[(mm3): BPA: 84.43 ± 13.27; BPS: 176.86 ± 14.45; CON: 167.58 ± 12.35; p=0.001]. 
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Cortical Osteocyte Sclerostin Expression of the Tibia 

There were no main or interactive effects of gestational exposure or exercise 

status on percent empty lacunae or percent sclerostin positive osteocytes in the mid-

diaphysis of the tibia. (Figure 5.5)  

 

 

Dynamic Histomorphometry of the Femur  

There were no main or interactive effects of gestational exposure or exercise 

status on mineral apposition rate of the mid-diaphysis of the femur. (Figure 5.6)  

 

 

Figure 5.5 Sclerostin Expression of the Tibia. Data are means ± SEM. BPA: gestational 
bisphenol-A exposure; BPS: gestational bisphenol-S exposure; CON: control; Ex: dam had 
access to unlocked running wheel; Sed: dam had locked running wheel. 
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Figure 5.6 Mineral Apposition Rate of the Femur. Data are means ± SEM. BPA: 
gestational bisphenol-A exposure; BPS: gestational bisphenol-S exposure; CON: control; 
Ex: dam had access to unlocked running wheel; Sed: dam had locked running wheel. 
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Discussion  

 Here, we showed that gestational and lactational exposure to bisphenol-A (BPA), 

but not bisphenol-S (BPS), can lead to significant impairments in the skeleton of adult 

male offspring. We also showed that maternal exercise during gestation and lactation can 

impact both body composition and bone material properties of adult male offspring. More 

specifically, offspring of animals exposed to BPA during gestation and lactation had 

significantly lower measures of cancellous and cortical bone quantity. Interestingly, these 

decreases in bone quantity did not correlated with decreases in biomechanical strength, 

although there were interactions with maternal exercise that effected biomechanical 

strength. Maternal exercise also decreased the stiffness of cortical bone material. Finally, 

we showed that neither gestational exposure to bisphenols nor maternal exercise 

impacted sclerostin expression or mineral apposition rate of the adult offspring.  

 In the current study, gestational BPA exposure decreased cortical thickness in 

adult male offspring. Previous studies showed that responses in cortical thickness are 

dose-dependent, with cortical thickness increasing at 25 µg/kg bw/day, but decreasing at 

250 µg/kg bw/day [61]. The exposure rate in our study was 200 µg/kg bw/day, which 

provides more evidence that higher doses lead to decreases in cortical thickness. These 

alterations in cortical thickness seen in our study and others is most likely due to 

interrupted estrogen signaling through ERa, which plays a significant role in periosteal 

expansion in male mice [174]. In addition, a recent study showed that morphological 

alterations seen at 13 weeks in the male offspring exposed to BPA during gestation and 

lactation only were no longer present at 52 weeks [249], implying that the changes could 
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be reversible with time. This encourages further exploration into the mechanisms behind 

the morphological alterations seen in younger animals. 

In addition to BPA, we were the first to explore the effects of other bisphenol 

analogs by including BPS exposure. Surprisingly, we found that the negative alterations 

associated with BPA exposure were not seen in the BPS exposure animals, indicating a 

significant difference in the effects of these two analogs. This could partially be 

explained by differences in binding kinetics, recruitment of coregulators, or post-binding 

gene expression modifications between BPA and BPS when bound to ERa [44]. For 

example, when BPA bound to ERa it had the capability of recruiting 7 of the 32 

coregulators that binding with estradiol could recruit, whereas BPS could recruit 14, 

implying post-binding gene modification of BPS is more similar to that of estradiol [44]. 

BPS is also not as strong of a competitor for estrogen binding as BPA [245], and these 

two key molecular differences together could explain the null effects in BPS exposed 

offspring.  

While gestational exposure to BPA led to significant morphological impairments, 

they did not correlate with any alterations in material properties or biomechanical 

strength. While surprising that decreases in quantity do not correlate with decreases in 

strength, two other studies also showed morphological changes without differences in 

biomechanical strength after gestational BPA exposure [62,63]. This could partially be 

due to the way that strength was tested. There are limitations to in vitro tests, since they 

do not exactly recreate the load that a bone would experience in vivo. Additionally, the 

equations used to estimate material properties from bending tests are based off 

engineering beam theory, which assumes that the beam has standardized geometry. 
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Because the bone does not have a uniform shape, this can lead to overestimations of 

certain material properties [86]. We also had the added factor of maternal exercise, which 

could have confounded the effects of BPA or BPS exposure. There was a significant 

interaction between maternal exercise and BPA or BPS exposure on work-to-fracture and 

modulus of toughness, which are both measures of the ability of the bone to absorb 

energy before deformation or fracture. Maternal exercise increased toughness in BPS and 

CON animals, but not BPA animals, implying that the presence of BPA could interrupt 

alterations caused by maternal exercise. Maternal exercise also increased stiffness, but 

this was regardless of BPA or BPS exposure. The difference in these two measures is 

most likely because stiffness and toughness of the bone material are controlled by 

different material properties of the bone [69,88]. Also, the stiffness, or elasticity, and 

toughness of a material work together to determine a structure’s ultimate strength [88]. 

Here, maternal exercise altered both stiffness and toughness, but there was no significant 

impact on maximal load sustained before fracture.  

We were the first to show an impact of maternal exercise on material properties of 

the bone in male offspring. One other study showed that maternal exercise significantly 

decreased the OPG/RANKL ratio [250], an indicator of osteoclast formation and activity 

[105]. Another showed that moderate maternal resistance exercise resulted in lower 

cortical BMD of the tibia, regardless of the sex of the offspring [251]. This is in contrast 

with our study, which showed no morphological effects of maternal exercise. These 

differences could possibly be explained by animal model, or type or intensity of exercise.  

Despite the morphological changes in cortical bone in the BPA-exposed animals, 

we saw no effect of BPA or BPS exposure on mineral apposition rate or sclerostin 
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expression. While we have previously shown that loss of ERa signaling from genetic 

knockout could increase sclerostin expression in aged animals [202], these results would 

indicate that disruption of ER signaling through exogenous estrogens does not impact 

sclerostin expression. This could be because the estrogen receptor is still present and 

functioning, and thus signaling from endogenous estrogens or ligand-independent actions 

are enough to maintain the effects of estrogen and estrogen receptors on sclerostin 

expression [163]. The lack of effect on cortical mineral apposition rate was most 

surprising, considering the significant impairments in cortical thickness. However, the 

fluorescent labels were not given until around 15 weeks of age, and thus the animals were 

past skeletal maturity and growth rates had significantly slowed [242]. The decreases in 

cortical thickness were most likely established at a younger age, during a time of quick 

growth, and then remained into adulthood.  

In conclusion, here we found that gestational exposure to BPA, but not BPS, has 

significant negative impacts on cortical geometry and trabecular microarchitecture in 

male adult offspring. We also found that maternal exercise can increase the stiffness of 

cortical bone material, and that BPA exposure and maternal exercise can interact to affect 

the toughness of cortical bone material. These results warrant further study, especially 

given the current exposure rates of BPA in industrialized countries. If these results are 

shown to translate to humans, it could have significant public health impacts on 

recommendations during pregnancy.  
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CHAPTER 6 

Gestational exposure to BPA or BPS has minimal effects on skeletal outcomes in adult, 

female mice 

Introduction 

Estrogen is one of the most influential hormones in growth and maintenance of 

the skeleton across the entire lifespan in both males and females [1,2,165,167,168]. 

Estrogen actions are mediated primarily by estrogen binding with the nuclear estrogen 

receptor (ER), which is found in two isoforms, ERa and ERb. Bone expresses both ERa 

and ERb; however, ERa tends to be more prevalent in cortical bone, whereas ERb is 

more widely distributed in cancellous bone [15]. Bisphenol-A (BPA) and its analogs, 

bisphenol-S (BPS) and bisphenol-F (BPF) are endocrine disruptors and selective estrogen 

receptor modulators (SERMs) found in plastics that can have significant impacts on 

human health [39,40]. Bisphenols have structural features that allow them to bind with 

ERs and modify gene expression in a pattern that differs from that resulting from classic 

estrogen binding [41–43]. However, different analogs appear to have different binding 

capabilities and anti-estrogenic effects. BPA and BPF can bind with both ERa and ERb, 

but there is conflicting on whether BPS can bind with both ERa and ERb or just ERa 

[44,245,246]. There is also evidence that BPA can act as an agonist for ERa, but an 

antagonist for ERb, depending on how it interacts with the ligand-binding domain [199]. 

Despite the possible differences in receptor binding, there is evidence that both BPA and 

BPS can block estrogen binding in competitive assays [245], and that both BPA and BPS 

can stimulate cellular activity, although BPS binding usually leads to a weaker response 

than BPA binding [40,245–247]. In addition to direct actions on ERs that interrupt 
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estrogenic activity, BPA can affect epigenetic programming via DNA methylation or 

histone modification [46–48] particularly when exposure occurs during gestation [49]. 

Human studies have associated BPA exposure with several endocrine issues, from 

low circulating sex hormones and decreased birth weight to metabolic diseases, such as 

obesity and cardiovascular disease [39]. The most common route of exposure of BPA and 

BPS in humans is food contamination [53,197,198], but they can also be found in thermal 

paper, dust, and certain dental and medical equipment [53,197]. BPA exposure is 

essentially ubiquitous in humans, with BPA being detectable in almost 100% of the blood 

or urine samples tested [39]. Many industrialized countries, such as the United States, 

China, Germany, and Australia have high exposure rates, often times above the current 

tolerable daily intake (TDI) [54]. In addition, the majority of epidemiological studies 

show that BPA exposure is associated with adverse effects on human health even at 

intakes below the current TDI [39]. However, despite the known anti-estrogenic effects 

of BPA and its ubiquitous exposure, little is known about the possible effects that 

exposure to BPA and its analogs can have on the skeleton.  

In humans, few studies have looked at possible relationships between BPA 

exposure and skeletal health. In adult women, serum or urinary BPA levels are not 

associated with bone mineral density (BMD) [55–57]. Similarly, in school-aged girls, 

there was no correlation between urinary BPA levels and height [58]. However, there was 

a significant negative correlation between maternal urinary BPA levels in the first 

trimester and offspring BMD at age 10, regardless of sex [248]. No studies have looked 

at possible links between BPA exposure and fracture incidence. In addition, all of these 

studies have focused on BPA, so very little is known about other bisphenol analogs. In 
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animal models, the impact of BPA seems to be dependent on timing of exposure. For 

example, BPA exposure after ovariectomy (OVX) decreased cancellous BMD more than 

just OVX alone [59]; however, when given during gestation, almost no studies show any 

positive or negative effects of BPA [61,62,64]. In one study, female offspring had 

decreased energy-to-failure at 13 weeks of age, which could not be explained by any 

morphological differences in the bone [63]. In another, female offspring at 52 weeks of 

age had decreased whole-bone stiffness, which also could not be explained by 

morphological changes [249].  

Here, we explored the effects of gestational BPA or BPS exposure on skeletal 

outcomes in adult female offspring. Based on previous literature, we hypothesized that 

gestational exposure to BPA would minimally impact morphological or biomechanical 

outcomes in the female offspring. Considering that BPS often has weaker effects than 

BPA, we also hypothesized that gestational BPS exposure would minimally impact 

morphological or biomechanical outcomes in female offspring.   
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Results 

For experimental design and methods, see chapter 5. Male animals were sacrificed at 16 

weeks of age, and female offspring were sacrificed at 17 weeks of age. Because of the 

differences in ages, statistical comparisons based on sex would not be valid and were not 

performed. Thus, males and female offspring will be treated as separate studies, although 

the experimental design and overall methods were the same for both sexes. 

 

Animal Characteristics 

 There were no main effects of gestational BPA or BPS exposure or exercise status 

of the dam on final body weight or body fat percentage between groups. There was a 

significant interaction between gestational exposure and exercise status on offspring body 

fat percentage (p=0.018), in that exercise decreased body fat percentage only in the BPA 

exposure group. (Figure 6.1) 

 

Figure 6.1 Animal Characteristics. Data are means ± SEM. BPA: gestational bisphenol-A 
exposure; BPS: gestational bisphenol-S exposure; CON: control; Ex: dam had access to unlocked 
running wheel; Sed: dam had locked running wheel. B: main effect of gestational bisphenol 
exposure (p<0.05); E: main effect of exercise status (p<0.05). Different letters denote significance 
if a B*E interaction was present. 
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Femoral Cortical Geometry  

 There were no main or interactive effects of gestational exposure or exercise 

status on femur length, total area, marrow area, cortical area, cortical area fraction, 

cortical thickness, or Imax/Imin ratio. (Figure 6.2) 



 157 

 

Figure 6.2 Cortical Geometry of the Femur. Data are adjusted means ± adjusted SEM. 
BPA: gestational bisphenol-A exposure; BPS: gestational bisphenol-S exposure; CON: 
control; Ex: dam had access to unlocked running wheel; Sed: dam had locked running 
wheel. 
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Femoral Biomechanical Strength   

There were no main or interactive effects of gestational exposure or exercise status on 

maximum force, stiffness, young’s modulus of elasticity, work-to-fracture, or modulus of 

toughness. (Figure 6.3) 

 

Figure 6.3 Biomechanical Strength of the Femur. Data are adjusted means ± adjusted SEM. 
BPA: gestational bisphenol-A exposure; BPS: gestational bisphenol-S exposure; CON: 
control; Ex: dam had access to unlocked running wheel; Sed: dam had locked running wheel. 
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Femoral Trabecular Microarchitecture 

 There were no main effects of gestational exposure or exercise status on bone 

volume ratio, trabecular thickness, trabecular separation, trabecular number, connectivity 

density, structural mode index, degree of anisotropy, or ellipsoid factor. There was a 

significant interaction (p=0.037) between gestational exposure and exercise status on 

ellipsoid factor in that exercise increased ellipsoid factor in the BPA and CON groups, 

but not the BPS group. (Figure 6.4) 
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Figure 6.4 Trabecular Microarchitecture of the Femur. Data are means ± SEM. BPA: gestational 
bisphenol-A exposure; BPS: gestational bisphenol-S exposure; CON: control; Ex: dam had access 
to unlocked running wheel; Sed: dam had locked running wheel. B: main effect of gestational 
bisphenol exposure (p<0.05); E: main effect of exercise status (p<0.05). Different letters denote 
significance if a B*E interaction was present. 
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Cortical Osteocyte Sclerostin Expression of the Tibia  

 There were no main or interactive effects of gestational exposure or exercise 

status on percent empty lacunae or present sclerostin positive osteocytes of the mid-

diaphysis of the tibia. (Figure 6.5) 

 

Dynamic Histomorphometry of the Femur 

 There were no main or interactive effects of gestational exposure or exercise 

status on marrow apposition rate of the mid-diaphysis of the femur. (Figure 6.6) 

 

 

 

 

Figure 6.5 Sclerostin Expression of the Tibia. Data are means ± SEM. BPA: gestational 
bisphenol-A exposure; BPS: gestational bisphenol-S exposure; CON: control; Ex: dam 
had access to unlocked running wheel; Sed: dam had locked running wheel. 
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Figure 6.6 Mineral Apposition Rate of the Femur. Data are means ± SEM. BPA: gestational 
bisphenol-A exposure; BPS: gestational bisphenol-S exposure; CON: control; Ex: dam had 
access to unlocked running wheel; Sed: dam had locked running wheel. 
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Discussion  

 Here, we showed that gestational exposure to bisphenol-A (BPA) or -S (BPS) had 

minimal impacts on the skeleton of adult female offspring independent of maternal 

exercise. There were interactions between gestational exposure and maternal exercise on 

final body fat percentage and ellipsoid factor of cancellous bone, but no main effects of 

either experimental treatment on any outcomes.  

 These minimal impacts of gestational BPA exposure in adult female offspring are 

supported by previous studies [61–64,249]. However, we were the first to examine 

gestational exposure to BPS and compare its effects to that of BPA. Considering the often 

weaker activity of BPS compared to BPA [40,245–247], we hypothesized that BPS 

would also have minimal effects on the skeleton of the adult female offspring, and that 

hypothesis was supported by the results of this study. There are a few possible 

explanations as to why BPA and other bisphenol analogs are not disruptive to the 

skeleton in female animals, but they remain speculative. For one, alpha-fetoprotein plays 

a significant role in the female fetal brain to regulate endogenous estrogen exposure 

during neural development [252]; however, whether that role extends to exogenous 

estrogens or skeletal development is unknown. In addition, placentas associated with 

female offspring appear to be more resilient and adaptable to adverse maternal 

environments than placentas associated with male offspring [253], implying that there 

could be alterations in gene or protein expression that would protect the female offspring 

from BPA exposure. Finally, because BPA has a significantly lower binding affinity for 

the ERs than estradiol [199], it is a possibility that it was out-competed by the high 

circulating levels of estradiol seen in females. While we saw no main effects of BPA or 
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BPS exposure on skeletal outcomes, there were some interesting interactions between 

BPA or BPS and maternal exercise.  

Maternal exercise increased ellipsoid factor of the cancellous bone in BPA and 

CON animals but decreased ellipsoid factor in BPS animals. Ellipsoid factor is a measure 

of the plate- or rod-like nature of the 3D structure of individual trabeculae [254], which 

can have direct effects on the material properties of cancellous bone [255,256]. Ellipsoid 

factor ranges from -1 (purely plate-like) to +1 (purely rod-like). More plate-like 

trabeculae increases the elasticity of trabecular bone compared to more rod-like structures 

[256], so results would indicate that exercise decreases the elasticity of the individual 

trabeculae, except in the presence of BPS. However, we did not have the capacity to 

measure material properties of cancellous bone, and thus further studies are warranted to 

explore these possible effects of maternal exercise and the interaction with BPS exposure.  

 Few other studies have explored the possible impact of maternal exercise on 

skeletal development in the offspring. One study compared the effects of maternal 

exercise before pregnancy, during pregnancy, or both on osteogenic gene expression of 

the femur. In animals that exercised both before and during pregnancy, osteoprotegerin 

(OPG) increased and receptor activator of nuclear factor-кB ligand (RANKL) decreased, 

which significantly decreased the OPG/RANKL ratio [250], an indicator of osteoclast 

formation and activity [105]. This would indicate a decrease in bone resorption; however, 

this study only looked at gene expression, and thus it is unknown whether this decrease in 

bone resorption resulted in more bone mass. Another study showed that moderate 

maternal resistance exercise during pregnancy resulted in lower cortical, but not 

cancellous, BMD of the tibia, independent of offspring sex [251]. This is in contrast with 
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our study, which showed no morphological effects of maternal exercise. These 

differences could possibly be explained by animal model, since this study was done in 

rats, or type or intensity of exercise. In conclusion, we showed that skeletal outcomes in 

adult, female offspring were minimally impacted by gestational BPA or BPS exposure or 

by maternal exercise, but more studies are warranted to further explore the impact that 

maternal exercise could have on skeletal outcomes in offspring.  
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CHAPTER 7 

Discussion 

 The series of studies in this dissertation investigated several unanswered questions 

related to the effects of estrogen, estrogen receptors, and xenoestrogens on skeletal 

outcomes. Specifically, we strove to explore the role of estrogen receptor-alpha (ERa) on 

skeletal outcomes in male mice using a global ERa knockout (ERKO) model. We also 

explored the effects of gestational exposure to the endocrine disruptors bisphenol-A 

(BPA) and bisphenol-S (BPS) on skeletal outcomes in adult offspring. By focusing on the 

impact of loss or disruption of estrogen signaling, we furthered our understanding of the 

importance of estrogen to the skeleton.  

 We found that loss of ERa led to significant negative impairments in cortical 

bone mass in both young and aged male animal models, which supports the importance 

of estrogen and the estrogen receptors in maintaining cortical bone. However, we found 

that young male mice without ERa could add bone mass after the introduction of 

voluntary wheel running, implying that ERa is not required for an osteogenic response to 

exercise in male animal models. In addition, we found that ERa does not appear to be 

regulate sclerostin expression in the osteocyte in young male mice, regardless of exercise 

status, but it can regulate sclerostin expression in aged, sedentary male mice. Finally, we 

found that interruption of estrogen signaling through gestational BPA, but not BPS, 

exposure negatively impacted both cortical geometry and trabecular microarchitecture in 

male, but not female, mice. Most surprisingly, we also found that maternal exercise could 

alter certain material properties of both cortical and trabecular bone in adult offspring. 

(Figure 7.1) 
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Novel understandings of ERa  

ERa has a regulatory role for sclerostin expression in aged mice 

In chapter 3, we focused on aged, sedentary male mice and the effects of global 

ERa knockout (ERKO). We found that ERKO negatively impacted femoral cortical 

geometry, specifically decreasing cortical area and cortical thickness. We also found that 

ERKO improved both femoral and vertebral trabecular microarchitecture, specifically 

increasing bone volume fraction, trabecular number, and connectivity density, and 

decreasing trabecular separation. These morphological changes are supported by previous 

studies, and can be partially attributed to the many actions of estrogen and the estrogen 

receptors on bone cells [4,18,21,22]. However, we were the first to explore in this model 

another possible cellular action of estrogen – regulation of sclerostin expression in the 

osteocyte. We found that aged, sedentary ERKO animals had higher sclerostin expression 

in cortical bone of the femur but could not detect sclerostin in the vertebrae. Finally, we 

found that ERKO had no effect on the mineral composition of the bone. 

 Estrogen is one of the most influential hormones on bone mass in both men and 

women across the entire lifespan, but until recently the majority of the research focused 

on women and postmenopausal bone loss [1–3]. Recent studies show that males also lose 

bone mass over time due to estrogen loss, and that many of estrogen’s actions on bone 

cells are conserved across sexes [1,4,124]. However, some of the cellular actions of 

estrogen are still unknown in men and have not yet been investigated in male animal 

models. Here, we showed that ERa has a regulatory role in the expression of sclerostin, a 

known inhibitor of bone growth [33], in cortical bone in aged male rodent models. This 

could help explain some of the age-related bone loss in male animal models and 
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encourages further study to evaluate the role of estrogen and sclerostin expression in this 

age-related decline of bone mass in older individuals. Understanding the full relationship 

between sclerostin, estrogen, and bone mass in aging would allow us to explore anti-

sclerostin pharmaceuticals as a treatment for age-related bone loss in both men and 

women. Future studies should further investigate this relationship through more 

mechanistic studies, such as cell-specific knockout models or cell culture experiments.   

 

ERa is not required for exercise adaptations in male mice  

 We were one of the first to indicate a possible role for ERa in the control of 

sclerostin expression in aged, male mice. Since exercise downregulates sclerostin 

expression [159], we wanted to further explore possible interactions between the presence 

of ERa and exercise. Thus, in chapter 4, we focused on younger ERKO mice, and 

introduced exercise as a treatment. Consistent with chapter 3 and other previous studies 

[18,21,22], we found that ERKO negatively altered cortical geometry but improved 

measures of trabecular microarchitecture. We also found that exercise begun after 

skeletal maturity improved cortical geometry in both the WT and the ERKO animals, 

implying that ERa is not required for an osteogenic response in male mice. In most 

cortical bone outcomes, such as cortical area and cortical thickness, the exercising ERKO 

animals had equivalent values as the sedentary WT, implying that exercise, even begun 

after skeletal maturity, could reverse the negative alterations associated with the loss of 

ERa. This is in contrast to female mouse models, which require ERa for the osteogenic 

response to exercise [28,239], and thus further studies are warranted to understand the 

sexual dimorphism of the osteogenic response. In addition to these findings, we found 
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that sclerostin expression of the tibia was not altered by ERKO, implying that in younger 

animals, ERa does not play a regulatory role in sclerostin expression. These age-

dependent differences could partially be explained by metabolic differences, as the older 

ERKO animals had higher blood glucose levels, and there is a positive association 

between blood glucose and circulating sclerostin in humans [33]. But more research is 

needed to fully understand the possible interactions between ERa, exercise, age, and 

sclerostin expression.  

Regular exercise and physical activity are essential for improving and maintaining 

bone health, especially as individuals age [128]. However, there is significant evidence 

that the osteogenic response to exercise is significantly blunted with aging, and that this 

could partially be associated with decreasing estrogen levels, as well as other cellular 

dysfunctions associated with aging [257,258]. Several studies show larger improvements 

in BMD in response to exercise in postmenopausal women undergoing estrogen 

treatment compared with untreated women [180–182], but this has not been tested in 

men. We have shown that ERa is not required for the osteogenic response in male mice, 

which could indicate that estrogen status is less of a factor in the loss of the 

mechanoadaptive capabilities of bone than in females. Thus, pharmaceutical treatments 

for women should not be assumed to work in men, and more sex-specific research into 

pharmaceuticals and other treatments of low bone mass is needed. Understanding the 

mechanisms behind this sexual dimorphism would allow for better pharmaceutical and 

lifestyle treatments of low bone mass in men.  

 

Novel understandings of Xenoestrogens 
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Genetic knockout models are useful for exploring specific mechanisms, but rarely 

in nature does one find an individual with a full genetic knockout. To explore a more 

translatable model, we wanted to use a common environmental molecule that could 

interrupt endocrine signaling. This allows us to study both endocrine mechanisms and the 

effect that a commonly exposed molecule could have on skeletal health, which could 

have significant public health implications. Thus, in chapters 5 and 6 we focused on 

xenoestrogens, or chemicals that possess estrogenic or antiestrogenic abilities that may 

interfere with endocrine systems [259]. Specifically, we focused on gestational and 

lactational exposure to bisphenol-A (BPA) and bisphenol-S (BPS). BPA and BPS are 

known endocrine disruptors and selective estrogen receptor modulators found in plastics 

and plastic products [39,40]. Individuals are most commonly exposed to BPA and BPS 

through epoxy resins in canned food or from the molecules leaching into food out of 

plastic packaging [53,197,198]. We found that gestational exposure to BPA, but not BPS, 

negatively impacted both cortical geometry and trabecular microarchitecture, but only in 

the male offspring. There was very minimal impact of BPA or BPS exposure on skeletal 

outcomes in the female offspring. We also found no impact of BPA or BPS exposure on 

biomechanical properties of either sex, in spite of the lower measures of cortical and 

cancellous bone mass. We also found no impact of BPA or BPS exposure on mineral 

apposition rate or sclerostin expression in the adult offspring of either sex. 

The male and female offspring were different ages at sacrifice, so we could not 

run direct sex comparisons. However, it is worth noting that we only saw negative 

impacts of BPA exposure in the male animals. There are a few physiological differences 

that could contribute to this sexual dimorphism in skeletal outcomes, but they remain 
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speculative. For one, there could be a protective factor produced by the fetus or placenta 

during female development [64]. Studies have shown that female fetuses and placentas 

are more adaptable to adverse maternal environments, such as pre-eclampsia or 

intrauterine growth restriction, than male fetuses, and often have better pregnancy 

outcomes such as higher gestational age, in these conditions [253]. However, whether 

this protection applies to other maternal conditions, such as xenoestrogen exposure, is 

unknown. Male and female fetuses also have distinct epigenetic patterning during 

development [260], and it is possible that male epigenetic programming is more 

susceptible to the epigenetic alterations of BPA. Finally, because BPA has a significantly 

lower binding affinity for the ERs than estradiol [199], it could be out-competed by 

endogenous estrogens. Since females have higher endogenous estrogen levels in general, 

there would be more opportunity for competition. (Figure 7.2) 
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 Interestingly, we only saw negative effects of BPA exposure and not BPS, which 

would imply different mechanisms of action between these two analogs in the skeleton 

based on differing chemical structures (Figure 7.3). Results from cell culture models 

vary based on model used – in MELN cells, BPA and BPS showed similar binding 

affinity and estrogenic activities [261], but in yeast cells and MCF-7 BPS had 

significantly lower estrogenic activity than BPA [245,262]. In another cell culture study 

using MCF-7 breast cancer cell lines, BPA and BPS were shown to have differential gene 

Figure 7.2 Sexual dimorphism in gestational BPA and BPS exposure 
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modifications after binding with ERa, and BPS gene modification was more similar to 

standard gene modification seen after binding with estradiol [44]. In another study using 

competition assays in MCF-7 cells, BPA was shown to be a stronger competitive blocker 

of estradiol than BPS [245] Taken together, this could indicate that BPS leads to a 

weaker, but more estrogenic, response than BPA after ER binding, and this could explain 

the differential skeletal outcomes between BPA and BPS exposure in our study. 

However, more research on the molecular kinetics of various bisphenol analogs, 

particularly in bone cell lines, would help elucidate the mechanisms behind these 

differences.  

 

 While the skeletal differences between the animals exposed to BPA and BPS 

during gestation have significant implications on the cellular actions of differing 

bisphenol molecules, the differences between BPA and control animals have significant 

implications on the actions of estrogen in the skeleton, particularly in males. For one, this 

supports the importance of estrogen actions in uterine bone development, as BPA was 

given during gestation. Since BPA exposure continued during lactation, it also supports 

the importance of estrogen actions in early skeletal development. After weaning, there 

Figure 7.3 Chemical structures of estradiol and bisphenol analogs 
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was no more exposure to BPA in the offspring, and thus this study also supports the long-

term effects of disrupted uterine and early childhood skeletal development, as we saw 

impairments in adult, skeletally mature mice. Further studies using just gestational or just 

lactational BPA exposure are warranted to fully understand the specific timing of these 

significant disruptions.  

 

Maternal exercise can alter bone material properties  

Our most surprising finding was the impact of maternal exercise on skeletal 

outcomes, particularly material properties of the bone in the male offspring. Originally, 

maternal exercise was introduced to explore metabolic effects on body weight and 

composition in the offspring. Previous studies indicate that maternal exercise can alter 

body composition by lowering fat mass in infants [263–265], but the long-term impacts 

on adult offspring are less known. Here, we found that maternal exercise led to 

significant decreases in body fat percentage, but not body weight, in adult male offspring. 

In the female offspring there was an interaction between maternal exercise and 

gestational BPA or BPS exposure, in that exercise decreased body fat percentage in BPA 

exposed animals but not BPS or CON animals. This shows that maternal exercise can 

have long-term impacts on body composition, at least in male offspring, which 

encourages further study into the mechanisms of these effects. However, we were most 

surprised by the impacts of maternal exercise on material properties of the bone, 

specifically stiffness and toughness, in the male offspring. Maternal exercise, regardless 

of BPA or BPS exposure, increased the stiffness of the bone, and there was an interaction 

between exercise and BPA or BPS exposure on the toughness of the bone. Interestingly, 
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although stiffness and toughness were both altered, there was no effect of exercise on 

maximal load sustained before fracture. Different material properties work together to 

determine a structure’s ultimate strength [88], and in this case the alterations to stiffness 

and toughness may have compensated for each other in order to maintain bone strength. 

Much more research is needed to fully understand the impacts of maternal exercise on 

material properties of the bone.  

Few other studies have looked at maternal exercise and skeletal outcomes. In one, 

maternal exercise significantly decreased the OPG/RANKL ratio in 8 week old offspring 

[250], an indicator of osteoclast formation and activity [105]. This could lead to higher 

bone mass through a decrease in bone resorption, but BMD was not measured. Another 

showed that moderate maternal resistance exercise in rats resulted in lower cortical BMD 

of the tibia, regardless of the sex of the offspring, and this was associated with higher 

circulating osteocalcin [251]. We saw no effects of maternal exercise on cortical 

geometry or trabecular microarchitecture, though the differences could partly be related 

to type of exercise, running versus resistance training, or animal model used. There is 

also little research into mechanisms behind these skeletal alterations, although one study 

in rats showed that maternal exercise increased fetal IGF-1 expression [266]. In addition, 

exercise is known to alter epigenetic programing of skeletal muscle [267], and there is a 

possibility that maternal exercise could alter fetal epigenetic programming as well [268], 

although whether this skeletal outcomes is unknown.  

Considering the conflicting results of studies performed to this date and the lack 

of research into underlying mechanisms, more research into the effects of BPA or BPS 

exposure and maternal exercise on the skeleton of adult offspring. If these results are 
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translatable to humans, this would have particular impacts on recommendations during 

pregnancy. Current guidelines from the American College of Obstetrics and Gynecology 

(ACOG) recommend 30-60 minutes of moderate physical activity 3-5 days per week for 

pregnant women [269], but that is primarily based off recommendations for maternal 

health, such as appropriate weight gain, decreased risk of gestational diabetes, and shorter 

post-partum recovery time. There is some evidence that exercise during pregnancy can 

promote appropriate birth weight in the offspring, but research is still ongoing on long-

term benefits of maternal exercise on offspring health [270]. In nutrition and food safety 

recommendations, the ACOG briefly mentions bisphenol A, but not other bisphenol 

analogs, as something to be avoided, but this is primarily due to an increased risk of 

miscarriage [271,272]. Again, no recommendations are based on fetal health outcomes. 

Further research into fetal or offspring health outcomes could expand our knowledge base 

and lead to more specific recommendations for a healthy mother and child.  

Overall, we have significantly added to the scientific literature covering the 

interactions of estrogen, exercise, and bone health. We found that ERa plays a significant 

role in the growth and maintenance of cortical bone mass in both young and aged male 

animal models, which supports the importance of estrogen and the estrogen receptors in 

male bone. However, we also found that ERa is not required for an osteogenic response 

to exercise in male animal models, which is in direct contrast to female models, and that 

exercise could alter the material properties of the bone. However, this does not appear to 

be related to sclerostin expression in the osteocyte. Finally, we found that exposure to 

BPA, but not BPS, during gestation and lactation negatively impacted both cortical 

geometry and trabecular microarchitecture. We also found that maternal exercise could 
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alter certain material properties of both cortical and trabecular bone, as well as impact 

body composition, but not body weight, in adult offspring. These studies have 

significantly contributed to the scientific literature, specifically related to the importance 

of estrogen and the estrogen receptors to the skeleton and the role of environmental 

estrogens in skeletal development. They also open up many avenues for further 

exploration, especially if these results translate to humans, because that could have 

significant public health impacts on recommendations during pregnancy.  
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APPENDIX A – DETAILED METHODS AND PROTOCOLS  

µCT Analysis in BoneJ  
 

Tissue Processing and Scanning  
1. Clean bone of all soft tissue, wrap in PBS-soaked gauze, flash freeze in liquid 

nitrogen, and store in the -80 freezer until ready for analysis  
a. Note: Often the bone used for µCT analysis is also the one used for 

biomechanical property testing. Too many freeze-thaw cycles can alter 
material properties, so best if bones are cleaned and processed on day of 
sacrifice 

2. Once samples from all animals are collected, contact the MU X-ray Microanalysis 
Core (MizzoµX) in the Geology building and schedule a time to drop off samples.  

3. Take your samples over to the Geology building on ice so that they remain frozen, 
and they will store them in their -80  

4. Work with the lab manager to get good pictures of the bone at the right resolution 
and voxel size.  

a. A voxel size of 12 µm works well for mice, but settings might need to be 
adjusted based on breed and sample 

5. Make sure that you receive the final scans in .TIFF format 
 
Analysis  

1. Drag and drop the stack of photos for a bone into Fiji or BoneJ (whichever you 
are using) 

a. Note, you will need to drag and drop the whole folder or stack of photos, 
not individual photo files 

b. A window will pop up that says “open [file] as a stack?” 
c. Click YES 

i. **NOTE if you accidentally drag and drop the wrong folder, click 
CANCEL, not NO. Clicking NO will attempt to open each photo 
in the folder individually and likely crash your computer, whereas 
clicking CANCEL will stop the program from opening anything. 
Learn from my mistakes J  

d. If the program says it cannot open all of the photos or the whole file 
(Error: not enough memory) it’s okay to delete some of the individual 
TIFF files from the beginning and the end if they are blank (just show 
grey, and have no bone info), but try to avoid deleting any photos that 
contain bone images 

2. Once the file is open, make sure that the settings are correct. Sometimes the 
program can read the voxel size from the files, sometimes you have to hand enter 
it, so always check  

a. Go to Image à Properties  
b. If the voxel size is in pixels, adjust by typing in a new unit and voxel size 
c. Note that whatever unit you give it will be your output. Usually you want 

mm or m as an output, not µm, so you will need to type in mm and 0.012 
if your voxel size is 12 µm 
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3. Once the settings are correct, select your region of interest (ROI). Since you will 
be cropping part of the bone, you will need to select the ROI for cortical or 
cancellous bone, run the full analysis, and then reopen the full stack and start 
again for the other type of bone 

a. For cortical bone, you will need a 1 mm section surrounding the mid-
diaphysis 

i. Find the middle of the diaphysis based on anatomical structures, 
and then cut 500 µm above and 500 µm below  

ii. To calculate how many slices are needed to get a 1 mm section, 
divide 1 mm by the voxel size. For example, if your voxel size is 
12 µm, you will need 84 slices (1/0.012 =83.33), or 42 above your 
midpoint and 42 below 

b. For trabecular bone, you need a 500 µm ROI of secondary spongiosa, the 
bone right before the growth plate 

i. The growth plate should be very distinctive on the scan, so just 
start your ROI directly after you are through the growth plate  

ii. To calculate the number of slices, divide 500 µm by the voxel size. 
If your voxel size is 12 µm, you need 42 slices (.500/0.012 = 
41.67)  

c. To cut out a portion of your bone go to Plugins à Stacks à Delete Slice 
Range  

i. Make sure to start at one of the ends of your ROI and not the 
midpoint, as this is not reversible 

ii. Also remember the software is asking for the part you want 
deleted, not the part you want to save 

1. For example, if your cortical midpoint is slice 780, then 
your ROI is from slice 738 to 822. You want to delete slice 
ranges of 1-737 and 823-end 

d. Once you have your ROI, save the stack of images in case you need them 
for re-analysis  

i. Go to File à Save As à Image Sequence 
4. Cortical Bone Analysis  

a. Once you have your ROI, you are ready to analyze your cortical bone. 
First, you need to get it to a binary (black and white) image, and then you 
can run analysis  

b. Go to Plugins à BoneJ à Optimize Threshold 
i. Make sure Threshold Only and Apply Threshold are selected 

ii. Click OK 
iii. This will give you a binary photo 

c. To calculate Total Area, select the wand tool from the Fiji tool bar, and 
click on the cortical region of the bone. A yellow outline should appear 
around the outer perimeter of the bone 

i. Press “M” to measure the area 
ii. Repeat for each slice in the stack 
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d. To calculate Marrow Area, repeat step C but click on the marrow region of 
the bone. A yellow outline should appear around the inner perimeter of the 
bone 

i. Press “M” to measure the area 
ii. Repeat for each slice in the stack  

e. Save the measurement output as a .csv file by going to File à Save 
f. Next, go to Plugins à BoneJ à Slice Geometry  

i. Select the type of bone that is being analyzed 
ii. Make sure to select “process stack” 

iii. Click ok  
iv. This should open a new measurement output with slice geometry 

data for each slice in the stack, save that by going to File à Save 
v. Make sure to distinguish the two outputs somehow  

5. Trabecular Bone Analysis  
a. Once you have your ROI, you are ready to analyze the trabecular bone. 

First, you need to get it to a binary (black and white) image, and then you 
can run analysis  

b. Go to Plugins à BoneJ à Optimize Threshold 
i. Make sure Threshold Only and Apply Threshold are selected 

ii. Click OK 
iii. This will give you a binary photo 

b. Trabecular bone analysis is all done using plugins. Go through each of the 
following:  

i. PluginsàBoneJàVolume Fraction 
ii. PluginsàBoneJàThickness  

1. Make sure Trabecular thickness and Trabecular spacing are 
selected 

2. Uncheck graphic results.  Click ok. 
iii. PluginsàBoneJàAnisotropy 
iv. PluginsàBoneJàConnectivity 
v. PluginsàBoneJàSMI 

vi. Plugins à BoneJ à Ellipsoid Factor 
1. Ellipsoid factor will not be saved to the measurement 

output, so record EF mean and EF SD in an excel file 
vii. Save your measurement output by going to File à Save 

6. Once you have all of your cortical and trabecular bone measurement outputs, you 
are ready to build your excel file with all outcomes 

a. Cortical Bone 
i. Total Area = average of all total area measurements  

ii. Marrow Area = average of all marrow area measurements 
iii. Cortical Area = Total Area – Marrow Area 
iv. Cortical Area Ratio = Cortical Area/Total Area 
v. Cortical Thickness = average of all Ct.Th measurements from slice 

geometry  
vi. Imin = average of all Imin measurements from slice geometry 

vii. Imax = average of all Imax measurements from slice geometry  
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viii. Inertia ratio = Imax/Imin  
b. Trabecular Bone 

i. Unlick cortical bone, most trabecular bone measurements are 
already averaged by the plugin and they can just be copied over 
directly 

ii. BV/TV = copied value from output 
iii. Trabecular Thickness = coped value from output 
iv. Trabecular Separation = copied value from output  
v. Trabecular Number = 1/(Tb.Th + Tb.Sp) 

vi. Degree of Anisotropy = copied value from output 
vii. Connectivity Density = copied value (Conn.D) from output 

viii. SMI = copied value from output  
ix. Ellipsoid Factor – not in output but should already be saved in the 

excel file from your analysis  
Hydroxyproline Assay 

 
Day 1 
   
 Acid Hydrolyzation 

1. Check that glass tubes are air-tight:  Fill glass tubes with 1 mL dd H2O and secure 
the caps.  Mark one tube as the control and loosen the cap.  Place the tubes in an 
oven set at 124°C for 30 minutes (typically once the tissues have been weighed is 
a good point to remove them from the oven and check for leaks) 

2. Record the weight of eight empty 2 mL microcentrifuge tubes. 
3. Pulverize the samples using the socket and bolt apparatus (find in the supply box 

in the Gwynn lab).  You will need to scrape the bone fragments back to the center 
of the bolt and repeat the process 2 additional times. 

4. Place the crushed bone tissue in respective pre-weighed tubes and the weigh the 
tubes again to get tissue weights. 

* 30-50 mg of cortical bone is typically on the curve 
5. Add 400 ul dd H2O to the weighed tubes.  Then homogenize the samples, 

cleaning the homogenizer with dd H2O after every sample (change wash water 
after 4 tubes). 

6. Label glass tubes that didn’t lose water while in the oven and pour the 
homogenate into its appropriate glass tube. 

*It’s normally helpful to hold the microcentrifuge tube and the glass tub 
together and tap gently to remove as much tissue from the tube as 
possible. 

7. Add 100 ul dd H2O to the microcentrifuge tube and vortex.  Then transfer this 
into the glass tube with the rest of the sample (again tap the tubes gently if 
necessary) 

8. Under the hood, add 500 ul of 12M HCl to the microcentrifuge tubes. 
9. Vortex the samples and pour the HCL from the microcentrifuge tube into the 

glass tube (tap the tube if there is still tissue in the tube). 
10. Cap the glass tubes tightly, vortex them to assure mixing and place in a glass 

beaker (250 ml size should fit all 8 samples). 
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11. Place the beaker in the oven set at 124°C for 3 hours 
 
    Acid Neutralization 

1. Once glass tubes are removed from the oven, let them cool for 5-10 minutes, 
remove the caps, and place them back into the beaker. 

2. Put enough NaOH pellets to coat, but not fill, the bottom of a desiccator.  Put the 
white disk back into the desiccator and place the desiccator into a water bath set at 
85°C. 

3. Fill the water bath as full as possible with ddH2O/tap H2O (50/50) 
4. Place the beaker the glass tubes are in into the desiccator on the white disk. 
5. Put the lid on the desiccator, attach the vacuum line with a solvent trap, and turn 

the vacuum all the way on. 
6. Cover the water bath with all-purpose wrap (having it touch the water actually 

helps prevent more water from evaporating than if you don’t).   
7. Cover the all-purpose wrap with aluminum foil and place the water bath lid on top 

of the foil.   
8. Leave in water bath under a vacuum until dry (8 samples typically takes overnight 

and 24 samples typically take 24 hours to dry). 
 
Day 2 
 
    Reconstitution 

1. Add 1 mL of 0.001 N HCl to the dried neutralized samples and vortex (it’s 
essential that the samples be completely dry before this step). 

2. Allow the samples to sit at room temperature for no less than 30 min, vortexing 
occasionally. 

3. Pour the solutions into pre-labeled 1.5 mL microcentrifuge tubes and centrifuge at 
max speed for 15 minutes. 

4. Transfer supernatant to new pre-labeled 1.5 or 2 mL tubes. 
 
    Colormetric Assay 
         
        Reagents & standards to make ahead of time 
  

Stock OH-proline standard (10mg/mL): 
Dissolve 1 g of OH-proline into 100 mL of 0.001 N HCL  

-use volumetric flask – add some HCl to the bottle of 1 g OH-
proline then transfer this to a 100 mL volumetric flask.  Rinse the 
OH-proline container 2 more times with HCL.  Then bring the 
stock solution to volume). 
-There should be aliquots of this stock standard in the -20°C 

 
*Standards can/should be made ahead of time and stored in the -20°C 
(avoid repeated freeze thaw cycles). 

 
To make standard follow the chart below: 
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Std Concentration Dilutions 
6 3.0 ug/100 ul 15 µL (10 mg/mL) stock + 4.985 mL of 0.001 N 

HCl 
5 2.0 ug/100 µL 20 µL stock + 9.98 mL of 0.001 N HCl 
4 1.0 ug/100 µL 5 mL of Std 5 + 5 mL of 0.001 N HCl 
3 0.5 ug/100 µL 5 mL of Std 4 + 5 mL of 0.001 N HCl 
2 0.25 ug/100 µL  5 mL of Std 3 + 5 mL of 0.001 N HCl 
1 0.125 ug/100 µL 5 mL of Std 2 + 5 mL of 0.001 N HCl 
0 0 ug/100 µL 0.001 N HCl 
*Aliquot standards (100 µL) into 2 mL microcentrifuge tubes and store at -20°C 
so they are ready-to-go when you run the assay.  

 
    Make OH-proline assay buffer ahead of time 
  11.4 g Na Acetate (anhydrous) 
  7.5 g Na Citrate 
  40 mL H2O 
  Acetic acid (for adjusting pH) 
  77 mL isopropanol 
  dd H2O 
 

o Add 11.4 g Na acetate and 7.5 g Na citrate to 40 mL dd H2O in a 200 mL 
beaker with a stir bar.  Place on a hot-plate to stir until the Na acetate and 
Na citrate are dissolved (this step takes a couple of minutes-use a little heat 
if necessary). 

o Once dissolved check the pH of the solution and adust to a pH of 6.0 using 
glacial acetic acid 

o Pour this mixture into a 200 mL volumetric flask and add 77 mL of 
isopropanol (there will be 2 solvent layers, don’t worry adding H2O in the 
next step removes this solvent gradient). 

o Bring to volume with dd H2O. 
 
       Assay procedure 

1. Label two 2 mL microcentrifuge tubes per sample and one blank (zero). 
2. Add 100 uL of 0.001 N HCl to the blank tube 
3. Add 98.5 uL of 0.001 N HCl to each sample tube.  Then add 1.5 uL of sample to 

the respective tubes. 
4. Make Chloramine T solution *This needs to be made fresh every time 

For 8 samples (in duplicate with standards): 
0.07 g  Chloramine T 
1 mL ddH2O 
4 mL OH-proline buffer 

 
5. Add 100 uL of Chloramine T reagent to each sample plus blank/standards.  

Vortex and let stand at room temperature for 9-10 minutes. 
6. While samples are incubating, make the Erlich’s reagent *This needs to be made 

fresh every time 
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For 8 samples (in duplicate with standards): 
2 g  p-dimethylaminobenzaldehyde 
6 mL 60% 
26 mL OH-proline buffer 

 
7. Add 1.3 mL of Erlich’s reagent to each sample, blank, and standards and then 

vortex. 
8. Turn on the spectrometer 
9. Place the tubes in a 55°C water bath for 20 minutes. 
10. After incubation, invert each tube to mix again.  Look at the color closely, if there 

is a gradient from yellow to pink, keep inverting until it is completely mixed. 
11. Allow the samples to sit at room temperature for 5 minutes. 
12. Take absorbance readings at 558 nm using disposable cuvettes.  Read the 

standards from lowest to highest concentration, and then read the samples.   
13. Record absorbance values and use the OH-proline excel template to calculate 

results.   
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AGEs Assay (Quinine) 
 
Materials: 
Sulfuric Acid (H2SO4)  
Quinine   
96-well plates 
Fluorescent plate reader 
 
Methods: 
 
0.1 N H2SO4  

Add 200 mL of dd h2O to a 1 L volumetric flask 
Add 2.77 mL 36M H2SO4 to the 1 L flask and swirl gently to mix 
Fill the flask to volume with dd H2O 

 
Preparation of Stock Quinine Solution (10ug/mL in 0.1 N H2SO4) 

1. Weight out 0.025 g quinine and place in a 50 mL volumetric flask 
2. Fill the flask to volume with 0.1 N H2SO4.  This will create a concentration of 500 

ug/mL 
3. Mix the solution well 
4. Transfer 1mL of the 500 ug/mL quinine solution to a new 50 mL volumetric flask 
5. Bring the solution to volume with 0.1 N H2SO4.  The concentration of the stock 

quinine solution will now be 10 ug/mL. 
 
Preparation of Quinine Standards for Assay 
 
To make standards follow the chart below: 

Std 
Quinine Standard 
Concentration (ng/mL) Dilutions 

7 500  50 µL (10 ug/mL) stock + 950 mL 0.1 N H2SO4 
6 250 500 µL Std 7 + 500 µL 0.1 N H2SO4 
5 125 500 µL Std 6 + 500 µL 0.1 N H2SO4 
4 62.5 500 µL Std 5 + 500 µL 0.1 N H2SO4 
3 31.25 500 µL Std 5 + 500 µL 0.1 N H2SO4 
2 15.625 500 µL Std 5 + 500 µL 0.1 N H2SO4 
1 7.8125 500 µL Std 5 + 500 µL 0.1 N H2SO4 
0 0 0.1 N H2SO4 

*This will make enough standard for 1 plate. Scale up or down as necessary for 
the number of plates to be used so that the same standards are used for all the 
samples 

 
  
Sample dilution/Running the Assay 

1. Create a solution with a concentration of 1 mg of bone in 200 µL of solution per 
well. 
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-Use the Excel file on the network for these calculations (Protocols à 
Hydroxyproline & Age à Making Samples Concentrations 
Template.xlsx) 

2. Load 200 µL of the standards and the 1 mg/ 200 µL solution for each sample in 
duplicate on a 96-well plate  

3. Take a fluorescence reading with the plate reader set for 360 nm excitation and 
460 nm emission. 

 
Save the output, then calculate the standard curve and sample concentrations for the 
standard curve. 
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Ashing for Mineral Analysis 
 

1. Clean bone of interest of as much muscle and connective tissues as possible 
a. Measure wet weight 

2. Immerse bone in hexane overnight, or up to 24 hours, to extract lipids 
a. Use disposable glass tubes, as the diethyl ether will dissolve plastic tubes  
b. Work under the fume hood 
c. Label tubes 

3. Immerse bone in diethyl ether overnight, or up to 24 hours, to dissolve organic 
material 

a. Use a new set of disposable glass tubes 
b. Work under fume hood 
c. Label tubes  

4. Dry bones at room temperature to make sure that all organic solvents are gone 
5. Dry bone for 24 hours 

a. Place in incubator at 60 °C 
b. Remove from incubator and place in desiccator. Allow to cool to room 

temperature in desiccator. Measure dry weight and return to desiccator.  
6. After dry weight has been taken, place back in the incubator for 8-12 hours and 

check that dry weight is stable. If dry weight after 8 hours is less than original dry 
weight, place back in the incubator for another 8-12 hours. Continue until two 
consecutive readings of dry weight match.   

7. Prepare porcelain crucibles  
a. Acid wash and rinse with deionized water 20x; dry in oven 
b. Measure dry weight of crucibles  
c. WEAR PPE DURING ANY STEPS USING STRONG ACIDS 

8. Ash bone overnight in a muffle furnace 
a. Set the furnace to 800 °C 
b. Place the bones in prepared crucibles  
c. Label the crucibles. 

i. Most markers will burn off in the ashing process. Thus, make sure 
to also make a map of how the bones went into the furnace. Also 
can try etching the number into the crucible.  

d. Confirm the furnace turned on  
e. Leave the bones in the furnace overnight or up to 24 hours. Turn the 

furnace off, and allow to cool before opening. 
9. Get the dry weight of the ash 

a. Needs to be measured at room temperature 
b. Take care to ensure that no water or other material gets into the ash 
c. Leave sample in desiccator while cooling to ensure no contamination  
d. After weighing, place the ashed bone in a new glass tube and save for 

mineral analysis 
i. Glass tubes used to store ashed bones need to be acid washed prior 

to use 
10. Take labeled glass tubes with ash to the Ag Experiment Station for mineral (Ca 

and P) analysis   
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Histology/Immunohistochemistry Sample Prep Protocol 
 

1) Prepare bone samples  
a) Clean bone of as much soft tissue as possible 
b) Place each bone in clearly labeled, individual 15 mL glass vials 

 
2) Fix 

a) Fix in 10% Formalin for 24-48 hours 
i) Keep in refrigerator at 4 °C 
ii) Formalin can destroy certain antigens and fluorochromes, check your IHC 

protocol for fixation time  
(1) Calcein/alizarin stains should not spend more than 24 hours in formalin  

b) After 24-48 hours, remove the 10% formalin and wash with PBS 2x30 minutes 
i) Can store/wash in PBS for up to 24 hours if necessary, before continuing to 

next step  
c) Make sure to dispose of the formalin in an approved, labeled disposal container. 

Store used formalin in the flammable cabinet until scheduled pickup by EHS 
 
3) Decalcify  

a) After wash, replace PBS with 14% EDTA 
b) Keep vials in refrigerator at 4 °C, changing the 14% EDTA solution every 3-4 

days until fully decalcified 
i) Mouse bones: 10-14 days  
ii) Rat bones: 4+ weeks  

c) Make sure to dispose of the EDTA into an approved, labeled disposal container. 
Store used EDTA in the flammable cabinet until scheduled pickup by EHS 

d) After decalcification, wash with PBS 2x30 minutes 
i) Can store/wash in PBS for up to 24 hours if necessary, before continuing to 

next step  
 
4) Store in 70% ethanol until bones can be taken to the VMDL for embedding and 

slicing  
a) Prolonged storage in 70% ethanol can damage certain antigens, check your IHC 

protocol but also try to get samples to the VMDL as quickly as possible  
 
14% EDTA solution  
 

b) To make 14% EDTA solution (under the fume hood) 
i) Measure 140 g EDTA into a 1 L glass container 
ii) Add 700 mL diH2O and stir vigorously with stir bar 
iii) Add ammonium hydroxide 30 mL at a time until solution is clear (usually 

needs around 90 mL)  
iv) Adjust pH to 7.2-7.4 using more ammonium hydroxide or glacial acetic acid  
v) Add diH2O to get 1 L total volume 
vi) Store in refrigerator at 4 °C 
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Immunohistochemistry Protocol  
 
Deparaffinize slides – 3 minutes in each solution 

1. Xylene 
2. Xylene 
3. 1:1 Xylene:EtOH 
4. 100% EtOH 
5. 100% EtOH 
6. 95% EtOH 
7. 70% EtOH 
8. 50% EtOH 
9. Water 

 
Make sure to not let your samples dry out between each step 
Washes should be done gently on the western shaker. Esp. important for PBST 
washes 
 
Antigen Retrieval – 2 methods, but I prefer heat, it seems to give a better picture  

*If using method 1, establish hydrophobic barriers before beginning. If using 
method 2, establish barriers after this step, before starting permeabilization* 

Method 1 – enzymatic  
1. 1x Protease K solution for 15 minutes 
2. Wash with PBS 3x5 min 

 
Method 2 – heat  

1. Pour 50 mL of 10 mM sodium citrate buffer into a Coplin jar 
2. Place the Coplin jar into a water bath set to 60 °C (best to do this before 

deparaffinization so that it has time to warm up before you put the slides in) 
3. Once the citrate buffer has warmed up, place slides into the Coplin jar and leave 

overnight 
4. In the morning, remove Coplin jars with slides from the water bath and allow to 

cool to room temperature 
5. Wash slides with PBS 3x5 min 

 
Permeabilization 

1. 0.02% Triton-X100 (diluted in PBS) for 15 minutes 
2. Wash with PBS 3x5 min 

 
Blocking  

1. Block with dilute normal goat serum for 30 min 
2. Wash with PBS 3x5 min 
3. Block with avidin blocking solution for 20 min 

a. Store avidin blocking solution at 4° C 
4. Wash with PBS 3x5 minutes 
5. Block with biotin blocking solution for 20 min 

a. Store biotin blocking solution at 4° C 
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6. Wash with PBS 3x5 minutes 
7. Apply primary antibody overnight at 4° C in humidified chamber 

a. Dilute in 1% BSA 
i. Dilution is dependent on antibody 

ii. Sclerostin (abcam) is 1:1000 for rats, 1:100 for mice  
b. Make sure to leave a negative control that is blocked with 1% BSA with 

no primary 
 
Activation  

1. Wash with PBST 3X10 min 
2. Quench endogenous peroxidase activity 

a. 3% H2O2 for 15 min   
3. Wash with PBS 3x5 min 
4. Apply dilute secondary antibody solution for 30 min 

a. Make ABC solution and let it sit for 30 minutes at room temperature while 
secondary antibody is blocking 

5. Wash with PBST 3x10 minutes 
6. Incubate with ABC solution for 30 minutes 
7. Wash with PBST 3x10 minutes 
8. Apply substrate-chromogen solution (DAB)  

a. Time is dependent on what you are binding to, but for mouse sclerostin (at 
1:100), usually takes about 5 minutes to get a good color  

9. Wash with water 3x3 min 
 
Counter-Staining  

10. Stain with Mayer’s hematoxylin for 5 seconds 
11. Wash with water 3x3 minutes 
12. Dip 10X in 0.037M ammonia 
13. Wash with water 2x2 min 

 
Fixing/Mounting – 3 minutes in each solution 

14. 50% EtOH 
15. 70% EtOH 
16. 95% EtOH 
17. 100% EtOH 
18. 100% EtOH 
19. 1:1 Xylene:EtOH 
20. Xylene 
21. Xylene 
22. Let slides air dry 
23. Mount the slide cover with Faramount 

a. Seal edges of slide cover to the slide with nail polish and let dry overnight  
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Stock Solutions 
 
Protease K (20x)  
 Protease K (30 units/mg)    8 mg 
 TE buffer (pH 8.0)    10 mL 
 Glycerol     10 mL 
Dissolve protease K into TE buffer, then add glycerol and mix. Aliquot out in 1 mL 
portions and store at -20° C. 
 
To make 1x working solution, combine 1ml of 20x stock solution with 19 ml of TE 
buffer (pH 8.0). 1x solution can be stored in refrigerator (4° C) for up to 6 months 
 
10 mM Sodium Citrate Buffer 
 Tri-sodium citrate (dihydrate)   2.94 g 
 Distilled water     1000 mL 
Mix to dissolve. Adjust pH to 6.0 with 1N HCl and then add 0.5 mL of Tween-20 and 
mix well. Store at room temperature for up to 3 months or in the refrigerator (4 °C) for up 
to 6 months.  
 
BSA (1%) 
 Bovine Serum Albumin   1 g 
 TBS or PBS     100 mL  
Fully dissolve BSA into TBS/PBS. Aliquot out in 1-2 mL portions and store at -20° C. 
Thaw as needed.  
 
ABC Kit Solutions 
 
Dilute Normal Goat Serum 

1. Mix 10 mL PBS with 3 drops of the normal goat serum from ABC kit 
2. Premade dilute goat serum is stable at 4° C for 30 days  

 
Dilute Secondary Antibodies 

1. Mix 10 mL PBS with 3 drops of the normal goat serum and 1 drop of the 
secondary concentrate from ABC kit 

2.  Premade dilute secondary solution is stable at 4° C for 30 days  
 
ABC Solution 

1. Mix 10 mL of PBS with 4 drops of substrate A, shake, and then add 4 drops of 
substrate B from ABC kit  

2. Premade ABC solution is stable at 4° C for 30 days  
 
 
 
PBST = 0.1% tween  
  



 221 

Fluorescent Label Injections 
 

1. Make calcein (15 mg/kg body weight) and alizarin (30 mg/kg body weight) 
solutions according to recipe on the P-drive (see calcein and alizarin doses Excel 
file).  

a. Using measurements provided in the excel file, combine all ingredients in 
a small glass beaker and heat on the hot plate until dissolved. Filter into an 
injection vial.  

2. Wrap vials containing completed solution with foil to block light, and store in the 
refrigerator until needed (but no longer than 1 week) 

3. On injection day, weigh the animal getting the injection. Using the information in 
the calcein and alizarin doses Excel file, measure out the mL of solution needed 
based on animal body weight 

4. Administer solution through IP injection to each animal that needs it 
a. Give calcein first, and then give alizarin 4 days later  

5. Monitor animals for 5-10 minutes after injection to check for negative impacts 
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Epoxy Embedding of Calcified Bone 
 

Sample Preparation  
1. Clean bones of as much soft and connective tissue as possible 
2. Fix bones in formalin for <24 hours (usually just overnight)  
3. Dehydrate bones in graded alcohols in glass test tubes. Allow the solution in each 

step to reach full saturation before changing solutions 
a. 1-2 hours 70% ethanol 
b. 1-2 hours 70% ethanol 
c. 1-2 hours 95% ethanol  
d. 1-2 hours 95% ethanol 
e. 1-2 hours 100% ethanol  
f. 1-2 hours 100% ethanol  

4. Leave bones to dry in the hood until completely dry (24-48 hours)  
a. Make sure to keep them protected from the light as much as possible 

during this time  
5. Place each bone in a centrifuge tube and leave in the dark until ready for 

embedding  
 
Embedding Process 
Day 1 

1. If applicable, remove the resin and resin hardener from the refrigerator so that it 
can come to room temperature. If you will be using the resin for a few days, there 
is no need to put it back in the refrigerator after each use, you can just put it back 
when you are completely done with it.  

2. Cut squares of foil (about 1.5”x1.5”), one for each bone (plus a few extras in case 
of tears) 

3. Using the plexiglass guide (square of plexiglass with a screw in the top, can be 
found in the Middleton lab), fold each square of foil into a rectangular “boat”  

4. Glue the boats to a paper plate with a glue stick (can usually get 12-15 per plate), 
spaced out so that you have room to label each boat with sample numbers  

5. Take the plate under the hood, and gather a paper cup, wooden popsicle stick, and 
transfer pipette. Cut the thinnest end of the transfer pipette off.  

6. Place the paper cup on the scale and then zero it. Pour resin into the paper cup 
until you reach desired weight 

7. Use the calculator attached to the outside of the hood to calculate the amount of 
resin hardener needed  

a. Weight of resin x 1.45 = total weight of resin + hardener  
8. Using the transfer pipette, slowly add the correct weight of hardener to the resin 

in the cup  
a. DO NOT mix the resin and the hardener in the bottles 

9. Stir the resin and hardener together gently with the wooden popsicle stick for 1-2 
minutes until mixed, trying to avoid developing any air bubbles  

10. Gently pour a small amount of epoxy into each boat to cover the bottom, ending 
when the epoxy is about ¼” thick  
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11. Place the paper plate with the filled boats into the vacuum, place the top on the 
vacuum and seal using the pump. This will allow any air bubbles that did form to 
be pulled to the top of the epoxy so they will pop. Leave the paper plate in the 
vacuum sealer overnight.  

 
Day 2 

1. Remove the paper plate from the vacuum sealer and carry it over to your work 
surface 

2. Label the boats with sample numbers by writing on the paper plate above or 
below each individual boat  

3. For each bone, you will need to repeat the following steps: 
a. Remove the bone from the centrifuge tube 
b. Mark with colored pencil where you want the cut the bone  

i. For example, if you want to take a slice of cortical bone, make a 
mark in the center of the diaphysis  

c. Place 1 or 2 small drops of super glue on the epoxy layer in the foil boat 
d. Place the bone on these drops of super glue and hold until the glue 

hardens, and the bone is secured in place  
i. Make sure that you are placing the bones uniformly on the epoxy – 

all should be facing the same direction, same side up, etc.  
4. Once all of the bones are secured in their boats, take the paper place over to the 

hood and stir together more epoxy like you did on day 1. You will need a larger 
volume of epoxy on day 2.  

5. Once the epoxy is mixed, gently pour it over each bone until the bone is covered 
and there is about ¼” of epoxy above the bone  

6. Place the paper plate in the vacuum, remove the air and leave the bones in the 
vacuum for 2 days  

a. If you are doing several bones (more than can fit on one plate), you can 
pull the first set out of the vacuum seal and start another set of empty 
boats. However, you then need to let the first set sit for another day before 
you try slicing them, to fully allow the epoxy to harden. The vacuum seal 
is just to help draw out air bubbles, once those are removed the epoxy can 
harden anywhere.  

7. Once the epoxy is fully hardened, remove the foil from the block. Place the epoxy 
block with the bone in a small, labeled, resealable bag (usually use the little 
jewelry bags from Walmart) and store in the dark until you are ready to slice 
samples.  

 
 
**fluorescent labels can be destroyed by light, so when leaving samples for long periods 
of time (particularly in the vacuum sealer or between drying and embedding) make sure 
to cover them with something opaque or store them in the dark  
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Calcified Tissue Slicing  
 

1. Assemble and turn on the IsoMet saw and MetaServ grinder/polisher (ask Kevin 
Middleton for initial instructions). Make sure that water is flowing through the 
polisher and that water is in the tray of the saw 

2. Line up and label weigh boats for each individual bone that needs to be cut. 
3. Place the block with the bone in the holder and tighten the screws with the Allen 

wrench to keep it in place. Make sure that the bone (not block) is straight to get an 
even cut  

4. Screw the block holder onto the arm of the saw and line up the blade with the 
colored pencil mark on the bone. **NOTE: you do not want to cut directly on the 
colored pencil mark. The colored pencil mark should be the location of the bone 
you want to analyze, and you will need to make a cut on either side of that mark 
to get a slice that includes your ROI  

5. Once the blade is lined up correctly, turn it on and slice through the bone and 
block completely. 

6. Remove the portion that was cut off and place into the respective weigh boat  
7. Remove the block holder from the saw arm and polish the cut end of the block 

until smooth (5-10 seconds). Dry the cut end of the block with air or a towel and 
mark it with a sharpie. When it comes time to mount the slice, this side will be 
“down”.  

8. Turn the knob on the saw arm twice to move it in by 1 mm 
9. Double check the alignment of the blade – it should be just past the colored pencil 

mark 
10. Once the blade is lined up correctly, turn it on and slice through the bone and 

block completely  
11. Remove the slice and place it on a labeled slide or piece of plexiglass.  
12. If you are cutting more than one slice, adjust the placement of the block in the 

holder and repeat steps 4-11 
13. Once you have cut all your bones, mix a small amount of epoxy under the hood 

(see Embedding Protocol for epoxy mixing instructions)  
14. Pour the epoxy out onto a paper plate or folded paper towel  
15. With forceps, dip the back- or down-side (side with sharpie mark) of each slice 

into the puddle of epoxy, and then mount it onto the labeled slide  
16. Arrange the labeled slides on a tray or plate and allow them to sit overnight in the 

dark to harden the epoxy 
17. Once all of the slides are dried and the epoxy is hardened, polish the top of the 

slide on the polisher until smooth (5-10 seconds) for better pictures    
a. It’s easy to polish the ends of your fingers off (ouch!) so try wrapping 

your fingers first with parafilm, band-aids, rubber thimbles, etc. to protect 
them 

18. Once all slices are polished, allow to dry, then store in a slide box and take to the 
Molecular Cytology Core for pictures 
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Three-point Bending Protocol  
 

1. Clean bones of as much soft and connective tissue as possible  
2. Freeze in PBS-wrapped gauze to keep the samples moist 

a. DO NOT fix or allow to dry, as that will influence the outcomes 
3. When ready to do strength testing, move the samples over to the freezer in Kevin 

Middleton’s lab (M314 - where the materials testing machine is) 
 
Machine Set Up  

4. Turn on the Instron materials testing machine by opening the BlueHill program on 
the computer  

5. Make sure you have the right attachments on the machine and that they are lined 
up correctly  

a. The top attachment (attached to the moving arm) should be the central 
point, with the point facing down, as that is the direction the arm will 
move 

b. The bottom attachment should be the one with the two outside points, 
evenly spaced so that the central arm hits directly between them 

i. The distance between the two points will vary based on the type of 
bone, but generally is 6-10 mm (for calculations, this span distance 
will be L) 

c. Make sure all attachments are secured tightly so that they WILL NOT 
MOVE during testing 

6. Once the machine is set up correctly, select the correct testing program folder in 
the BlueHill testing program 

a. There should be Dirkes_femur and Dirkes_tibia programs already set, but 
depending on the bone you are testing and your test parameters it might be 
easier to just start a new one 

b. Within your testing program, you need to at minimum define the span 
between the two outside points (L), the force on the arm (I believe the 
standard is 500 N but double check!), and set the speed of the arm (10 
mm/min)  

c. Make sure you have selected to export your outputs to the correct folder 
(make yourself a folder on the desktop to temporarily store outputs, but 
bring an external hard drive so you can take your outputs with you when 
you leave) 

7. Adjust the moveable arm so that the central point is 1-2 cm above the bottom two 
points. This will allow enough space for you to place samples correctly but not so 
much space that each test takes too long. Once you have chosen a place for the 
testing arm DO NOT move it until you are completely done with testing, because 
some of your calculations are dependent on this distance, and changing it will 
change your outcomes  

8. Once the machine is set up, you are ready to start testing samples 
 
Testing 

1. For each sample, take the following steps 
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a. Place the sample (in its freezer tube) in a beaker of water on the desk until 
thawed 

i. You can have 2-3 samples in the beaker of water at a time, then 
they will be thawed by the time you are ready to do the test. But 
you don’t want them to dry out or be thawed too long so don’t just 
pull the whole box of samples out 

b. Remove the thawed sample from its cryo/centrifuge tube and wipe excess 
moisture off with a piece of gauze 

i. You want the sample to not be dried out, but also not slippery  
c. Place the sample on the bottom two points, making sure that the ROI to be 

broken is in the center  
i. For certain bones this is easier said than done, tibiae tend to slip 

because of their curve. More practice is probably needed with 
these, maybe there’s a cool attachment someone can come up 
with? Femurs tend to sit pretty well though  

d. Make sure the test program in BlueHill has been labeled with the correct 
sample number  

e. Zero out the extension (mm) and force (N)  
f. Press Start Test 
g. Stand back and allow the arm to move uniformly and apply force to the 

sample until breaking 
i. Take note if the bone breaks weird or moves during the testing 

process 
ii. YOU CANNOT REDO A TEST so try to be as consistent as 

possible. However, if something does go weird, just note it so that 
it can be removed from analysis if necessary. There’s always 1 or 2 
that just do their own thing.  

h. Once the test is over (bone has fractured), click Ok on the screen when 
asked if the arm should be reset 

i. Remove the sample from the machine and clean off any marrow that may 
have gotten on the points or attachments 

i. Sometimes the bone pieces will fall in between the two bottom 
points when you are trying to remove them after the central point is 
moved. To prevent losing any sample pieces, I usually place a 
piece of gauze between the two bottom points to catch anything 
that falls.  

ii. Sometimes the bone pieces will go flying across the room – try to 
gather them up off the floor as much as possible, so they don’t rot. 
Also make sure to stand back during the test so you don’t get hit 
with flying bone shards (the mice are very small and probably not 
a real safety concern, but might want to have some kind of shield 
in place if you are doing anything larger than a mouse).  

j. The outputs should autosave to the assigned folder, and then there should 
be a prompt that comes up that says, “do another test with the same 
parameters?” You can select yes, and then a prompt will come up to 
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change the sample number, and then you can start a new test without 
going back to the main home screen 

k. Place the broken pieces of the sample back in the gauze in their 
cryo/centrifuge tube, replace in the freezer, and pull out a new sample  
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Three-point Bending Analysis 
 

1. To do the analysis of the 3-point bending outputs from the Instron machine, you 
will need the following information from your uCT analysis and the instrument  

a. Diameter and radius of the bone at the breaking axis (ML, AP, etc) 
i. NOT just the largest and smallest diameter and radius but the 

actual axis 
ii. The axis used (AP vs ML) will depend on how the bone is 

positioned for the breaking test and what axis the force is being 
applied to 

b. I (moment of inertia) of the bone around the breaking axis  
c. Span of distance between two outside points on the machine 
d. ALL OF THE ABOVE need to be converted to (or acquired in) METERS, 

not millimeters 
i. For I and the diameter/radii it’s easiest to just rerun your BoneJ 

analysis with it set to meters as the units. You will most likely be 
rerunning your analysis anyway to make sure the axes are correct, 
so while you are doing that, make sure you are getting meters as 
your output  

2. The output from BlueHill will be an excel file with many data pairs of extension 
(mm) and force (N). The extension data will also need to be converted into 
meters.  

3. Build your excel file. You will need the following information in order to do the 
further calculations 

a. RAP or RML: radius of the bone at the breaking axis  
b. IAP or IML: moment of inertia around the breaking axis 
c. L: span of length between the two outside points  
d. Data (extension and force) from TWO points along the linear portion of 

the force-distance curve generated by the BlueHill output 
i. You can use whichever two points you want (you will be 

calculating slope), but double check the two points selected are on 
the LINEAR portion, or else the slope calculation will be incorrect 

e. Extension and Force at fracture  
4. Pull the MAX FORCE data from the BlueHill output and enter it in your excel 

sheet. You won’t need this for calculations, but it is an outcome you should be 
interested in 

a. Max Force is the largest force (N) that was applied to the bone 
i. Not necessarily the same as point of fracture 

5. Begin calculations (see below)  
6. Final outcomes you should have for each bone for publication: 

a. S: Stiffness (N/m) 
b. M: Max Force (N)  
c. E: Young’s Modulus of Elasticity (N/m2) 
d. U: Work-to-fracture (Nm) 
e. u: Modulus of Toughness (N/m2) 
f. Optional: 
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i. Ultimate Stress 
ii. Ultimate Strain  
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Calculations 
 
S: Stiffness = slope of the linear portion of the force-distance curve (N = force, M = 
distance in meters) 
 𝑆 = (("#$"%)

'#$'%
) 

 
*You then need to convert force and distance into stress and strain, respectively, to make 
a stress-strain curve. The stress-strain curve should be analogous to the force-distance 
curve, but it takes into account the size and shape of the bone. Make sure to convert both 
of your points from the first curve to stress and strain because again you will need to 
calculate the slope of the stress-strain curve (E).  
 
Stress (o): N = force 

 𝑜 = (𝑁) ∗ ((∗*+,
-∗.+,

) 
 Ultimate Stress = stress at fracture, calculate it from force at fracture 
 
Strain (e): M = distance in meters 
 𝑒 = (𝑀) ∗ (%#∗*+,

(!
) 

 Ultimate Strain = strain at fracture, calculate it using distance at fracture  
  *Note: the distance measurements start when the arm of the machine 
begins to move. However, ultimate strain should be calculated based on the distance the 
bone moved, meaning it needs to be calculated based on when the arm began to 
physically touch the bone and not just moved through the air. To do this, subtract the 
distance at 0.01 N from the distance at fracture to get the difference and use that as your 
M 
 
E: Young’s Modulus of Elasticity = slope of the linear portion of the stress-strain curve 
 𝐸 = (/#$/%

0#$0%
) 

 
U: Work-to-fracture = the integral of the force-distance curve 
 To calculate U, you will need to integrate the portion of the force-distance output when 
the bone is physically being touched and force is being applied. To do a point-by-point 
integration, you will need to treat each pair of data sets as if it were a tiny trapezoid. The area of a 
trapezoid is calculated as follows: 𝐴 = ,123

#
- ∗ ℎ with a and b being the bases of the trapezoid 

and h being the height. In the original output from BlueHill, the distance (m) will be the height of 
the trapezoid and the force (N) will be the bases. Calculate the area for each tiny trapezoid made 
by each pair of data points, and then add the areas together. The integral (U) is the sum of the 
areas.  
 
u: Modulus of Toughness = integral of the stress-strain curve 
 𝑢 = 𝑈 ∗ (!∗#$%

&$%∗'
) 

 
*NOTE: In all of these examples I used RAP and IAP because the AP axis is most likely 
the axis you are breaking around. However, if you end up breaking around the ML axis, 
make sure to use RML and IML in the calculations.   
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Ashing for Mineral Analysis 
 

11. Clean bone of interest of as much muscle and connective tissues as possible 
a. Measure wet weight 

12. Immerse bone in hexane overnight, or up to 24 hours, to extract lipids 
a. Use disposable glass tubes, as the diethyl ether will dissolve plastic tubes  
b. Work under the fume hood 
c. Label tubes 

13. Immerse bone in diethyl ether overnight, or up to 24 hours, to dissolve organic 
material 

a. Use a new set of disposable glass tubes 
b. Work under fume hood 
c. Label tubes  

14. Dry bones at room temperature to make sure that all organic solvents are gone 
15. Dry bone for 24 hours 

a. Place in incubator at 60 °C 
b. Remove from incubator and place in desiccator. Allow to cool to room 

temperature in desiccator. Measure dry weight and return to desiccator.  
16. After dry weight has been taken, place back in the incubator for 8-12 hours and 

check that dry weight is stable. If dry weight after 8 hours is less than original dry 
weight, place back in the incubator for another 8-12 hours. Continue until two 
consecutive readings of dry weight match.   

17. Prepare porcelain crucibles  
a. Acid wash and rinse with deionized water 20x; dry in oven 
b. Measure dry weight of crucibles  
c. WEAR PPE DURING ANY STEPS USING STRONG ACIDS 

18. Ash bone overnight in a muffle furnace 
a. Set the furnace to 800 °C 
b. Place the bones in prepared crucibles  
c. Label the crucibles. 

i. Most markers will burn off in the ashing process. Thus, make sure 
to also make a map of how the bones went into the furnace. Also 
can try etching the number into the crucible.  

d. Confirm the furnace turned on  
e. Leave the bones in the furnace overnight or up to 24 hours. Turn the 

furnace off, and allow to cool before opening. 
19. Get the dry weight of the ash 

a. Needs to be measured at room temperature 
b. Take care to ensure that no water or other material gets into the ash 
c. Leave sample in desiccator while cooling to ensure no contamination  
d. After weighing, place the ashed bone in a new glass tube and save for 

mineral analysis 
i. Glass tubes used to store ashed bones need to be acid washed prior 

to use 
20. Take labeled glass tubes with ash to the Ag Experiment Station for mineral (Ca 

and P) analysis   
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