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ABSTRACT OF THE THESIS

Osteoporosis Drugs Prevent Bone Loss, Normalize Metabolic

Parameters and Negatively Correlate Bone and Fat
by

Andrea Trinward

Master of Science
in
Biomedical Engineering
Stony Brook University
2010

Post-menopausal osteoporosis is associated with bone loss but menopause can
also increase body mass and abdominal adiposity, factors that can pose a secondary risk
to skeletal health. Drugs such as alendronate (ALN), parathyroid hormone (PTH) and
sodium fluoride (NaF) target bone loss but their effects on adiposity, metabolism, and the
interrelationship between bone and fat are largely unknown. To this end, we subjected
OVX rats to short-term (2 months) and long-term (6 months) treatments of different
doses of ALN, PTH and NaF and analyzed body weight, vertebral bone, abdominal fat
volume, liver fatty acids, and serum leptin and IGF-1. Six-month old Sprague-Dawley
rats were assigned to age-matched controls, untreated OVX, OVX treated with high (H),
medium (M), or low (L) doses of hPTH (60, 15, or 0.3ug/kg/d), or OVX treated with H,
M, or L-ALN (100, 10, or 1pg/kg/2xwk) or OVX treated with H or L-NaF (500ppm or
100ppm in drinking water). Rats were sacrificed at 6, 8, and 12 months of age
(n=10/group/age).

Body mass and fat accumulation was strongly influenced by age. Age-matched
controls gained 12.7% more weight throughout the course of the study than OVX
controls and weighed 10% less, while treated animals gained 28.1% less weight than
OVX controls and weighed 4.9% less. At 12 months of age, H-ALN treatment had 37.8%
less subcutaneous fat than OVX controls. (p<0.01) By 12 months all treated animals had
smaller fat pads than OVX controls.(p<0.05) Liver esterfied free fatty acid (NEFA)
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concentrations were smaller at 8 months in H-PTH and L-ALN rats compared to OVX
controls.(p<0.05) At 12 months, all groups except M-ALN had lower liver triglyceride
(TG) and NEFA concentrations than OVX controls.(p<0.05)

At 8 months, H-, M- and L-ALN as well as H- and M-PTH showed higher
vertebral bone apparent density (in vivo uCT) than OVX controls.(p<0.05). Both H- and
M-PTH had higher trabecular thickness (ex vivo uCT) while only H-PTH had higher
bone volume fraction than OVX controls.(p<0.05) At 12 months and compared to OVX
controls, apparent vertebral densities (in vivo uCT), trabecular number and trabecular
apparent densities (ex vivo uCT) were significantly higher in H-, M-, and L-ALN, H-,
and M-PTH groups as well as H-NaF, while trabecular spacing was decreased.(p<0.05)
However, high doses of ALN and PTH suppressed IGF-I levels.(p<0.01)

Body mass was positively correlated to bone volume and density for age-matched
controls with high dose treatment groups (r’= 0.36, p<0.01), but was not correlated in the
OVX controls with low dose treatments. Liver TG content was not correlated to bone
volume fraction in OVX controls (r2:0.001, p<0.93), but ALN, PTH and NaF treatment
normalized this relationship to that seen in age-matched controls. ALN and PTH
treatment reduced the elevation of the total fat to body mass relationship compared to age
matched controls, indicating a reduction due to treatment. OVX controls showed no
correlation between bone density and liver TG, while AM controls and NaF showed a
positive relationship. All ALN treatment groups combined and H and M- PTH treatment
groups combined both showed negative correlations between density and liver TG
content; the highest responders to treatment had the lowest TG concentrations.

These data demonstrate that treatment with moderate to high doses of ALN, PTH
and NaF can normalize bone morphology and indices of fat metabolism to those of
normal age-matched controls. Treatments slowed the rate of weight gain throughout the
course of the study while decreasing fat accumulation. ALN and PTH were able to
reverse the association between fat and apparent mineral density; demonstrating a
secondary positive effect of treatment on fat metabolism. Drug therapies can reduce the
severity of post-menopausal osteoporosis but they also reduce fat accumulation and could

lower the incidence of menopause related obesity.
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treatment (OVX + L-NaF). (ANOVA) * p<0.001, *p<0.01, **p<0.05

Figure 26. A.) Liver, B.) fat pad and C.) brown fat masses at sacrifice at 12 months of age for age matched control
(AM), ovariectomy control (OVX), OVX with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with
medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high
parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH treatment (OVX + M-PTH), OVX
with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX
with low NaF treatment (OVX + L-NaF). (ANOVA ) * p<0.001, *p<0.01, **p<0.05

Figure 27. Triglyceride content of the liver for A.) 6 month, (Student t-test) B.) 8 month (ANOVA) and C.) 12 month
old animals (ANOVA) . Data is represented as mean +S.D for age matched control (AM), ovariectomy control (OVX),
OVX with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-
ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX
+ H-PTH), OVX with medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX
with high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF).
(Student t-test, ANOVA) # p<0.001, *p<0.01, **p<0.05

Figure 28. TG content of the serum for A.) 6 mo animals, B.) 8 mo animals and C.) 12 mo animals. Data is represented
as group mean + SD for age matched control (AM), ovariectomy control (OVX), OVX with high dose alendronate
(ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN
treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with
medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium
fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF). (Student t-test,
ANOVA) # p<0.001, *p<0.01, **p<0.05

Figure 29. Serum triglyceride content at 6, 8 and 12 months of age for age matched controls (AM), ovariectomy
controls (OVX) and ovariectomy controls that underwent treatment (OVX + Treat) (ANOVA) *p<0.01
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Figure 30. NEFA concentrations in the liver at A.) 6 months, B.) 8 months and C.) 12 months. Data is represented as
mean + SD for age matched control (AM), ovariectomy control (OVX), OVX with high dose alendronate (ALN)
treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment
(OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH
treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF)
treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF). (Student t-test, ANOVA)

# p<0.001,*p<0.01, **p<0.05

Figure 31. NEFA concentrations in the liver at A.) 6 months, B.) 8 months and C.) 12 months. Data is represented as
mean + SD for age matched control (AM), ovariectomy control (OVX), OVX with high dose alendronate (ALN)
treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment
(OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH
treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF)
treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF). (Student t-test, ANOVA)

Figure 32. NEFA concentrations in the liver at 6, 8 and 12 months. Data is represented as mean + SD for age matched
controls (AM - black), ovariectomy controls (OVX-dark gray) and the combined data set of all ovariectomy treated
animals (OVX + Treatment - light gray) (ANOVA) # p<0.001, **p<0.05

Figure 33. Leptin serum concentrations at A.) 6 months, B.) 8 months and C.) 12 months of age. Data is represented as
mean + SD for age matched control (AM), ovariectomy control (OVX), OVX with high dose alendronate (ALN)
treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment
(OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH
treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF)
treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF). (Student t-test, ANOVA) *p<0.01

Figure 34. Leptin concentrations at 6, 8 and 12 months in age matched control (AM - black) and ovariectomy control
(OVX - gray) animals. Leptin concentrations were lower in 6 month controls and 8 month OVX controls compared to
12 month controls. (ANOVA) **p<0.05

Figure 35. IGF-1 serum concentrations at A.) 6 months, B.) 8 months, C.) 12 months. Data is represented as means
+SD for age matched control (AM), ovariectomy control (OVX), OVX with high dose alendronate (ALN) treatment
(OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment (OVX + L-
ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH treatment
(OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF) treatment
(OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF (Student t-test, ANOVA) ¢ p<0.02 *p<0.01,
**p<0.05

Figure 36. Body mass was positively correlated to A.) fat pad weights and B.) in vivo microCT fat volume. Data are
represented as individual animals for all time points throughout the study. (Linear regression) (r’=0.36, p<0.0001,
*=0.29, p<0.0001)

Figure 37. Body mass was positively correlated to fat volume at 12 months of age, in age matched control (AM), high
dose alendronate (H-ALN) and high dose parathyroid hormone (H-PTH) groups. The slopes are similar but the treated
animals have lower body mass to fat relationship. (Linear Regression, ANCOVA) p<0.0001

Figure 38. AM controls and high treatment groups were pooled and OVX controls and low treatment groups were
pooled for all 12 month data. Body mass was positively correlated to bone volume in AM and treated animals and the
correlation was strengthened with just AM, H-ALN and H-PTH groups . Body mass was not correlated to body weight
in OVX and low dose treatment. (Linear Regression) (*=0.12, p<0.05) (r*=0.36, p<0.01) (r*=0.018, p>0.05)

Figure 39. AM controls and high treatment groups were pooled, OVX controls and low treatment groups were pooled
for all 12 month data. Body mass was positively correlated to in vivo apparent mineral density in AM and high dose
treatment but was not correlated in OVX and low dose treatment. (Linear Regression) (?=0.25, p<0.02)(r2=0.01,
p=0.50)
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Figure 40. Body mass was not correlated to bone density at 12 months of age in the combined data set of OVX
controls pooled with L-PTH and L-NaF. (Left) It was positively correlated in the combined data set of AM controls
with ALN treatments and H and M-PTH and H-NaF. (Middle) The high dose treated animals had a higher slope than
AM controls pooled with M and L-ALN and M-PTH. (Left) (Linear Regression, ANCOVA) p<0.01

Figure 41. Metabolic parameters: liver triglyceride concentration (Liver —TG (mg) ), liver non-esterfied free fatty acid
concentration (Liver — NEFA (mEq/L)), serum leptin concentration (Leptin (ng/ml)), serum triglyceride concentration
(Serum-TG (mg/dL)) and serum non-esterfied free fatty acid concentration (Serum — NEFA (mgEq/L)) were each
correlated to body mass (top row), fat pad mass (middle row) and total adipose volume (from in vivo microCT) (bottom
row). There was a significant positive relationship in all correlations except serum NEFA concentration to body mass,
fat pad mass and total adipose tissue.

Figure 42. Fat pad mass was negatively correlated to bone volume fraction in all animals pooled for 6 (black -squares),
8 (black-diamonds), and 12 months (gray -circles). 12 month had a higher elevation than 8 months which was higher
than 6 months. (ANCOVA) p<0.0001

Figure 43. A) There was a negative correlation between liver TG content A.) in vivo apparent mineral density, B.) ex
vivo apparent mineral density and C.) ex vivo BV/TV. (Linear regression) (’=0.18 or 0.21, p<0.0001)

Figure 44. There was a negative relationship between BV/TV and Liver TG in AM Controls (Black squares, black
line), ALN treated animals (Black —triangles, blue line) , PTH treated animals (black — diamonds, green line) or OVX
pooled with L-PTH and L-NaF had low bone volume fraction with a large array of liver triglyceride content (Dark
gray-diamonds, black line).

Figure 45. Apparent mineral density correlated to liver triglyceride content for all animals at 12 months of age.
Animals were grouped as age matched controls pooled with high sodium fluoride (black - square), ovariectomy
controls pooled with low sodium fluoride and low PTH (grey- triangle), H and M-PTH groups pooled (green - circle)
and all alendronate treatments pooled (blue- triangle).
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CHAPTER 1

INTRODUCTION
1.1 OVERVIEW
The skeletal system is an organ of the body that provides structural support and

locomotion, protection to internal organs and acts as a calcium reservoir (Loveridge,
1999). Bone is comprised of cells that are sensitive to chemical, mechanical and
hormonal signals (Winer, 2009). Response to these signals activates a process called
bone remodeling where the skeleton is broken down and replaced with new tissue.
During menopause, women experience a significant decrease in circulating levels of
estrogen. Reduced estrogen levels initiates an overall decrease in bone volume and bone
density caused by increased rates of resorption compared to formation (Manolagas,
1995). This has been termed post-menopausal osteoporosis. Decreases in estrogen can
also have negative effects on body composition, including weight gain, visceral fat
accumulation as well as negative effects on fat metabolism (Sowers, 2008, Petzel, 2007).
Osteoporosis is treated clinically with drugs that act as anabolic agents to increase bone
formation rates (i.e. parathyroid hormone) or anti-catabolic agents to decrease the rate of
resorption (i.e. alendronate) (Crannery, 2002). Sodium fluoride is an anabolic drug used
in research, but is not prescribed clinically due to its inability to prevent osteoporotic-
related fractures (Lafage, 1995). The goals of this study were to determine the short (2
months) and long term (6 months) effects of various doses of alendronate, parathyroid
hormone and sodium fluoride on body composition, vertebral bone quantity and

microarchitecture as well as drug effects on indices of fat metabolism.

1.2 SKELETAL TISSUE
The skeletal system provides the basic shape and form of the body. The purpose

of the skeleton is to protect internal organs, facilitate movement and act as a calcium
reservoir for the rest of the body (Loveridge, 1999). Bone is a dynamic tissue that has
active cellular mechanisms causing constant turnover. Bone cells degrade the bone
matrix and replace it with new tissue in a pair of coupled processes called bone
remodeling (Parfitt, 1996). This occurs for a variety of reasons: in order to release

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



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

integrity (Mori, 1993).

Bone Composition
Bone is composed of four main cell types, osteocytes, osteoblasts, osteoclasts and

bone lining cells. It is also made up of its extracellular matrix which consists of 20%
water, 35% organic material (proteins and cells) and 45% inorganic mineral (mineral).
The organic phase is composed predominantly of a protein called Type I collagen which
gives bone its flexibility and tensile strength. The inorganic phase is composed of a
mineral called hydroxyapetite which incorporates into the collagen fibrils and increases
bone’s compressive strength (Constantz, 1995).

Bone is composed of two types of tissue called cortical and trabecular bone.
Cortical bone is densely packed tissue that provides the shell on the exterior of all bones.
The cortical bone is 5-10% porous, the pores are made up of Haversian and Volkmann’s
canals which are a network of small channels where blood vessels carry nutrients to the
dense tissue. Cortical bone accounts for 80% of the skeletal mass (Seeman, 2010).

Trabecular bone is found within cortical shells of certain regions of bones. It is
made up of a series of interconnected plates and rods that network together to form a
tissue that has the appearance of a sponge with a high porosity between 75-95% (Eriksen,
1990). The empty space is filled with a gelatinous medium called bone marrow,
compromised of bone cells, mesenchymal stem cells, hematapocytes, blood and nutrients
(Manolagas, 1995). Since trabecular bone has a high surface volume exposed to bone

marrow, it is the site of active tissue turnover in a process called bone remodeling.

Bone Remodeling
Twenty five percent of trabecular bone is remodeled every year, while only 3% of

cortical bone is remodeled (Manolagas, 1995). 70-85% of trabecular bone surfaces are in
contact with bone marrow. Bone marrow contains the cells responsible for the bone
remodeling process (Malaval, 1994). This makes trabecular bone more susceptible to
bone turnover due to the constant interaction of remodeling cells in contact with the
tissue surfaces. In diseased states, such as osteoporosis, this is where the greatest changes

in bone density and bone volume occur (Benhamou, 2007).



Bone remodeling is the process of bone tissue degradation and replacement with
new tissue. It occurs to remove calcium from the tissue reservoir in order to release it into
the blood stream for use by the rest of the body. It also remodels in adaption to
mechanical loading to ensure adequate bone mass for structural support (Parfitt, 1996,
Loveridge, 1999). Bone mass and bone microarchitecture have been shown to be
regulated by mechanical loading (Rubin 1987, Lanyon, 1996). Bone can remodel in
response to tissue injury. The accumulation of microcracks within skeletal tissue can
initiate remodeling in order to remove damaged tissue and replace it with new tissue
(Mori, 1987). Bone remodeling occurs when tissue is removed by cells called osteoclasts
through resorption followed by the creation of new tissue by cells called osteoblasts
through formation.

Osteoclasts are multinucleated cells responsible for bone resorption.
Osteoclastogenesis is initiated through a series of cytokines including colony stimulating
factor and interleukin-1, 3, 6 and 11 (Horowitz, 2003, Manolagas, 1995). Signaling leads
to the fusion of monocytes from hematapooetic cells that reside within the bone marrow
(Suda, 1992). Osteoclasts are recruited to bone surfaces and actively erode away pockets
of exposed bone. This occurs by first creating a seal along the bone surface with a ruffled
cell edge (Loveridge, 1999). The cells demineralize the exposed bone with acids and
proceed by excreting enzymes which degrade extracellular matrix. (Loveridge, 1999)
This process creates resorption pits across a bone surface. Resorption occurs along
trabecular bone edges as well as along the endosteal surfaces of cortical bone. It can also
occur around the cortical blood vessels called Haversian canals. Cortical bone is
removed by a basic multicellular unit (BMU) called a cutting cone which tunnels into the
dense tissue starting from a Haversian canal (Parfitt, 2001). During resorption, osteoclasts
actively secrete cytokines which signal for osteoblast recruitment in order to initiate bone
formation (Harowitz, 1992, Allan, 2008).

Osteoblasts are mononucleated cells that are differentiated from mesenchymal
stem cells or bone lining cells (Parfitt, 1990, Malaval, 1994). Osteoblastogenesis occurs
in response to a variety of cell signaling including insulin-like growth factor 1, and other
cytokines. Bone remodeling is a coupled process. Osteoclasts and osteoblasts are

stimulated by some of the same cytokines such as interleukin-6 and 11, demonstrating



that activation of one process is coupled to the activation of the other (Manolagas,
1995).0Once activating, osteoblasts migrate to sites of remodeling and secrete extracullar
matrix called osteoid, into resorption pits. Osteoid is composed predominantly of
collagen (Parafitt, 1990). The new matrix is poorly mineralized but will become stiffer
over time to match the material properties of its surrounding tissue. Occasionally an
osteoblast will become embedded into the extracellular matrix it is laying down. When
this occurs, the osteoblast becomes a part of a network of bone cells within the
extracellular matrix called osteocytes.

Osteocytes are bone cells responsible for major cellular signaling. Cell signaling
occurs between osteocytes as well as from osteocytes to other types of bone cells
(Bonewald, 2008). Signaling occurs through long cellular processes called canaliculi
which create gap junctions across the bone matrix (Burger, 1999). Cell to cell signaling is
conducted through the gap junctions via secretion of secondary messengers, they are
transmitted as hormones and paracrine factors which activate bone cells through a
complex series of signaling pathways (Duncan, 1995) Osteocytes are critical for initiating
both resorption and formation in response to changes in the mechanical strain
environments. During incidences of high strain osteocytes can recruit osteoblasts to
increase bone formation rates to increase tissue volume (Bonewald, 2008). Scientists also
believe that in low strain environments, osteocytes can undergo apoptosis which attracts
osteoclasts and initiates bone resorption (Burger, 2003). Osteocytes also communicate
directly with bone lining cells and can stimulate their differentiation into osteoblasts for
new bone formation.

Bone lining cells are attached to the surfaces of bone tissue. They are flattened,
inactive osteoblasts that remain quiescent until cellular communication initiates their
differentiation (Malaval, 1994). Bone lining cells are thought to be sensitive to
mechanical stimulation and can differentiate into osteoblasts during cyclic mechanical
loading, especially fluid shear flow across their surfaces (Duncan, 1995). They have cell
surface receptors for both estrogen and parathyroid hormone, indicating their sensitivity
to a variety of chemical, hormonal and mechanical signaling (Rickard, 2006). During
resorption, osteoclasts release chemicals which activate bone lining cells causing

differentiation into osteoblasts. When activated, differentiatiated bone lining cells will



form new bone directly at their site of attachment (Parfitt, 2001). Bone remodeling is
controlled by a series of chemical, hormonal and mechanical signals; however insulin-
like growth factor-1 plays a critical role in skeletal growth as well as bone mass

maintenance throughout adulthood by up-regulation of bone formation.

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

regulation of growth and development (Yakar, 2002). It is a peptide consisting of 70
amino acids that is synthesized primarily in the liver. It is an important hormone for the
regulation of bone mass through its stimulatory effects on bone formation (Rosen, 1994).
In adults, IGF-1 is anabolic to bone, it increases the activation of healthy
osteoblasts through binding to IGF-1 receptors on the osteoblast surface. This helps to
maintain proper skeletal architecture due to its direct effects on osteoblasts (Canalis 1989,
1993, Birnbaum, 1995). It does not have an effect on the differentiation of mesenchymal
stem cells towards osteoblastic lineages (Canalis, 2010). Studies have shown that it plays
an important role in bone integrity by increasing mineralization and trabecular bone
volume (Zang, 2002). There is a decline in IGF-1 levels during aging which contributes
to decreases in bone mineral density that occurs throughout adulthood (Guistina, 2008).
Bone mineral density is correlated to serum levels of IGF-1 in post-menopausal women
(Canalis, 2010). Overstimulation of IGF-1 in a mouse model led to increased bone
formation rates and increased trabecular and cortical bone volume. This was contributed
to the increased overproduction of osteoblast activity without the differentiation of new
osteoblasts (Zhao, 2000). Another regulator of bone formation is mechanical strain.
Mechanical strain is sensed by osteocytes who respond by secreting cytokines that

activate osteoblast differentiation, causing bone formation.

Biological Response to Mechanical Signals
The skeletal system adapts to mechanical stimuli, making body weight an

important role in bone health. There is a direct relationship between body mass and bone
volume due to skeletal adaption in response to mechanical loads (Rubin, 1987). Obesity
has a positive effect, as a protection against osteoporosis. Obese post-menopausal women

have higher bone mass and reduced rates of resorption compared to healthy weight
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individuals (Cifuentes, 2004, Petzel, 2007). The significantly higher mechanical demand
placed on the skeletal system due to large mass results in larger skeletal frames and
increased bone volume and bone mineral density with decreased risk of developing hip
fractures (Usi-Rasi, 2009, Nordin, 1992). Inversely, underweight individuals tend to have
smaller skeletal systems and are at a higher risk of developing osteoporosis (Ravn, 1999).
There has been a large amount of evidence linking patients diagnosed with anorexia with
severe osteoporosis due to reduced weight bearing (Seeman, 1992). More evidence of the
negative effects on skeletal health due to reduced load bearing is seen for those who have
lost a significant amount of weight after menopause. (Garnero, 2000, Shapses, 2003).
Anorexia reduces levels of circulating IGF-1, a key hormone in the regulation of bone
formation which contributes to the decline in bone mass (Klibanki, 2010).

Although load bearing is an important contributor to skeletal tissue mass and
density, there is recent evidence that suggests negative consequences of fat accumulation
and increased fat mass on skeletal health. Patients with type 1 and 2 diabetes mellitus
have lower bone mineral density with a higher fracture risk than their healthy weight
counterparts (Tuominen, 1999). It has also been shown that post-menopausal obese
women have lower rates of bone formation and suppressed collagen formation than
healthy weight women (Papakitsou, 20004). This data suggests that the bone-body
relationships are complex and bone health relies on more than just mechanical load
bearing of the skeleton. Skeletal mass is regulated by a complex array of factors
including genetics, growth factors and hormones (Luu, 2009). An important hormone that
plays a key role in the maintenance of skeletal tissue is estrogen. It is an important
regulator of bone mass because it can act directly on mesenchymal stem cells and bone
lining cells to activate bone formation as well as prevent osteoclast mediated resorption
(Ogita, 2008, Hughes, 1996). In its presence bone formation rates are matched to rates of
formation, but when levels of estrogen decrease, there are serious consequences to bone

health due to reduced bone formation.



Estrogen’s Role in the Regulation of Bone Tissue
Estrogen is a sex steroid present in the body. It is produced predominantly in the

ovaries by developing egg follicles throughout reproductive life, beginning at the onset of
menstruation until menopause (Compston, 2001). There are three types of hormones:
estrone, estradiol and estriol. Estrogen also has an important function in maintaining
metabolism and regulating fat accumulation within the body. Reduced circulating
estrogen levels leads to visceral fat accumulation (Tchernof, 2000 Deshaies, 1997, Wade,
1985) and increased serum leptin and cholesterol concentrations (Zoth, 2010, Ke, 1997).
In a study of aromatase knockout mice (estrogen deficient), where the estrogen receptor
was deactivated, the mice presented with obesity and hepatic steatosis (Hewitt, 2003).
Estrogen replacement therapy in an obese animal model reduced visceral fat
accumulation and leptin concentrations (Zoth, 2010).

Estrogen is a key regulator in bone metabolism due to its inhibitory effects on
bone resorption as well as its activation of bone formation. Estrogen stimulates bone
formation through activation of osteoblasts via estrogen receptors (Compston, 2001).
Scientists have shown that estrogen replacement therapy increases the differentiation of
pre-osteoblasts as well as osteoblast proliferation (Ogita, 2008). Estrogen can also
stimulate osteoclast apoptosis, and reduce resorption rates (Hughes,1996). Scientists have
shown that decrease in systemic estrogen increases the incidence in osteocyte apoptosis
in humans with endometriosis; the increase in incidence of osteocyte apoptosis was
strongly correlated with increases in bone resorption (Tomkinson, 1997). Estrogen
replacement therapy is effective at reversing the effects of bone loss, and lean body mass
as well as decreasing the effects of menopause related obesity. (Sorenson, 2001,
Tchernoff, 2000). The decreased levels of estrogen results in changes to bone cell activity
ultimately leading to a severe loss of bone mass and bone density, which has been named

post-menopausal osteoporosis.

1.3 POST-MENOPAUSAL OSTEOPOROSIS
Post-menopausal osteoporosis occurs in women after the onset of menopause,

when drastic reduction in circulating levels of estrogen leads to an imbalance of bone
resorption to bone formation rates (Compston, 2001). Osteoporosis is characterized as a

reduction in bone mass and bone mineral density, causing the bone to become brittle.
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This predisposes those affected by
osteoporosis to skeletal fragility and fracture
(Fox, 2006, Recker, 2005, Neer, 2001,
Marshall, 1996). The most serious
consequences of osteoporosis are fractures,

commonly associated with the hips, spine

il ®a

and wrists, with an incidence of 1.5 million Figure 1. Scanning electron microscope image of

A. healthy trabecular bone and B. osteoporotic
fractures each year (NIAMS, 2009) 30% of  trabecular bone. Osteoporotic bone has fewer

women over the age of 75, and 50% of Iﬁfﬁﬁﬁﬁﬁ? iﬁiﬁ?n d decreasein total

women over the age of 85 will experience a spinal fracture within their lives (NIAMS,
2009). The direct costs in the U.S. for osteoporotic related fractures are up to $18 billion
dollars a year (Carmona, 2004).

Osteoporosis is clinically defined as a bone density reading 2.5 standard
deviations below the national average. Ten million people over the age of 50 are living
with osteoporosis while an additional 34 million have developed osteopenia, the early
stage of osteoporosis, where bone density readings are 1 to 2.5 standard deviations below
the national average (Delmas, 2007). Determination of bone mineral density is measured
clinically through X-ray absorptiometry (DXA). However, this technique has
encountered criticism because it is not a good predictor of osteoporotic related fractures
(Marshall, 1996). In addition to reductions in bone mass and density, osteoporosis
severely degrades trabecular microarchitecture. This includes a decrease in trabecular
number and thickness as well as increase in the spacing between struts and reduced
connectivity density (Benhamou, 2007). (Fig. 1) Important information regarding bone
quality can be obtained through computed tomography imaging (Benhamou, 2007).
Indices of trabecular architecture are good determinants of bone quality and strength

(Tommasini, 2005, Turner, 2002).

Osteoporosis Pharmaceuticals and Drugs
Osteoporosis occurs when the rate of formation is reduced compared to the rate of

resorption (Recker, 2004). Current pharmaceutical interventions focus on correcting this

interruption in the remodeling cycle. Anabolic treatments such as parathyroid hormone



(PTH) and sodium fluoride (NaF) increase the rate of bone formation while anti-catabolic
drugs such as alendronate (ALN) prevent bone resorption (Canalis, 2010, Crannery,

2002, Behamou, 2006, Bodenner, 2007).

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

treat osteoporosis. The drug is an anti-catabolic that works as a specific inhibitor of
osteoclast-mediated bone-resorption by binding to the hydroxyapetite found in bone
(Nancollas, 2005). Bisphosphonates are a class of drugs most commonly used to treat
metabolic bone diseases including Paget’s disease, osteogenesis imperfecta,
hypercalcemia, osteopenia and osteoporosis (Watts, 2010).

The structure of a bisphosphonate is composed of two phosphonates and two side
chains called R' and R? that are both joined to carbon. The phosphonates are chelating
agents that bond strongly to metal ions such as calcium, and magnesium. This creates a
high affinity for the drug to bind to the hydroxyapetite crystals found on the bone surface.
The R' side chain is responsible for aiding in the binding affinity; they have a high
affinity to bone sites where active remodeling occurs (Nancollas, 2005).

After the drug has bound itself to bone tissue it will interact with osteoclasts
during remodeling. When an osteoclast attaches to the tissue surface it secretes enzymes
that digest the bone. The R? side chain is released and enters the osteoclast (Watts, 2010).
This causes the osteoclast to lose its resorptive properties and will trigger osteoclastic
apoptosis (Hughes, 1996). Osteoclastic apoptosis will block the remodeling cycle and
prevent further resorption.

Alendronate is one of a class of four commonly used bisphosphonates that all
contain nitrogen. The nitrogen is found in the R* chain and gives the compound its
binding strength. A drug with better binding strength will have longer residual within the
bone but they will not be distributed as deeply into the tissue due to slower infusion.
Lower binding strengths will not last as long but there is potential for them to interact
with the osteocyte network within the bone due to faster spreading time and access to
internal tissue (Nancollas, 2005).

Bisphosphonates are taken orally in the morning on an empty stomach, after the 8

hour fasting that occurs during sleep. Patients are recommended not to eat for 30-60
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minutes after taking the drug in order to maximize absorption into the blood stream.
Under these optimal conditions only 1% of the drug is absorbed and only 50% of the
absorbed drug binds to bone. The remainder of the drug is excreted by the kidneys (Body,
2005).

Alendronate has been shown to prevent bone resorption and can increase bone
density. It is clinically proven to reduce the incidence of hip fractures (Black, 1996),
vertebral fractures (Black, 2000, Cummings, 2002) and non-vertebral fractures in post
menopausal women (Black, 1996, Pols, 1999). A ten year clinical study in women with
post-menopausal osteoporosis demonstrated that alendronate taken at 10 mg for 10 years
increased bone mineral density in the lumbar spine by 13.7% and in the proximal femur
by 6.7% (Bone, 2004). It also improved the microarchitecture of bone compared to
placebo treatment in post-menopausal women Over the course of two or three years, bone
volume fraction was 17% greater in alendronate treated women, trabecular thickness was
13.4% greater and trabecular spacing was significantly smaller than untreated women
(Recker, 2005).

Anti-catabolic drugs suppress natural bone turnover so there is an increase in
tissue mineralization that may be detrimental to tissue health. Long term alendronate use
has been shown to increase microdamage by accumulation of microcracks in dogs (Allen
2007, 2006). Microdamage is associated with increased risk of fracture and is prevalent
in post-menopausal women (Stepan, 2007). Because the drug remains as a reservoir in
the skeletal system long after treatment ends, it is important to consider the treatment
duration. A duration that maximizes the benefits of treatment while minimizing the

potential for oversuppresion of bone turnover would be most beneficial (Watts, 2010).

Parathyroid Hormone
Parathyroid hormone (PTH) is a hormone naturally secreted by the parathyroid

gland. It has an 84-amino acid sequence and is responsible for increasing calcium
concentration in the blood (Akerstrom, 2005). Parathyroid hormone is critical for the
regulation of calcium and phosphate of bones by increasing resorption and increasing
calcium reabsorption by the kidney’s proximal tubule (Paula, 2010). PTH can respond

quickly to subtle changes in circulating calcium levels. Synthetic PTH is called
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Teriparatide, which is used as a pharmaceutical treatment for bone disease (Benhamou,
2007, Bodenner, 2007).

A synthetic analog of PTH called hPTH(1-34) has been shown to have similar
anabolic effects to naturally secreted PTH. PTH encourages bone lining cell
differentiation into osteoblasts which increases bone formation (Turner, 1995). PTH
receptors are more abundant on bone cells that are not adjacent to osteoid indicating its
key role in osteoblast recruitment to sites of active remodeling. PTH enhances osteoblast
productivity, cell differentiation of bone lining cells into osteoblasts and prevents
osteoblast apoptosis (Kulkarni, 2007). It has been shown to enhance precursor cells
toward osteoblastic lineage, but it directly targets bone lining cells and mature osteoblasts
(Rickard, 2006). PTH binds specifically to osteoblast cells which then secrete an enzyme
that also deactivates the osteoclastic action (Rodan, 1982). Therefore PTH can directly
increase bone formation while indirectly decreasing resorption (Canalis, 2010, Lindsay,
1997).

Teriparatide is the only FDA approved version of synthesized parathyroid
hormone. It is only used in patients with severe cases of osteoporosis who are unable to
take other medications (Bodenner, 2007). This is due to high costs, the need for daily
injections and the fact that long-term side effects are greatly unknown (Benhamou, 2007).
In animal studies, there is an incidence of a bone cancer related with long term PTH
treatment called osteosarcoma (Vahle, 2002).

A study showed that Teriparatide treatment at 20-pg or 40-ug were 35 or 40%
less likely to have one or more non-vertebral fractures as compared to placebo controls.
Decreases in bone mineral density were significantly lower than in placebo controls with
40-ug treatment having the greatest effect at preventing loss in bone density (p<0.001)
(Neer, 2001). Another group studied the three year effect of PTH during estrogen
replacement therapy in post-menopausal women. PTH in conjunction with estrogen
continuously increased bone mineral density to values 13% greater in the vertebral body
and 2.7% greater in the hip than placebo controls. The largest increases in bone mineral
density were seen in the first year of treatment (Lindsay, 2000). Others have shown
similar positive effects of PTH administration in post-menopausal women (Greenspan,

2007, Hodsman, 2003).
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PTH administration creates bone of good quality with similar structural properties
of healthy tissue. Teriparatide treatment increased the amount of trabecular bone with
improved trabecular architecture as well as induced a 22% increase in cortical bone
(Jiang 2003). In contrast, sodium fluoride is another anabolic drug that is effective at
increasing bone volume and bone mineral density, however the quality of tissue formed
during sodium fluoride treatment tissue quality is reduced and treatment cannot prevent

against fracture.

Sodium Fluoride
Sodium fluoride (NaF) is an inorganic compound commonly used to prevent tooth

cavities by strengthening tooth enamel. Sodium fluoride was originally thought to be an
excellent treatment for osteoporosis because it has a strong anabolic effect on bone. It is
incorporated within the crystal structure of the bone and can replace hydroxyapetite
which alters the chemical structure of bone (Lindsay, 1990). The fluoride embedded
within the bone promotes osteoblast attachment and proliferation (Qu, 2006). The
presence of sodium fluoride stimulates bone formation leading to a net gain in the bone
remodeling cycle (Eriksen, 1985). However, bone quality is reduced due to a defect that
occurs when fluoride binds to the hydroxyapetite which causes a reduction in the material
properties of tissue (Riggs, 1990). The reduction in bone strength has been attributed to
either the non-uniformity in mineralization during formation, decreased bending strength
in the crystal-matrix or decreased collagen crosslinking (Lafage, 1995).

Researchers have found that sodium fluoride treatment increases trabecular
volume and connectivity density while increasing bone volume fraction (Eriksen, 1985,
Vesterby, 1991). However, it does not prevent against osteoporosis related fracture in
post-menopausal women (Riggs, 1980, 1982, Lindsay, 1990). Sogaard et. al found that
five years of treatment in post-menopausal women who underwent sodium fluoride
treatment had decreased mechanical strength of bone taken from iliac crest biopsies
(Sogaard, 1994). Due to its inability to prevent against osteoporotic related fractures,

sodium fluoride is not FDA approved for pharmaceutical use.
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Drug Dosage in the OVX Rat Model
The ovariectomized rat model is commonly used in research to study osteoporosis

because the model shows changes in bone parameters and responds to drug treatment in
similar ways as post-menopausal patients (Kalu, 1991, Lelovas, 2008). In this model the
ovaries are removed from the animal causing drastic reduction in circulating levels of
estrogen and subsequent bone loss. Some of the limitations of the ovariectomized rat
model are slow progression of bone loss after ovariectomy and smaller magnitudes of
loss in comparison to post-menopausal bone loss (Egermann, 2005).

There are several important considerations when using the OVX rat model. Age
of ovariectomy is important, for animals ovariectomized too early can severely slow
healthy tissue development (Shinoda, 2002). The start point of initiation of drug
treatment is also a major concern for osteoporosis research. It is important to understand
whether treatment is preventing bone loss, before estrogen-withdrawal bone loss has set
in, or reversing loss that has already occurred. (Egermann, 2005).

Selection of treatment dosage is an important consideration for achieving
clinically relevant data (Sama, 2004, Rosen, 2004). There appears to be a relationship
between increases in BMD and the amount of drug administered (Rosen, 2004). Doses
can be determined based on other ovariectomized animal models (Balena, 1993, Ke,
1997, Heindel, 1996, Iwata, 2006, Lemeiux, 2003. Fox, 2006, Yao, 2005).

Therefore, during the current study, treatment doses were selected as a low dose
or clinically relevant dose, a high dose determined by the highest studied dose that did
not cause adverse side effects or toxicity in rats, a medium dose was chosen between high
and low, in order to establish dose dependent changes in bone mass and quality. The high
dose of PTH was below the dose that when given over two years, induced osteosarcoma
in adult rats (Vahle, 2002). Sodium fluoride can cause fluoride poisoning which can
cause stomach ulcers and gastric indigestion. (National Toxic. Program, 1990 ) Due to
the distaste of the water it is difficult to induce adequate drinking to ensure proper dosage
amounts during high dose NaF treatment. Sodium fluoride treatment has anabolic effects
on rat bone when administered in the drinking water and does not affect palatability in

adult rats in doses up to 300 ppm (Heindel, 1996). Sodium fluoride can be toxic to
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humans and animals at a dose that exceeds 10 mg/L, our dose stayed well below this

concentration. All treatments were administered below a toxic dose.

1.4 ADIPOSE TISSUE
Adipose tissue stores energy, cushions and insulates the body. It is composed of

cells called adipocytes that accumulate together to create fat pads (Trayhurn, 2001). The
buildup of excessive fat adipose tissue within the body is called obesity (Mantzoros,
1999). The cause of obesity can be attributed to an imbalance between energy intake and
energy expenditure, resulting in excess adipose tissue storage. In 1991 in the United
States, 65% of adults and 13% of children were considered overweight (National Center
for Health Statistics). 72 million people in the U.S. are considered obese. It afflicts all
races, ethnic groups and genders and is the cause of over 300,000 deaths each year in the
U.S. Obesity is associated with heart disease, type 2 diabetes and some cancers
(Kopelman, 2010). Obesity has an estimated economic cost of over $100 billion dollars
each year in the U.S. (Wolf, 1998).

There are two types of adipose tissue: white and brown. Fat is an important
hormone regulator and works by secreting leptin, adiponectin, resistin and other
adipokines to increase the rate of fat storage or release fat for systemic energy use
(Trayhurn, 2001). Adipose tissue accumulates in specific locations called ‘adipose
depots’ (Casteilla, 2008). In rodents, fat accumulates into eight adipose depots.
Accumulated fat underneath the skin is called subcutaneous fat and is used for insulation
from heat and cold. The fat found in the abdominal cavity is predominantly visceral fat.
The fat associated with the gonadal organs, attached to the uterus and ovaries in females,
or the epididymis and testes in males, is called gonadal fat (Casteilla, 2008).

Increased visceral adipose tissue accumulation causes insulin resistance and can
result in type 2 diabetes (Wajchenberg, 2000). Insulin resistance causes a reduction in the
uptake of glucose which leads to increased release of free fatty acids and glycerol as well
as a reduced rate of fatty acid re-esterification (Zierath, 1998). The increased levels of
circulating free fatty acids cause overexposure to cells called lipotoxicity (Guo, 2007).

Free fatty acids are metabolized by the liver, secreted into the blood stream, and
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sequestered by fat cells within the adipose tissue, liver and skeletal muscle to prevent

lipotoxicity (Sepe, 2010).

Aging and Fat Accumulation
There is a significant decline in lean body mass and an increase in fat body mass

during aging (DeNino, 2001, Kyle, 2001). Fat is redistributed from subcutaneous fat into
abdominal visceral fat depots. An increase in fat accumulation also occurs within the
bone marrow, muscle and the liver (Sepe, 2010). In elderly male and female patients
there is an increase in abdominal fat as compared to their healthy young counterparts
(Kelley, 2000). Female sex hormones cause fat to be stored in the hips, thighs and
buttocks of women which prepares the body for pregnancy and child bearing (O’Sullivan,
2001). However, during menopause fat gravitates from these regions and accumulates
within the abdomen, as visceral fat (Mazariegos 1994). During menopause the reduction
in ovarian hormones leads to a disruption in energy balance and a subsequent increase in
adipose tissue accumulation (Richard, 1986).

Weight gain associated with aging increases abdominal fat which can lead to
insulin resistance. This impairs the body’s ability to store excess fat into adipose depots
(Heilbronn, 2004, Kelley, 2000). Fat accumulation has been associated with increased
incidences obesity, type 2 diabetes and a overall decline in metabolic health (Allison
1997, Heitmann 2000, Zamboni, 1997, DeNino 2001, Hughes, 2004, Goodpaster, 2005).
Understanding the complex changes that occur during aging in fat and bone are critical
for determining optimal ways of treating osteoporosis and metabolic disorders such as

obesity and metabolic syndrome.

The Metabolic Functions of the Liver

The liver is the largest glandular organ in the body. It is responsible for synthesis
and secretion of bile, synthesis of plasma proteins, regulation of metabolic functions, and
systemic detoxification (Bjornsson, 2009). The liver receives blood supply via the portal
vein and hepatic arteries. Hepatocytes are the cells found within the liver and they are
responsible for maintaining homeostasis and regulating energy balances. Hepatocytes

oxidize triglycerides to produce energy for the body.
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A sign of poor metabolic health is elevated levels oot iy

liver

of triglyceride and free fatty acids, both within

the liver and in blood circulation (Gastaldelli,

2002, Poehlman, 1995). Nonalcoholic liver

disease is the accumulation of fat within the liver.

It is the leading cause of chronic liver disease in

adults and humans; it is associated with obesity Figure 2. An artistic representation of A.)
) ) . . healthy liver and B.) liver with steatosis.
and insulin resistance (Lewis, 2010). The healthy liver has histological slides

o ) ) (above) with minimal fat accumulation.
Nonalcoholic liver disease results in an enlarged Steatosis causes cellular fat sequestration,
. . . . ) ) ) seen as lipid droplets (white circles).
liver with yellowish tint. A histological analysis of
liver through a liver biopsy shows an increase in fat content, seen by increase in lipid
droplet diameter and number (white circles). Nonalcoholic fatty liver disease can increase

the risk of cardiovascular disease and metabolic syndrome (Tiniakos, 2010). (Fig. 2)

Triglycerides and Free Fatty Acids
Triglycerides are a key energy source involved in metabolism and transportation

of dietary fat (Asiedu, 1995). The liver hydrolyzes triglycerides into free fatty acids and
glycerol which are then carried out of the liver via the blood and are exported throughout
the body to mitochondria for energy (Zierath, 1998). Free fatty acids can also be derived
from excess carbohydrates and proteins. Excess free fatty acids are converted back into
triglycerides and accumulated within adipocytes and stored in adipose tissue as energy
storage (Bowen, 1995).

High levels of triglycerides have been linked to atherosclerosis, heart disease,
stroke and obesity (Lewis, 2010). Saturated fatty acids are dangerous to adipose tissue
function because pre-adipocytes, or undifferentiated fat cells, become susceptible to
lipotoxicity (Wu, 2007). Adipocyte progenitor cells are capable of self replicating and
can lead to an increase in fat cell number and increases in adipose tissue volume (Sepe,
1995).

Pre-adipocytes are sensitive to free fatty acid and insulin levels, as well as
hormonal regulators such as estrogen and insulin like growth factor 1, they become

susceptible to lipotoxicity with aging (Guo, 2007). Adipocytes can also secrete endocrine
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and paracrine factors that can generate estradiol from testosterone which contributes to
the increased body mass plays as a protective mechanism against bone loss during post-
menopausal osteoporosis (Gimble, 1996). Adipocytes also secrete other hormones that

are metabolic to bone, such as leptin.

Leptin
Leptin is synthesized by adipocytes as a 16kD molecule. Circulating levels of

leptin are directly proportional to the total amount of fat in the body (Whitefield, 2001).
Leptin regulates energy intake and energy expenditure and regulate appetite (Zhao,
2008). It is produced by both white and brown fat cells as well as within the ovaries,
skeletal muscle, bone marrow, the pituitary gland and the liver (Whitefield, 2001).

Obesity is associated with elevated levels of circulating leptin concentration.
Obesity is caused when there is an imbalance in the amount of stored adipose tissue
compared to energy expenditure. In healthy and obese humans, Ohannesian et al, found
that there was a strong positive correlation between serum leptin levels and the
percentage of body fat (Ohannesian, 1996).Increased fat accumulation indicates more
adipocytes and an overall increase in cellular secretions of leptin. Long term elevation of
leptin levels can result in leptin desensitization which causes the inability to feel satiated
after eating, leading to overeating and cyclic weight gain which aggravates the already
devastating effects of obesity (Aydin, 1962).

Leptin has positive effects on bone health and is an important regulator of bone
metabolism. Leptin promotes bone marrow stromal cell differentiation into osteoblasts
(Thomas, 1999), and inhibits osteoclast formation (Holloway, 2002). After menopause,
heavier women have been shown to conserve bone mass better than smaller statured
women, and heavier women also have greater concentrations of leptin. Additionally,
scientists have shown that leptin concentrations can either decrease (Rosenbaum, 1996)
or increase (Sowers, 2008) in post-menopausal women. The increase in leptin seen after
menopause could be a natural defense mechanism against bone loss and could explain
why heavier women are more successful at conserving bone mass. The metabolic factors
that contribute to bone health are complex, however there is an important relationship

between estrogen, leptin and other hormonal regulators of bone mass. The relationships
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between both and their effects on skeletal health are important concerns for post-

menopausal women (Rosenbaum, 1996).

1.5 SPECIFIC AIMS
Osteoporosis and obesity are two diseases that affect millions of people in the

United States. Current interventions for osteoporosis have been effective at improving
bone quantity while reducing osteoporotic related fractures, but little is known of drug
effects on fat accumulation and metabolism. We hypothesize that osteoporosis drugs will
prevent bone loss, normalize metabolic parameters and negatively correlate bone and fat.
Using the ovariectomized (OVX) rat model, we will determine how body composition
and bone microarchitecture are affected by age, OVX, and osteoporosis drug treatment
(SAT), determine changes in fat metabolism with age, OVX, and drug treatment (SA2),
and determine how bone quantity and quality correlate to fat metabolism and fat

accumulation during drug treatment (SA3).

Hypothesis 1: After ovariectomy the reduction in systemic estrogen results in substantial
loss in bone mass as well as increases in body mass and abdominal fat. We hypothesize
that osteoporosis treatments such as alendronate, parathyroid hormone, and sodium
fluoride will not only improve bone mass, but also decrease fat accumulation and weight

gain, especially at high doses during long-term treatment.

Specific Aim 1: To determine how body composition and trabecular bone
microarchitecture are affected by age, ovariectomy (estrogen withdrawal), and
osteoporosis treatments.

Changes in body composition in the ovariectomized rat will be determined
through body mass monitoring, in vivo uCT to determine fat content, bone volume and
apparent mineral density and ex vivo uCT to determine changes in trabecular architecture
caused by ovariectomy and treatment. Sprague Dawley rats will be sacrificed at 6, 8 and
12 months to determine body compositional changes due to age, ovariectomy, and short
(2 month) and long term (6 month) osteoporosis drug intervention, including alendronate,

parathyroid hormone and sodium fluoride at various doses.

18



Hypothesis 2: We hypothesize that osteoporosis treatments such as alendronate,
parathyroid hormone, and sodium fluoride treatments will prevent negative effects on fat
metabolism (i.e. increased fat accumulation) that occur during ovariectomy. Long term,
high dose treatments will have the most beneficial effects on fat metabolism and fat

accumulation.

Specific Aim 2: To determine how osteoporosis treatments affect OVX-induced fat
accumulation and metabolism.

Changes in fat metabolism during ovariectomy will be examined through the
determination of tissue mass, and measurements of liver and serum triglyceride and free
fatty acid concentrations as well as leptin and IGF-1 serum concentrations. Sprague
Dawleys rats will be sacrificed at 6, 8 and 12 months of age to determine changes in fat
due to age, ovariectomy and short (2 month) and long term (6 month) osteoporosis drug
intervention, including alendronate, parathyroid hormone and sodium fluoride at various

doses.

Hypothesis 3: We hypothesize that osteoporosis treatments will normalize the positive
relationship of bone mass to body mass that is perturbed due to ovariectomy. We
hypothesize that measures of bone quality will be negatively associated to fat content and

osteoporosis treatments will strengthen this association.

Specific Aim 3: To determine and correlate bone quality, quantity, body mass and
fat content as well as measures of fat metabolism after ovariectomy and during drug
intervention.

Animal mass monitoring, in vivo and ex vivo uCT, determination of tissue
weights and measurements of fat metabolism will be used to correlate changes in bone
morphology and quality to changes in adiposity and tissue fat accumulation in order to
determine if there is a positive bone-mass relationship as well as a negative bone quality
to fat relationship due to age, ovariectomy and short (2 month) and long term (6 month)
osteoporosis drug intervention, including alendronate, parathyroid hormone and sodium

fluoride at various doses.
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CHAPTER 2

BODY COMPOSITION CHANGES DURING OVARIECTOMY AND IS
IMPROVED WITH DRUG INTERVENTIONS
2.1 ABSTRACT
Post-menopausal osteoporosis is associated with bone loss as well as increases in

body mass and abdominal adiposity, factors that can pose a secondary risk to skeletal
health. Drugs such as alendronate (ALN), parathyroid hormone (PTH) or sodium
fluoride (NaF) target bone loss but their effects on body mass and abdominal fat
accumulation are largely unknown. To this end, we subjected OV X rats to short-term (2
months) and long-term (6 months) treatments of different doses of ALN, PTH and NaF
and analyzed body weight, vertebral bone, and abdominal fat volume. Six-month old
Sprague-Dawley rats were assigned to age-matched controls, untreated OVX, OVX
treated with high (H), medium (M), or low (L) doses of hPTH (60, 15, or 0.3pg/kg/d), or
OVX treated with H, M, or L-ALN (100, 10, or 1ug/kg/2xwk) or OVX treated with H or
L-NaF (500ppm or 100ppm in drinking water). Rats were sacrificed at 6, 8, and 12
months of age (n=10/group/age). All 12 month animals were scanned via in vivo pCT at
6, 8 and 12 months of age to determine longitudinal changes in bone volume and
apparent mineral density as well as abdominal fat accumulation. After sacrifice, L-4
vertebrae were scanned via ex vivo uCT to determine differences in trabecular
microarchitecture.

Body mass and fat accumulation was strongly affected by age. Age-matched
controls gained 12.7% more weight throughout the course of the study than OVX
controls but weighed 10% less, while treated animals gained 28.1% less weight than
OVX controls and weighed 4.9% less at 12 months of age. There were no differences
between the group’s fat content within any time point except at 12 months of age, H-
ALN treatment had 37.8% less subcutaneous fat than OVX controls. (p<0.01)

At 8 months, H-, M- and L-ALN as well as H- and M-PTH showed higher
vertebral bone apparent density (in vivo uCT) than OVX controls.(p<0.05). H-PTH
showed higher bone volume fraction and both H- and M-PTH had higher trabecular
thickness (ex vivo uCT) than OVX controls.(p<0.05) At 12 months and compared to

OVX controls, apparent vertebral density (in vivo uCT), trabecular number and trabecular
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apparent density (ex vivo uCT) remained significantly higher in H-, M-, and L-ALN, H-,
and M-PTH groups as well as H-NaF, while trabecular spacing was decreased.(p<0.05)
These data demonstrate that treatment with moderate to high doses of ALN, PTH and
NaF can prevent deterioration of bone morphology and indices of bone quality caused by
ovariectomy to values similar to age-matched controls. Treatment also had an effect on

adiposity and slowed the rate of weight gain throughout the course of the study.

2.2 INTRODUCTION
Aging alters body composition by inducing weight gain, fat accumulation and

reducing lean body mass (Kyle, 2001,Garthwaite, 1986). During menopause, women
experience a drastic decrease in circulating estrogen levels which can exacerbate the age-
related body compositional changes (Poehlman 1995, Gallhager, 1987, Goodpaster, 2005,
Hughes, 2004, Tchernoff, 2000, Sorenson, 2001). One of the most serious consequences
of menopause is severe decreases in bone quantity and quality, leading to increased risk
of skeletal fracture. (Lemieux,2003, Uusi-Rasi 2009). Bone loss associated with
menopause is called post-menopausal osteoporosis and is currently treated with
pharmaceutical interventions such as anti-catabolic drugs (i.e. alendronate), or anabolic
drugs (i.e. PTH). The effectiveness of pharmaceuticals on bone health has been well
documented but there has been far less research done on drug effects on body mass and
fat accumulation.

Bone density and trabecular bone volume have been shown to decrease linearly
with age, starting sometime after the age of 25 to 30. (Marcus, 1983, Hansen, 1986) In a
study on pre- and post-menopausal women the findings suggest that post-menopausal
related changes on bone volume and density were 20% greater than the reductions seen as
a function of age. The loss acquired in the first four years of menopause was similar to
the total bone loss over 25 years of normal aging (Gallagher, 1987). Since bone loss is so
significant after the onset of menopause it is usually treated with pharmacological
interventions.

Treatments for osteoporosis target signaling pathways that block bone from
resorbing (i.e. anti-catabolic) or promote bone formation (i.e. anabolic). Because these

drugs target different pathways there are differences in bone quality and variations in
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trabecular architecture (Banhamou, 2007). Alendronate and parathyroid hormone have
both been used clinically to prevent bone loss (ALN) or reverse the loss (PTH). Bone
mineral density increased in post-menopausal women during both treatments, while
incidence of skeletal fractures decreased (Black, 2000, Lindsay, 2007, Neer, 2001,
Recker 2005). The effects of these drugs on body composition including body mass and
fat accumulation are widely unknown.

Age-related changes in lean mass and fat mass are associated with an increase in
sedentary life style that results in a change in energy intake verses energy needs (Kyle,
2001). Age has been shown to cause causes a steady increase in trunk and appendicular
fat accumulation throughout adulthood until 74 years of age in women (Kyle, 2001). In
elderly male and female patients there is an increase in abdominal fat and waist
circumference as compared to their healthy young counterparts (Kelley, 2000). There is
also an increase in tissue fat accumulation within the bone marrow, muscle and the liver
that is associated with aging (Sepe, 2010).

Using the ovariectomized rat model for osteoporosis, we hypothesized that body
composition would be improved during alendronate, parathyroid hormone and sodium
fluoride treatments. Indices of bone quantity and quality would be improved compared to
OVX controls, and body mass and fat accumulation would be reduced during treatment.
Long term, high dose treatment would have a greater effect on body composition than

short term, low dose treatment.

2.3 MATERIALS AND METHODS
Experimental Design
Adult (5 months old) Sprague Dawley rats were ovariectomized and randomized

into healthy age matched controls, ovariectomized controls or ovariectomized drug
treated groups (n=10 per group) for short term (2 months) and long term (6 months)
treatment duration. Drug treatments included alendronate at three doses: high (2 mg/kg),
medium (100 pg/kg) and low (10 pg/kg); parathyroid hormone at three doses: high (75
ug/kg), medium (15 pg/kg) and low (0.3 pg/kg); and sodium fluoride at two doses: high
(500 ppm) and low (100 ppm). Treatment dose was determined based on previous
literature for the clinically relevant dose (low), the maximum tolerable dose without

known evidence of cytotoxicity (high) and a moderate dose that fell within the two limits
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(medium). Treatments began at six months of age. All rats were individually housed in
standard cages and allowed free access to standard rodent chow and tap water. Weights
for all animals were recorded weekly. All procedures were reviewed and approved by the
Institutional Animals Care and Use Committee at the State University of New York at

Stony Brook.

Animal Mass Monitoring
Animals were weighed weekly throughout the study to monitor growth rates

Average group values were plotted in a line graph to observe rate of gain as well as in a
bar graph to demonstrate average differences between groups at 6, 8 and 12 months of

age.

In vivo Micro Computed Tomography (microCT)
All animals from the 12 mo time point were anesthetized with My

isofluorane and scanned by micro-computed tomography at 6,
8 and 12 months of age. (VivaCT 75, Scanco Medical Inc.,
SUI45kV, 133 uA, 300-ms integration time, 512x512 pixel

matrix) The abdomen of the animal was scanned from the

pelvic region to the rib cage transversely at an isotropic voxel  Figure 3. A representative scout

. . . . view image from viva CT 75
size of 156 micron. The abdominal volume of interest (VOI)  showing the abdomen of a rat.

. The pelvis to the ribs are
was chosen between the proximal end of the L1 vertebra and selected as the region of interest

. . . . for scanning.
the distal end of the L4 vertebra, using a microCT scout view.
(Fig. 3) An automated script was used to analyze each scan, this provided longitudinal
changes in individual animal’s visceral and subcutaneous fat content, vertebral bone

volume, and vertebral bone apparent mineral density (Lublinksi, 2009).

Vertebral Bone Determination
Total bone volume and apparent mineral density of the L1 to L4 vertebral region

were analyzed for each animal at 6, 8 and 12 months of age. Bone tissue was segmented
from soft tissue using thresholding. The defined edge of bone verses non-bone creates a
double peak of gray scale intensities. A Gaussian distribution curve for the low peak with
an associated average pixel value for soft tissue density and a Gaussian distribution curve

for the high peak with an associated average pixel value for bone density. The standard
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deviations of each peak are determined to find the midpoint between the two peaks in
order to obtain the appropriate “threshold value.” The large difference in density between
hard and soft tissue makes it possible to separate bone from soft tissue using this method.

Apparent mineral density was determined by finding the average pixel intensity
throughout the entire bone region with high pixel intensities associated with bone tissue.
Higher density tissue correlates to brighter pixel values. A more porous bone will have
larger regions of low pixel densities leading to decreased overall apparent mineral
density. The scans were not performed at a high enough resolution to detect trabecular
architecture; the output is therefore not considered bone mineral density but apparent
mineral based on the average density within the entire volume of vertebral bone

(including cortical bone).

Subcutaneous and Visceral Fat Determination
Total fat volume, visceral fat volume and subcutaneous fat volume was

determined for each animal at 6, 8 and 12 months of age. Visceral and subcutaneous fat
content were determined using an automated algorithm based on an automated algorithm
(Lublinski, 2009). This method separates fat volume based on tissue density thresholding.
The separation of visceral and subcutaneous fat content utilizes the barrier between tissue
layers created by the thin muscular wall of the abdomen. Total fat content and visceral fat
content is determined and the subcutaneous fat content is calculated by subtracting

visceral fat from total fat volumes.

Ex vivo Micro Computed Tomography (microCT)
The L-4 vertebra was extracted from the spine of each animal and the soft tissue

was removed. Samples were mounted in foam holders, secured into a microCT sample
holder and immersed in 70% ethanol. All samples were scanned with the desktop uCT at
36 um resolution with an integration time of 300 ms, energy of 55kV and intensity of 145
UA. The threshold value was set to 305. Vertebral bodies were analyzed through contour
drawing around trabecular bone, separating it from the cortical shell. Regions of analysis
were selected using the growth plates of the proximal and distal ends of the vertebra as

land marks (Lublinski, 2007). The structural architecture of trabecular bone was
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determined. Outputs include bone volume fraction, trabecular number, thickness and

spacing, connectivity density, as well as tissue and apparent mineral density.

Statistical Analysis
All values are presented as group mean + standard deviation. At the 6 month time

point, a Student t-test was performed to determine statistical significance between the two
groups: baseline controls and ovariectomy controls. For 8 and 12 month time points,
statistical significance was computed by performing a One-Way ANOVA followed by a
Tukey post-hoc test when ANOVA detected a difference. Significant differences between
groups were reported with their associated p-values.

A Two-way ANOV A was conducted to determine effects caused by both age and

treatment and the interaction between each parameter.
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2.4 RESULTS
Animal Mass Monitoring
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Average animal group weights for the 8 month
treatment samples were not significantly different
from each other. The rate of gain was similar for
all treatment groups. At 8 months of age, AM
control animals were 13.8% smaller than OVX
controls but these differences were not significant.
At 8 months, OVX + H-NaF were 11.8% lighter
than OVX controls. (Fig. 4)

Figure 4. A line graph showing weekly average group body mass from 22 weeks to 32 weeks of age for age
matched (AM) control, ovariectomy (OVX) control, OVX with high dose alendronate (ALN) - (OVX + H-ALN),
OVX with medium ALN (OVX + M-ALN), OVX with low ALN (OVX + L-ALN), OVX with high parathyroid
hormone (PTH) - (OVX + H-PTH), OVX with medium PTH (OVX + M-PTH), OVX with low PTH (OVX + L-
PTH), OVX with high sodium fluoride (NaF) - (OVX + H-NaF) and OVX with low NaF (OVX + L-NaF).
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Figure 5. A line graph showing weekly average group body mass from 22 weeks to 49 weeks of age for age
matched (AM) control, ovariectomy (OVX) control, OVX with high dose alendronate (ALN) - (OVX + H-ALN),
OVX with medium ALN (OVX + M-ALN), OVX with low ALN (OVX + L-ALN), OVX with high parathyroid
hormone(PTH) - (OVX + H-PTH), OVX with medium PTH (OVX + M-PTH), OVX with low PTH (OVX + L-
PTH), OVX with high sodium fluoride (NaF) - (OVX + H-NaF) and OVX with low NaF (OVX + L-NaF).
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Average animal group weights for the 12 month treatment samples were not

significantly different. AM controls were 10% smaller than OV X controls. The rate of

gain was similar for all treatment groups however the rate of gain for OVX + H-ALN and

OVX + H-NaF slowed during the last two months of treatment. AM control animals

weighed less than all treatment groups until 38 weeks but were higher than OVX + H-

ALN and OVX + H- NaF from 38 weeks until the end of the study at 49 weeks. (Fig. 5)
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Figure 6. Average group body mass at A.) 6, B.) 8 and C.) 12 months of age for age matched controls (AM con),
ovariectomy controls (OVX), OVX with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with
medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high
parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH treatment (OVX + M-PTH),
OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF) treatment (OVX + H-
NaF) and OVX with low NaF treatment (OVX + L-NaF). Values are reported as group average mass + SD. The
data represent all animals within a group within the study at each given point. (ANOVA) #*p<0.01

At 6 months of age, AM controls were 18.9% lighter than OVX controls. (p<0.01)

There were no significant differences between any OVX treatment groups compared to

OVX controls. At 8 months of age, AM controls were 13.6% lighter than OVX controls.

(p<0.05) There were no differences between any OVX treatment groups compared to

OVX controls. At 12 months of age AM were 6% lighter but this difference was not

significant. (Fig. 6)
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Age Related Changes in Body Mass

Changes in body mass were strongly
influenced by age. Weight gains from 6
to 8 to 12 months within groups were
all significant, except from 6 to 8
months in OVX controls. (p<0.01) All
groups at 6 months were significantly
lower than all groups at 12 months.
From 6 to 8 months and then 8 to 12
months: AM animals gained 15.2 and
12.5%, OVX gained 8.3 and 13.4% and
treated animals gained 9.6 and 8.1%,
respectively.

At six months of age, AM
controls were 18.9% lighter than OVX
controls (p<0.001). By 8 months, AM
animals were 13.6% lighter (p<0.001)
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Figure 7. Body mass at 6, 8 and 12 months for age
matched controls (black - AM) OVX controls (dark
gray - OVX) and the combined data set of all
ovariectomized animals that received treatment — (light
gray - OVX + Treatment). Data is represented as mean
+ SD, arrows denote where the differences were seen.

(ANOVA) # p<0.001 #p<0.01

and by 12 months AM animals were only 6.0% lighter than OVX controls. Throughout

the study, AM controls gained 12.7% more weight than OVX controls while the treated

animals gained 28.1% less weight than OVX controls. (Fig. 7)
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In vivo Vertebral Bone Analysis

The lumbar vertebrae were analyzed for all animals at 6, 8
and 12 months of age from the 12 month treatment groups.
Total bone volume and apparent mineral density was
evaluated and longitudinal changes for each animal were
calculated. Bone was separated from the abdominal cavity
by thresholding based on the high density values of bone

compared to soft tissue. (Fig. 8)

Figure 8. A pCT 3-D reconstruction, representative image of the vertebral
bone after an animal was scanned using the in vivo pCT and analyzed using
a separation script.
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Figure 9. Bone Volume was determined via in vivo microCT at 156 um resolution for all animals from the 12
month time group. Animals were scanned at 6, 8 and 12 months with in vivo microCT. Data is represented as
means + SD for age matched controls (AM), ovariectomy controls (OVX), OVX with high dose alendronate
(ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN
treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with
medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high
sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF).

(ANOVA) #*p<0.01 **p<0.05
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Longitudinal bone volume was increased at 8 months and even greater at 12
months in OVX + H, M and L-ALN and H-PTH treated animals. H-NaF gained at 8
months and maintained this gain until 12 months of age. M and L-PTH as well as L-NaF
increased bone volume until 8 months but had decreased bone volume from 8 to 12
months. At six months of age, high dose animals had less bone volume than AM controls.
(p<0.01) At 12 months of age H and M-ALN and H-PTH all had greater total bone
volume than OVX controls. (p<0.05) (Fig. 9)
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Figure 10. % Change in bone volume from 6 to 8 months (white) and from 6 to 12 months (black) were
determined via in vivo microCT of L1-L5 vertebrae at 156 um resolution for all animals from the 12 month time
point. Animals were scanned at 6, 8 and 12 months with in vivo microCT. Data is represented as means + SD for
age matched controls (AM), ovariectomy controls (OVX), OVX with high dose alendronate (ALN) treatment
(OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment (OVX +
L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH
treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride
(NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF). (ANOVA) +p<0.01 - 8
month time point, * p<0.01 - 12 month time point

Bone volume increased by 4.78% in the AM controls throughout the study. Bone
volume was decreased by 4.76% at 12 months of age in the ovariectomized rat. ALN
treatment increased bone volume by 21.81, 13.13 and 9.75% for high medium and low
doses at 12 months, respectively. PTH treatment increased bone volume by 20.56 and
2.57% 1in high and medium doses. High dose sodium fluoride water increased bone
volume by 7.34%. Low dose PTH injections and sodium fluoride water showed little

change at -0.29 and 0.37%, respectively at 12 months of age. (Fig. 10)
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Figure 11. Apparent mineral density was determined via in vivo microCT of L1-L5 vertebrae at 156 um
resolution for all animals from the 12 month time point. Animals were scanned at 6, 8 and 12 months with in
vivo microCT. Data is represented as means + SD for age matched controls (AM), ovariectomy controls (OVX),
OVX with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX +
M-ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH)
treatment (OVX + H-PTH), OVX with medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment
(OVX + L-PTH), OVX with high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF

treatment (OVX + L-NaF). (ANOVA) #p<0.01- 8 month time point, ¥ p<0.001- 12 month time point.

Apparent mineral density increased with age in AM controls, H, M and L-ALN,
as well as H and M-PTH. Apparent mineral density was decreased by 12 months in OVX,
L-PTH and H and L-NaF groups. At 8 months of age, apparent mineral density was
significantly higher than OVX controls in AM, H and M-ALN and H and M-PTH treated
animals and it remained higher at 12 months of age. (p<0.001) (Fig. 11)
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Figure 12. %Change in apparent mineral density from 6 to 8 months (white) and from 6 to 12 months (black)
was determined via in vivo microCT of L1-L5 vertebrae at 156 um resolution for all animals from the 12 month
time group. Animals were scanned at 6, 8 and 12 months with in vivo microCT. Data is represented as means +
SD for age matched controls (AM), ovariectomy controls (OVX), OVX with high dose alendronate (ALN)
treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN
treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with
medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high
sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF). (ANOVA)
+p<0.01 - 8 mo time point. ++p<0.05 — 8 mo. * p<0.01 - 12 mo time point.

Apparent bone mineral density increased 3.23% in the AM control throughout the
study but decreased by 11.24% in the ovariectomized rat. ALN treatment increased
apparent mineral density by 7.94, 6.9 and 1.46% for high medium and low doses at 12
months of age, respectively. PTH treatment increased bone volume by 10.68 and 5.6% in
high and medium doses. Low dose PTH treatment as well as high and low dose sodium
fluoride water did not prevent the decrease in apparent mineral density, caused by OVX,

with net losses of 11.92, 10.95 and 10.87%, respectively. (Fig. 12)

Subcutaneous and Visceral Fat Analysis
A representative microCT 3D reconstruction image

shows the separation of the total fat into
subcutaneous (white) and visceral (red) fat
compartments using an automated script. From this,
total and visceral fat values were determined and
reported and subcutaneous fat content is calculated
Figure 13. A representative microCT 3D . .
reconstruction image of the visceral (red) DY subtracting the visceral fat volume from total fat
and subcutaneous fat (white). volume. (Fig. 13)
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Figure 14. Animals were scanned at 6, 8 and 12 months with in vivo microCT. A.)Total fat volume, B.) visceral
fat volume, C.) subcutaneous fat volume at 6, 8 and 12 months of age and D.) subcutaneous fat volume at 12
months. Data is represented as means + SD for age matched controls (AM), ovariectomy controls (OVX), OVX
with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-
ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment
(OVX + H-PTH), OVX with medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX +
L-PTH), OVX with high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment
(OVX + L-NaF). (ANOVA) *p<0.01

Abdominal fat accumulation was strongly influenced by age, 59.7% of the
variance in total fat, 50.8% of the variance in subcutaneous and 57.4% of the variance of
visceral fat was accounted for by changes of age. (Two-Way ANOVA) (p<0.001)
Differences in treatment only accounted for 3-5% of the variance seen in fat content.
(p<0.05)

There were no differences between groups at 6 or 8 months of age. By 12 months
of age, H-ALN treated animals had 35.4% less total fat than AM controls, (p<0.01) and

37.8 % less subcutaneous fat than OVX controls. (p<0.01) (Fig. 14)
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Age Related Changes in Total Fat Content
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Figure 15. Fat volume at 6, 8 and 12 months for age matched controls (black-AM), ovariectomy controls (dark gray — OVX)
and all high dose animals pooled (light gray — OVX + Treatment). Data is, represented as mean + SD. (ANOVA)
*p<0.01,**p<0.05
Total fat volume increased as a function of age. At 6 months, all groups had
47.7% less fat than all groups at 8 months and 56.5% less fat than all groups at 12 months
of age.(p<0.001) The difference between fat volumes from 8 months to 12 months was
16.8%. (p<0.01) The treatment group had 35.8% less fat at § months compared to the

total fat of AM controls at 12 months.(p<0.01) (Fig. 15)

Ex vivo Vertebral Bone Analysis

Changes in bone microarchitecture
were determined through ex vivo
microCT. This provided information

on trabecular quantity, structure, and

Al xf"’} =

=

spatial distribution. Visual inspection

Figure 16. Representative bone images from ex vivo micro of each 3-dimensional vertebral bOdy

CT. A.) Healthy and B.) OVX rat trabecular bone from

the L-4 vertebral body. analyzed by microCT demonstrates

severe bone loss in the OVX rat

compared to AM controls. (Fig. 16)
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Figure 17. Micro architectural parameters of the L-4 vertebrae for animals at 6 months of age were
determined via microCT. Microarchitecture is characterized by: A.) Bone volume fraction, B.) apparent
mineral density C.) Trabecular thickness, D.) trabecular number, E.) trabecular spacing and F.) connectivity
density. Data is represented as mean + S.D. for age matched (AM) and ovariectomy (OVX) control. (Student
t-test)

At six months there were no differences in microarchitecture of bone tissue in
baselines vs. ovariectomized rats. OVX showed slightly lower values in all parameters
except trabecular spacing and trabecular thickness; however none of these differences
were significant. This indicated that bone related drug affects shown in this study worked
to prevent osteoporosis bone loss, as opposed to reversing the loss of bone which could

have already occurred. (Fig. 17)
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Figure 18. A.) Bone volume fraction and B.) apparent mineral density were determined for the trabecular region
of the L-4 vertebral body at 8 months of age for age matched control (AM), ovariectomy control (OVX), OVX
with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-
ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment
(OVX + H-PTH), OVX with medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX +
L-PTH), OVX with high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment
(OVX + L-NaF). (ANOVA) #*p<0.01
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At eight months of age, there were overall changes to bone volume fraction and
apparent mineral density. OVX animals had lower bone volume fraction and density than
all groups, except L-PTH. Trends suggest all treatments except low dose PTH were able
to maintain bone volume fraction and bone mineral densities to values similar to age
matched controls. OVX and L-PTH had reduced bone density and fraction at 8 months
compared to age matched controls. H and M-PTH had slightly higher BV/TV values
indicating the anabolic effects of these drugs. ALN groups were consistent to AM

controls demonstrating the anti-catabolic effect of the drugs (Fig. 18)
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Figure 19. Microarchitectural parameters of the L-4 vertebrae for animals at 8 months of age were
determined via microCT. Data is represented as group mean + SD. A.) Trabecular thickness, B.) trabecular
number, C.) trabecular spacing and D.) connectivity density. Data is represented as age matched control
(AM), ovariectomy control (OVX), OVX with high dose alendronate (ALN) treatment (OVX + H-ALN),
OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment (OVX + L-ALN), OVX
with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH treatment
(OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF)
treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF). (ANOVA) * p<0.001,
*#p<0.05

The microarchitecture of bone was maintained with osteoporosis treatments at 8
months. H and M-PTH treated rats had 31% and 25.3% thicker trabeculae than OVX
controls. (p<0.05) H-PTH and H-ALN groups had the highest trabecular number
indicating the dose dependent effect on trabecular architecture. Trabecular spacing was

23.8% greater in OVX animals compared to AM controls, but H-PTH had 38.2% greater
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trabecular spacing than OVX controls. (p<0.01) Connectivity density was highest with H-
ALN treatment was 63.4% higher than M-PTH treatment. (p<0.01) (Fig. 19)
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Figure 20. A.) Bone volume fraction and B.) apparent mineral density were determined for the trabecular region
of the L-4 vertebral body at 12 months of age for age matched control (AM), ovariectomy control (OVX), OVX
with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-
ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment
(OVX + H-PTH), OVX with medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX +
L-PTH), OVX with high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment

(OVX + L-NaF). (ANOVA) #p<0.001, *p<0.01, **p<0.05

By 12 months of age, bone volume fraction was reduced by 46.3% in OVX
animals compared to AM controls. (p<0.05) L-PTH and L-NaF were unable to withstand
the loss, with 45.8 and 52.2% less bone volume fraction than AM controls. (p<0.05)
However, ALN, H and M-PTH and H-NaF was able to maintain or gain bone volume
throughout 6 months of treatment. H-ALN, H-PTH and H-ALN had 54.5, 63.1 and
54.5% more bone than OVX controls. (p<0.01) There were no differences within ALN
treatments, or within H and M PTH treatments.

Apparent mineral density was decreased by 34% in the OVX controls compared
to AM controls. (p<0.05) Apparent mineral density was 49, 40.9 and 37.7% higher in H,
M and L-ALN compared to OVX controls. (p<0.05) It was 66.1 and 45% higher with H
and M-PTH and 47.9% higher with NaF treatment. (p<0.05) H-PTH had 24% greater
apparent mineral density than AM controls. (p<0.05) (Fig. 20)
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Figure 21. Microarchitectural parameters of the L-4 vertebrae for animals at 12 months of age were determined
via microCT. Data is represented as group mean + SD. A.) Trabecular thickness, B.) trabecular number, C.)
trabecular spacing and D.) connectivity density. Data is represented as age matched control (AM), ovariectomy
control (OVX), OVX with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN
treatment (OVX + M-ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high parathyroid
hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH treatment (OVX + M-PTH), OVX with low
PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX
with low NaF treatment (OVX + L-NaF). (ANOVA) * p<0.001, *p<0.01, **p<0.05

Trabecular architecture was changed due to ovariectomy at 12 months of age.
OVX resulted in a 46.9% decrease in trabecular number and a 38.5% increase in
trabecular spacing compared to AM controls. (p<0.01) H-ALN, H-PTH and H-NaF had
trabeculae 39.2, 59.4 and 39.9% thicker than to OVX controls. (p<0.05) Additionally, H-
PTH trabeculae were 28.6% thicker than AM controls. (p<0.01) Trabecular number was
higher in AM, H, M and L-ALN, H and M-PTH and H-NaF compared to OVX controls,
(p<0.05) L-PTH and L-NaF were 27.1 and 34% lower than AM controls. (p<0.05)
Trabecular spacing was increased in OVX, L-PTH and L-NaF groups.

Animals treated with anabolic drugs had the largest values for trabecular
thickness; ALN treated animals had the greatest values for connectivity density. H, M
and L-ALN were 51.5, 76.4 and 52.7% more connected than OVX controls, the
difference between M-ALN and OVX was significant. (p<0.05) (Fig. 21)
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Age Related Changes in Bone Parameters

Bone volume fraction did not —
decrease with age in healthy
animals but it decreased in OVX. 5 0.50
High dose treatment groups were %
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0.00-

significantly lower than all groups
at all time points except 8 month

OVX. But there is certainly a time
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. Figure 22. Bone volume fraction at 6, 8 and 12 months

dependent decrease shown in bone for age matched control (black-AM), ovariectomy
. . control (dark gray — OVX) and all high dose treatments

volume fraction durlng OVX. (P<0.01) pooled (light gray — OVX + Treatment). Data is,

All trabecular architecture data showed

similar trends with differences between

represented as mean + SD. (ANOVA) *p<0.01,**p<0.05

groups like those shown in BV/TV, indicating that microarchitecture does not deteriorate

with age but does deteriorate after OVX when left untreated. This deterioration was

prevented with osteoporosis drug intervention. (Fig. 22)
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Figure 23. Tissue mineral density fraction at 6, 8 and
12 months for age for all data from each time point
pooled. Data is, represented as age mean + SD.
(ANOVA) #p<0.001,*p<0.01
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density between groups at any time point. All
animals of similar age were pooled and tissue
mineral density was compared as a function of
age. At 8 and 12 months of age, tissue samples
were 3.9 and 4.5% more mineralized than at 6
months. (p<0.01, p<0.001) There was no
significant increase in mineralization from 8 to

& 12 months. (Fig. 23)



2.5 DISCUSSION
Body composition is strongly affected by aging. It has been shown that body and

fat mass increases as a function of age while lean tissue mass decreases (Kyle, 2001).
Menopause related obesity is associated with increases in visceral fat accumulation,
weight gain and deterioration of bone mass. Alendronate, parathyroid hormone and
sodium fluoride are all methods of preventing post-menopausal bone loss but their effects
on body composition and fat mass are largely unknown.

The time points chosen for age related analysis on body composition were not
optimal for determining differences caused by treatment duration. At 8 months of age,
differences between microarchitectural parameters were, in many instances, not
significant. However, by 12 months of age, the desired affects were achieved and
treatments proved to be effective at preventing the OVX related losses in bone. Extending
the length of the study to 18 months of age for a total of 12 months of treatment would
help to elucidate some of the important changes that occur with aging as well as due to
dose, and treatment duration.

Age related changes in body composition were seen in this study such as weight
gain, and fat accumulation. Ovariectomy increased body mass from 5 to 6 months of age
compared to baseline controls. However, 6 months to 12 months of age, the AM controls
had experienced larger weight gain due to aging than OVX controls. Similarly, increases
in fat mass from 6 to 8 and from 8 to 12 months were greater in AM controls than in
OVX controls. Osteoporosis drugs had slight effects on body mass and fat volume
throughout the study; however, treatments did decrease the overall rate of weight and fat
gain compared to OVX controls. The data suggest that there is a rapid change in body
mass directly after ovariectomy, but natural aging from 6 to 12 months will induce
increases in body mass and abdominal fat volume are inevitable regardless of
ovariectomy. This idea can be supported by a study on the increase in weight gain seen in
both male and female elderly populations demonstrating that the effects of aging are
independent of estrogen withdrawal (Goodpaster, 2005).

The effects of OVX on visceral fat accumulation were less pronounced than
previously shown in published literature. (Choi, 2009, Shinoda, 2002) Total fat mass, as

observed through in vivo uCT, showed a decrease with H-ALN treatment at 12 months of
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age, indicating that longer treatment duration could attenuate some of the changes that we
might not see after only 6 months. Decreases in fat pad masses were not seen until 12
months, but data indicated that all treatments were able to decrease fat accumulation in
the OVX rat.

Reduction in estrogen can result in severe decreases in bone quantity and quality.
This leads to increased risk of skeletal fractures (Lemieux, 2003, Uusi-Rasi 2009). Drug
treatments were able to prevent the loss in bone mass and microarchitecture in moderate
to high doses. There were no differences in tissue mineral density after 6 months of
treatment. We expected that alendronate treated animals would have an increase in tissue
mineral density during extended treatment due to the prevention of bone turnover
compared to age matched controls due to the prevention of resorption. Aged tissue has
been shown to increase its mineralization. (Burr, 2003a) This could result in decreased
tissue material properties that we might not be able to detect differences after only six
months of treatment (Burr, 2003b). We can also expect to see degradation in material
properties with sodium fluoride which would likely worsen with treatment duration
(Sogaard, 1994, Riggs, 1980, 1982, Lindsay, 1990).

Bone volume, density and trabecular microarchitecture were all severely affected
by ovariectomy. Osteoporosis drugs were able to prevent further bone loss and in most
cases increase total bone volume. High dose treatments were most effective at increasing
bone volume fraction, density and parameters of microarchitecture. Significant increases
in trabecular thickness during H- and M-PTH treatment indicate their strong anabolic
effect on bone formation. Connectivity density increased during ALN treatment
indicating its effectiveness at decreasing bone resorption. These indices of bone
morphology are evidence that treatments worked as intended. Similar changes in
trabecular morphology were seen with uCT analysis during Teriparitide and alendronate
treatments. (Benhamou, 2007)

L-PTH and L-NaF were unable to overpower the effects of estrogen withdrawal
and could not prevent deterioration of bone tissue during six months of treatment, the
effects were similar to those seen in OVX controls. In vivo analysis demonstrated that
there was an overall decrease in apparent mineral density with H-NaF treatments.

However the analysis of trabecular architecture, via ex vivo microCT showed apparent
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mineral density increased during high dose NaF treatment. Sodium fluoride has been
shown to be an excellent anabolic drug but produces tissue with reduced material
properties. (Turner, Mosekilde) Others demonstrate the positive effects of sodium
fluoride on trabecular architecture (Bonewald, 2008). The discrepancies seen between in
vivo and ex vivo data can be attributed to a resolution issue from the in vivo microCT.
Since the scans were conducted at 156um, it was unable to detect microarchitectural
changes. Changes in mineralization could also be due to miscalculation of tissue
surrounding the vertebral bodies, by including cartilage and other soft tissues, leading to
a reduced apparent mineral density average value. The values reported from ex vivo uCT
are more reliable because they represent changes specific to bone trabeculae.

Bone quantity and quality is reduced during osteoporosis. These deleterious
changes can be improved through drug intervention to decrease the rate of resorption
(alendronate) or increase the rate of formation (PTH and sodium fluoride). The effects of
these drugs on body mass and abdominal fat volume were subtle but do represent some
positive benefits osteoporosis drugs on adipogenic factors. Treatment response was dose
and duration dependent. The greatest improvements in bone parameters were seen in high
dose, long term treatments and improvements in body composition were strongly affected
by treatment duration. Improving fat accumulation can help to alleviate the symptoms

associated with bone loss and fat accumulation that occurs during and after menopause.
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CHAPTER 3

OSTEOPOROSIS DRUGS NORMALIZE PARAMETERS OF FAT
METABOLISM IN THE OVARIECTOMIZED RAT MODEL

3.1 ABSTRACT
Post-menopausal osteoporosis is associated with bone loss but menopause results

in an increases tissue fat accumulation. Drugs such as alendronate (ALN), parathyroid
hormone (PTH) or sodium fluoride (NaF) target bone loss but their effects on fat
accumulation and metabolism are largely unknown. To this end, we subjected OVX rats
to short-term (2 months) and long-term (6 months) treatments of different doses of ALN,
PTH and NaF and analyzed abdominal fat pad weights, liver weight and brown fat weight
as well as liver fatty acids, and serum leptin and IGF-1. Six-month old Sprague-Dawley
rats were assigned to age-matched controls, untreated OVX, OVX treated with high (H),
medium (M), or low (L) doses of hPTH (60, 15, or 0.3pug/kg/d), or OVX treated with H,
M, or L-ALN (100, 10, or 1pg/kg/2xwk) or H or L-NaF (500ppm or 100ppm in drinking
water). Rats were sacrificed at 6, 8, and 12mo of age (n=10/group/age).

At 8 months of age there were no differences between tissue weights, but by 12
months all treated animals had smaller fat pads than OVX controls, (p<0.05) and smaller
livers, except H-PTH, than AM controls. (p<0.01) Liver esterfied free fatty acid (NEFA)
concentrations were smaller at 8 months in H-PTH and L-ALN rats compared to OVX
controls. (p<0.05) At 12 months, all groups except M-ALN and L-NaF had lower liver
triglyceride (TG) and NEFA concentrations than OVX controls.(p<0.05) Leptin serum
concentrations increased with age and was higher in OVX with or without treatment
compared to AM controls. Further, IGF-I serum concentrations were lower in H-ALN
and H-PTH than in OVX controls at 12 months.(p<0.01)

These data demonstrate that treatment with moderate to high doses of ALN and
PTH can reduce tissue fat accumulation and normalize fat metabolism to those of normal

age-matched controls but also indicates that high drug doses can suppress IGF-I levels.

3.2 INTRODUCTION
Fat accumulation is associated with menopause and can have devastating

consequences on fat metabolism (Poehlman, 1995, Matthews, 1989,Gordon, Barret-
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Conner, Kelley, 2000) During menopause the reduction in estrogen can cause an
increase in body mass, visceral fat and tissue fat accumulation within organs. (Heilbronn,
2004)

Fat accumulation and metabolic disorders are more common in elderly women
than in younger women (Zamboni, 1997), demonstrating the effects of age and
menopause on metabolic function. There is a positive relationship between visceral fat
content and indices of fat metabolism including triglycerides, leptin and free fatty acids.
The levels of both fat and fat metabolism increase significantly in post-menopausal
women, (Goodpaster, 2005) and is strongly associated with type 2 diabetes (Gastadelli,
2002).

Adipocytes produce estrogen which contributes to the protective mechanism that
increased body weight plays against bone loss. Leptin, and other adipokines increase with
age, as a function of fat mass and substantially increase in obese women. (Considine,
1996) However, the effects of menopause on indices of fat metabolism are complex and
scientists have reported contradictory information. Sowers et. al reported that leptin
concentrations increased in healthy weight women after the onset of menopause but
obese women had higher initial levels of leptin and increase in levels after the onset
menopause (Sowers, 2008) However, Rosenbaum showed leptin levels were decreased in
post-menopausal women and showed how estrogen helps to modulate leptin
concentrations (Rosenbaum, 1996).

A study done on the effects of Raloxofine in osteoporotic women showed that a
selective estrogen receptor modulator were able to improve metabolic parameters with
decreased triglyceride levels (Oktem, 2008) Others have shown that estrogen treatment
can reverse the effects of food-induced and ovariectomy induced obesity in a mouse
model (Zoth, 2010).

The interactions that alter fat metabolism are complex. Menopausal changes in
hormones and fat accumulation only adds complexity to these interactions. Further
research is needed to elucidate the effects of aging and menopause on changes in fat
metabolism. Osteoporosis treatment effects on fat metabolism and fat accumulation
could have important consequences for the aging population and needs to be studied

further.
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Using the ovariectomized rat model for osteoporosis, we hypothesized that
alendronate, parathyroid hormone and sodium fluoride treatments would prevent the
negative effects on fat metabolism (i.e. increased fat accumulation) caused by
ovariectomy. Long term, high dose treatments would have the greatest effects on fat

metabolism.

3.3 MATERIALS AND METHODS
Experimental Design
Adult (5 mo old) Sprague-Dawley rats were ovariectomized and randomized into

healthy age matched controls, ovariectomized controls or ovariectomized drug treated
groups (n=10 per group) for short term (2 mo) or long term (6 mo) treatment duration.
Drug treatments included alendronate at three doses: high (2 mg/kg), medium (100
ug/kg) and low (10 pg/kg); parathyroid hormone at three doses: high (75 pg/kg), medium
(15 pg/kg) and low (0.3 pg/kg); and sodium fluoride at two doses: high (500 ppm) and
low (100 ppm). Treatment dose was determined based on previous literature for the
clinically relevant dose (low), the maximum tolerable dose without known evidence of
cytotoxicity (high) and a moderate dose that fell within the two limits (medium).
Treatments began at six months of age. All rats were individually housed in standard
cages and allowed free access to standard rodent chow and tap water. Weights for all
animals were recorded weekly. All procedures were reviewed and approved by the
Institutional Animals Care and Use Committee at the State University of New York at
Stony Brook.

Ten healthy and ten ovariectomized animals were sacrificed at 6 months as
baseline controls. Ten animals from each group were sacrificed at 8 and 12 months of
age. The liver, fat pad associated with the fallopian tubes, and the soleus muscle of each
animal was harvested at sacrifice and flash frozen in liquid nitrogen and stored at -80°C.
Blood was collected through cardiac puncture, spun at 4,000 rpm for ten minutes to
separate serum. Serum was extracted and alliquoted into 200 ul aliquots and stored at -

80°C.
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Tissue Mass at Sacrifice
During the sacrifice, the liver, gonadal fat pad and brown fat were weighed with a

high-precision scale prior to storage. Masses were recorded; group averages and standard

deviations were calculated.

Triglyceride Determination Assay
A triglyceride detection kit (Sigma-Aldrich) was used to determine TG content in

the liver and the serum. For triglyceride content of the liver: approximately 200 mg of
liver samples stored at -80° were extracted from the tissue and placed into 700 uL of
phosphate buffered saline (PBS). The tissue was homogenized and 300 ul. was pipetted
into fresh centrifuge tubes. A 900 uL solution of a 3:1 chloroform: methanol solution was
added and samples were vortexed for 1 minute. After samples settled into three phases,
they were centrifuged at room temperature for 10 minutes at 4,000 rpm.

The bottom 400 uL layer (triglycerides in chloroform: methanol solution) from
the three phase system was extracted and pipetted into fresh centrifuge tubes for each
sample and allowed to evaporate over night.

Each sample was reconstituted with isopropanol and vortexed to create a uniform
solution. Triglyceride free reagent (160ul) was added to each well of a standard 96 well
plate and 10 uL of the sample was added in triplicate wells. A standard curve was created
using glycerol reagent at 2.5 ug/ul. and 40 uL of free glycerol reagent was added to each
well. Plates were gently shaken for 30 minutes. All plates were read approximately 30
minutes after glycerol free reagent was added using a 96 well plate reader and K.C.
Junior software.

Optical densities were determined and averaged for the triplicates and TG content
was determined using the standard curve provided from the same plate. Average TG
content for each group was determined. The same protocol was followed for triglyceride
concentration in the Serum, except 20 uLL of blood serum was added to each well without

further processing.
Free Fatty Acid Determination Assay

An HR Series NEFA-HR(2) (Wako Diagnostics) assay was used to determine the

free fatty acid content of the liver tissue. Approximately 200 mg of liver samples stored
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at -80° were extracted from the tissue and placed into 700 uL of phosphate buffered saline
(PBS). The tissue was homogenized and 300 uLL was pipetted into fresh centrifuge tubes.
900 uL of a 3:1 chloroform: methanol solution was added and samples were vortexed for
1 minute. After samples naturally settled into three phases, they were centrifuged at room
temperature for 10 minutes at 4,000 rpm.

The bottom of the 400 uL layer (triglycerides in chloroform: methanol solution),
from the three phase system, was extracted and pipetted into fresh centrifuge tubes and
allowed to evaporate over night.

Each sample was reconstituted with isopropanol and vortexed to create a uniform
solution. 200 uL of Color Reagent A was added to each well followed by 10 uL of
sample in duplicate wells. The plate was placed in an incubator at 37°C for five minutes.
The plates were read at 540 nm and 560 nm and values from each reading were averaged
to provide sample blanks for each individual well. 100 uL of Color Reagent B was added
to the wells and the plate was incubated for an additional 5 minutes. All plates were read
at 540 nm and 560 nm and values from each reading were averaged. Samples were
calculated by subtracting final optical density minus sample blank optical density.
Concentrations were determined based on standard concentrations created by the standard
curve.

Optical densities were determined and averaged for the duplicates and FFA
content was determined using the standard curve provided from each plate. Average FFA
content for each group was determined. The same protocol was followed for triglyceride
concentration in the Serum, except 20 uL of blood serum was added to each well without

further processing.

Leptin Determination Assay
Leptin determination was done on serum samples from 6 month, 8 month and 12

month animals. This analysis was conducted at University of Cincinnati by the Mouse

Metabolic Phenotyping Center.
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IGF-1 Determination Assay
IGF-1 determination was done on serum samples from 6 month, 8 month and 12

month animals. This analysis was conducted at University of Cincinnati by the Mouse

Metabolic Phenotyping Center.

Statistical Analysis
All values are presented as mean + standard deviations. Statistical significance

was computed by performing a One Way ANOVA. If there were significant differences,
a Tukey post-hoc test was used to determine statistical differences between groups.
A Two-way ANOV A was conducted to determine effects caused by both age and

treatment and the interaction between each parameter.
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3.4 RESULTS
Tissue Mass
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Figure 24. A.) Liver, B.) fat pad and C.) brown fat masses at sacrifice at 6 there were no differences

months of age in baseline controls (AM) and baseline OVX controls
(OVX). Data is represented as group mean + S.D. (Student t-test )

#p<0.01, **p<0.05 (Fig. 24)
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Figure 25. A.) Liver, B.) fat pad and C.) brown fat masses at 8 months of age for age matched control (AM),
ovariectomy control (OVX), OVX with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with
medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high
parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH treatment (OVX + M-PTH),
OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF) treatment (OVX + H-
NaF) and OVX with low NaF treatment (OVX + L-NaF). (ANOVA) * p<0.001, *p<0.01, **p<0.05

At 8 months of age, liver mass was similar in all animals. Fat pads were 30.3%
larger in AM controls compared to OVX controls.(p<0.01) Fat pads were 47.4% smaller
in L-PTH and 49.3% smaller in H-NaF treated animals compared to OVX controls.

(p<0.05) Brown fat mass was similar in all animals at 8 months of age. (Fig. 25)

49



12 Months
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Figure 26. A.) Liver, B.) fat pad and C.) brown fat masses at sacrifice at 12 months of age for age matched
control (AM), ovariectomy control (OVX), OVX with high dose alendronate (ALN) treatment (OVX + H-ALN),
OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN treatment (OVX + L-ALN), OVX
with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH treatment (OVX +
M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF) treatment
(OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF). (ANOVA ) * p<0.001, *p<0.01, **p<0.05

Liver mass was significantly decreased in all treated animals at 12 months of age
compared to AM controls except H-PTH animals.(p<0.01)

Fat pads were 51% smaller in H-ALN treated animals compared to OVX
controls.(p<0.01) Fat pads were 10.7 and 10.1% smaller in H and M-PTH treated
animals compared to OVX controls. (p<0.05) Fat pad masses were slightly smaller in L-

PTH and L-NaF treated groups. (p<0.05)

Brown fat mass was similar in AM controls and OVX controls at 12 months of
age. There was less brown fat in each treatment group at all doses at 12 months of age.

There was 47.5% less brown fat in H-ALN and 40.7% less in L-ALN treated animals
than healthy age matched controls.(p<0.01and p<0.05) (Fig. 26)
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Triglyceride Liver Concentration
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Figure 27. Triglyceride content of the liver for A.) 6 month, (Student t-test) B.) 8 month (ANOVA) and C.) 12
month old animals (ANOVA) . Data is represented as mean +S.D for age matched control (AM), ovariectomy
control (OVX), OVX with high dose alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN
treatment (OVX + M-ALN), OVX with low ALN treatment (OVX + L-ALN), OVX with high parathyroid
hormone (PTH) treatment (OVX + H-PTH), OVX with medium PTH treatment (OVX + M-PTH), OVX with
low PTH treatment (OVX + L-PTH), OVX with high sodium fluoride (NaF) treatment (OVX + H-NaF) and
OVX with low NaF treatment (OVX + L-NaF). (Student t-test, ANOVA) # p<0.001, *p<0.01, **p<0.05

Liver triglyceride content was 89.5% higher in the OVX controls compared to
AM controls at 6 months of age. (p<0.001) At 8 months of age, it was 63.7% higher in
OVX compared to AM controls. H-ALN, M-ALN, H-NaF and L-NaF animals had higher
TG levels than AM controls, but were statistically similar to OVX controls.

By 12 months of age, OVX controls had the highest TG liver content, 67.1%
higher than AM controls. (p<0.001) H-ALN, H-PTH and H-NaF animals were 78.7, 64.4
and 70.5% lower than OVX controls. (p<0.01) L-ALN, M-PTH and L-PTH were also
significantly lower than OVX controls. (p<0.05) (Fig. 27)

Triglyceride Serum Concentration
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Figure 28. TG content of the serum for A.) 6 mo animals, B.) 8§ mo animals and C.) 12 mo animals. Data is
represented as group mean + SD for age matched control (AM), ovariectomy control (OVX), OVX with high
dose alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX
with low ALN treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-
PTH), OVX with medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH),
OVX with high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-
NaF). (Student t-test, ANOVA) # p<0.001, *p<0.01, **p<0.05
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Serum triglyceride concentrations were similar in AM controls and OVX controls
at 6 months of age. At 8 months of age, serum triglyceride concentrations were lower in
H and L-ALN treated animals as well as H and M-PTH treated animals compared to AM
controls. (p<0.05) At 12 months, H-ALN, H-PTH and M-PTH animals had maintained
lower levels of triglyceride concentrations which were 47, 17 and 28% lower than OVX

controls but these differences were not significant. (Fig. 22)

Age Related Changes in Serum Triglyceride Concentration

- All OVX treated animals were pooled and
R AM

= Il OVX compared to AM controls and OVX controls
= OVX + Treatment
E at 6, 8 and 12 months. AM controls had
; significantly higher TG serum concentrations
5 at 8 months compared to 6 month AM
= controls, all OVX treated animals and 12

month AM animals.(p<0.01) However, OVX

controls at 8 and 12 months of age were not

significantly different than 8 month controls.

Figure 29. Serum triglyceride content at 6, 8 and 12 (Fig, 29)
months of age for age matched controls (AM),

ovariectomy controls (OVX) and ovariectomy

controls that underwent treatment (OVX + Treat)

(ANOVA) *p<0.01
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Free Fatty Acid Liver Concentration
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Figure 30. NEFA concentrations in the liver at A.) 6 months, B.) 8 months and C.) 12 months. Data is
represented as mean + SD for age matched control (AM), ovariectomy control (OVX), OVX with high dose
alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with
low ALN treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH),
OVX with medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with
high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF).
(Student t-test, ANOVA) # p<0.001,*p<0.01, **p<0.05

At 6 months, non-esterfied free fatty acid (NEFA) concentrations from liver tissue
were 69.4% higher in OVX animals compared to AM controls.(p<0.001) At 8 months,
NEFA concentrations were 56.4 and 71.5% lower in L-ALN and H-PTH compared to
OVX controls. (p<0.05) At 12 months of age all treatment groups were significantly
lower than OVX controls except M-ALN and L-NaF. (p<0.05) (Fig. 30)
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Figure 31. NEFA concentrations in the liver at A.) 6 months, B.) 8 months and C.) 12 months. Data is
represented as mean + SD for age matched control (AM), ovariectomy control (OVX), OVX with high dose
alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with
low ALN treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH),
OVX with medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with
high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF).
(Student t-test, ANOVA)

High variability within groups resulted in no significant differences at each of the

time points. (Fig. 31) There appeared to be age related increases in NEFA concentrations
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so data for all treated animals were pooled and compared AM controls and OVX

controls.

Age related Changes in Serum NEFA Concentrations:

~ mmAM
157 mmmovx
OVX + Treat

3k

Figure 32. NEFA concentrations in the liver at 6,
8 and 12 months. Data is represented as mean +
SD for age matched controls (AM - black),
ovariectomy controls (OVX-dark gray) and the
combined data set of all ovariectomy treated
animals (OVX + Treatment - light gray)
(ANOVA) #p<0.001, **p<0.05

NEFA serum concentrations increased in AM
by 76.8% and in OVX by 81.7% animals from
6 months to 8 months. (p<0.05) The OVX
animals had 40.6% lower serum
concentrations at 12 months than AM.
(p<0.01) In all groups, NEFA concentrations
were higher in 8 month animals compared to
12 month animals. NEFA levels were 83.5,
69.6and 85% lower in AM, OVX and OVX +
treatment in 12 month animals compared to 8
month animals. This trend was similar to that

seen in triglyceride serum data. (Fig. 32)
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Leptin Serum Concentration
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Figure 33. Leptin serum concentrations at A.) 6 months, B.) 8 months and C.) 12 months of age. Data is
represented as mean + SD for age matched control (AM), ovariectomy control (OVX), OVX with high dose
alendronate (ALN) treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with
low ALN treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH),
OVX with medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with

high sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF).
(Student t-test, ANOVA) *p<0.01

Due to the variability in leptin serum concentrations within groups there were few
significant differences between groups at each time point. There were no differences
between AM and OVX at 6 months. At 8 months, M-ALN was significantly higher than
all groups. (p<0.01) There were no differences at 12 months. (Fig. 33) Trends suggest
that leptin increased as a function of age, and was highest in all OVX animals compared
to AM controls, therefore all OVX groups were pooled and compared to AM controls to

determine age related changes.
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Age related Changes in Serum Leptin Concentrations

All OVX animals were pooled and compared

to AM controls to determine differences in HE AM

leptin as a function of age. Leptin was 70.5% 40 W OVX and Treatments
higher in 8 month AM control animals ¥ — 3
compared to 6 month AM controls animals. E 301 l
Leptin was 34.5 % higher in 12 month AM :&:3 T

controls than in 8 month controls. Leptin was '..'E_ 207

28.4% higher in 8 month OVX animals = 10-

compared to 6 month OVX animals, and

31.63% higher in 12 month OVX animals than 0-

in 8 month OVX animals. AM controls had

lower leptin concentrations compared to OVX

animals at each time point. AM controls were Figure 34. Leptin concentrations at 6, 8 and 12

months in age matched control (AM - black) and
ovariectomy control (OVX - gray) animals.
Leptin concentrations were lower in 6 month
controls and 8 month OVX controls compared to
12 month controls. (ANOVA) **p<0.05

76.3% lower than OVX animals at 6 months,
42.5% lower at 8 months and 40% lower at 12
months. There was significantly more leptin in 8
month OVX animals, 12 month controls, and
12 month OVX animals compared to 6 month

AM controls. (p<0.05) (Fig. 34)

56



IGF-1 Serum Concentration
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Figure 35. IGF-1 serum concentrations at A.) 6 months, B.) 8 months, C.) 12 months. Data is represented as
means +SD for age matched control (AM), ovariectomy control (OVX), OVX with high dose alendronate (ALN)
treatment (OVX + H-ALN), OVX with medium ALN treatment (OVX + M-ALN), OVX with low ALN
treatment (OVX + L-ALN), OVX with high parathyroid hormone (PTH) treatment (OVX + H-PTH), OVX with
medium PTH treatment (OVX + M-PTH), OVX with low PTH treatment (OVX + L-PTH), OVX with high
sodium fluoride (NaF) treatment (OVX + H-NaF) and OVX with low NaF treatment (OVX + L-NaF (Student t-
test, ANOVA) ¢ p<0.02 *p<0.01, **p<0.05

OVX animals at six months of age had IGF-1 serum concentrations 58.7% higher
than AM controls. (p<0.02) There were no differences at 8 and 12 months between AM
and OVX animals. At 8 months of age, M-PTH and L-PTH suppressed IGF-1 levels by
58.8 and 60.5% compared to AM controls. (p<0.05) At 12 months of age H-ALN and H-
PTH animals were 32.3 and 11% lower than OVX controls. (p<0.01) (Fig. 35)
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3.5 DISCUSSION
Fat accumulation associated with menopause can have devastating consequences

on fat metabolism (Poehlman, 1995, Matthews, 1989,Gordon, Barret-Conner, Kelley,
2000) During menopause the reduction in estrogen causes an increase in body mass,
visceral fat and tissue fat accumulation within organs. (Heilbronn, 2004) Fat
accumulation and metabolic disorders are more common in elderly women than in
younger women (Zamboni, 1997), demonstrating the effects of age and menopause on
metabolic function.

Changes in adipogenic cellular mechanisms by osteoporosis drug treatment
were not elucidated during this study. There is no information on interactions of the
drug which caused the decrease in indices of fat metabolism and fat accumulation.

Increases in TG, NEFA and leptin levels were seen as a function of age.
Ovariectomy increased serum and liver levels were elevated in OVX animals compared
to AM controls. With osteoporosis treatment the increases in metabolic health that
occurred due to OVX were minimized. These animals had lower metabolic indices which
were similar to age matched controls.

There were several age related changes in the parameters of metabolic health. It
appears that TG content was significantly decreased by long term drug use but there was
little change after only two months indicating a benefit of long term treatment. The
NEFA concentrations seemed to increase at 8 months but then decreased by 12 months
indicating an immediate effect of OVX followed by a normalization. Leptin steadily
increased with age and treatment had little effect on altering the ovariectomy related
increase. However, H-ALN had slightly lowered leptin concentrations compared to all
other treatment groups or OVX controls.

Leptin plays an important role in regulating bone formation. Leptin increased in
all treatment groups from 8 to 12 months of age except H-ALN treated animals. This
strong hormonal response to ovariectomy was also seen by Sowers et. al. However, H-
ALN did not increase at 12 months which indicates the positive benefits of leptin on bone
metabolism may have occurring all groups, but the increases in bone density and bone
mass demonstrated during high dose ALN treatment occurred independently from leptin

regulated bone metabolic effects. H-ALN animals had reduced fat pads, lower in vivo fat
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volume and subsequent reduced leptin concentrations compared to other groups. They
also had the lowest average body mass which did only slightly increased from 8 to 12
months with the lowest fat pad masses. Since fat mass regulates leptin concentrations, it
explains why H-ALN leptin concentrations did not increase from 8 to 12 months.

IGF-1 is an indicator of bone formation. It was surprising to see such a large
increase in IGF-1 levels at 6 months in the OVX control group. However, trabecular bone
data indicated that OVX did not have an immediate deleterious effect on bone health,
there were slight decreases in trabecular bone parameters but these differences were not
significant. It is understood that resorption and formation are coupled processes (Eriksen,
1990, Canalis) so early osteoclast activity due to estrogen withdrawal could be
simultaneously activating osteoblast activity causing subsequent formation. This
hypothesis could explain increased IGF-1 levels as well as the minimal decreases in
trabecular architecture in ovariectomy controls after one month. Another group found that
IGF-1 is responsible for osteoclast recruitment, elevated levels of IGF-could be indicative
of increased activity of osteoclasts in response to ovariectomy (Wang, 2006).

At 12 months IGF-1 levels were suppressed with both H-ALN and H-PTH
treatments. This was surprising, but may be a sign of a secondary response to high dose
treatment. The response could be negative, indicating a pathological complication or
an indicator of an immune response due to the extreme dose.

Osteoporosis drugs reduced fat pad masses and improved metabolic health in
the ovariectomized rat. Metabolic health worsened with ovariectomy, but the
deterioration in indices of fat metabolism detected in both the serum and liver were
improved, and sometimes normalized with moderate to high osteoporosis treatment.
Treated animals had values that reflected those seen in healthy age matched animals.
This indicates a positive secondary effect of osteoporosis drug use in addition to
improving bone volume, density and structural parameters. If osteoporosis drugs can
simultaneously reduce indices of fat metabolism while improving skeletal health,
they could help to reduce the incidence of osteoporosis related obesity and other
health problems that afflict post-menopausal women such as type 2 diabetes and

cardiovascular disease.
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CHAPTER 4

THE BONE-MASS RELATIONSHIP IS NORMALIZED DURING
OSTEOPOROSIS DRUG TREATMENT, ALENDRONATE AND
PARATHYROID HORMONE NEGATIVELY CORRELATE PARAMETERS
OF BONE QUALITY AND FAT

4.1 ABSTRACT
Post-menopausal osteoporosis is associated with bone loss but menopause also

increases body mass and abdominal adiposity, factors that can pose a secondary risk to
skeletal health. Drugs such as alendronate (ALN), parathyroid hormone (PTH) or sodium
fluoride (NaF) target bone loss but their effects on adiposity, metabolism, and the
interrelationship between bone and fat are largely unknown. To this end, we subjected
OVX rats to short-term (2 months) and long-term (6 months) treatments of different
doses of ALN and PTH and analyzed vertebral bone, abdominal fat volume, liver fatty
acids, and serum leptin and IGF-I. Six-month old Sprague-Dawley rats were assigned to
age-matched controls, untreated OVX, OVX treated with high (H), medium (M), or low
(L) doses of hPTH (60, 15, or 0.3pg/kg/d), or OVX treated with H, M, or L-ALN (100,
10, or 1pg/kg/2xwk) or OVX treated with H or L-NaF (500ppm or 100ppm in drinking
water). Rats were sacrificed at 6, 8, and 12mo of age (n=10/group/age).

Body mass was positively correlated to bone volume and density for the
combined dataset of age-matched controls and high dose treatment groups (r’= 0.36,
p<0.01), but was not correlated in the combined dataset of OVX controls and low dose
treatments. Trabecular bone density was weakly correlated to body mass for the
combined data set of all high dose treatments (r°=0.13, p<0.05) as well as the combined
data set of AM controls with M, L-ALN and M-PTH (r2=0.12, p<0.05) but was not
correlated in OVX pooled with L-PTH and NaF. Liver TG content was not correlated to
apparent mineral density in OVX controls (r*=0.001, p<0.93), but ALN, PTH and NaF
treatment normalized this relationship to that of age-matched control rats.

ALN and PTH treatment had body fat to body mass relationships similar to the
slope of age matched controls but with reduced elevations, indicating a reduction in total
fat to body mass. OVX controls had no correlation between bone volume fraction and

liver TG while AM controls pooled with NaF showed a positive relationship. All ALN
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treatment groups pooled and all PTH treatment groups pooled showed negative
correlations between bone density and liver TG content; the highest responders to
treatment with greatest bone density also had lowest TG. These data demonstrate that
treatment with ALN, PTH and NaF normalized bone morphology and indices of fat
metabolism to those of normal age-matched controls. ALN and PTH treatment
negatively correlated bone quality to fat showing animals that responded strongest to

treatment also had the lowest tissue fat accumulation.

4.2 INTRODUCTION
The relationships between bone and fat are complex. They rely on a series of

physical, chemical, genetic and metabolic factors (Luu, 2009). Body mass, fat pad mass
and total fat volume all contribute to the mechanical forces acting on the skeletal system,
higher mechanical forces leads to skeletal adaption and increased bone volume (Lanyon,
1996, Rubin, 1987). Therefore the differences in bone volume among individuals can in
part be contributed to differences in their body composition.

In healthy individuals there is a positive relationship between body mass and bone
volume (Reid, 1992, 2002). However, there is contradictory evidence on the impact of
body mass on bone density. Some report body mass is strongly correlated to bone mineral
density, (Ravn, 1999, Reid, 1992) others found that body mass was not at all correlated to
bone mineral density. (Robbins, 2002)

Menopause is associated with increases in fat accumulation as well as increases in
indices of fat metabolism including triglycerides, free fatty acids and leptin levels.
(Rosenbaum, 1996, Sepe, 1995) There is a strong positive relationship between adipose
tissue and fat metabolism. (Sowers,2008) Obesity is associated with decreased metabolic
health indicated by elevated levels of leptin, trigylcerides, free fatty acids and cholesterol.
(Gastaldelli, 2002) Increases in both fat content fat and metabolic parameters are
indicators for cardiovascular risk, heart disease and type 2 diabetes. (Poehlman 1995,
Matthews, 1989, Gorden) The positive relationship between body mass, fat mass to levels
of metabolism is seen in both healthy and obese patients. (Petzel, 2007) Fat mass and
leptin concentrations are both positively correlated to bone mineral density in post-

menopausal women (Yamaguchi, 2009). Body mass and fat content significantly
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influence parameters of bone mass and density and are important regulators of bone
metabolism.

It has recently been shown that increases in fat can have detrimental effects on
bone quality. In an obesity food induced mouse model, bone remodeling was affected by
fat volume causing a reduction in trabecular architecture (Cao, 2010). Others have shown
that men with metabolic syndrome have lower bone mineral density (Szulc, 2010). Obese
post-menopausal women have also been shown to be at a greater risk of skeletal fracture
than healthy weight post-menopausal women (Zhao, 2008). This demonstrates the
importance of studying the relationship between fat accumulation and bone quality, and
not just quantity. Treatments that can improve bone quality while reducing fat
accumulation could have beneficial effects for osteoporosis as well as obesity and
metabolic syndrome.

Using the ovariectomized rat model for osteoporosis, we hypothesized that
alendronate, parathyroid hormone and sodium fluoride treatments would normalize the
positive relationship between bone mass and body mass that is perturbed due to
ovariectomy. We hypothesized that measures of bone quality would be negatively

associated to fat content and osteoporosis treatments would strengthen this association.

4.3 MATERIALS AND METHODS
Data from chapters two and three were used to determine correlations between

body composition, bone quantity, bone quality, fat content and parameters of metabolic

health.

Statistical Analysis
Linear regressions were performed to determine relationships between bone and

fat parameters as well as fat parameters and body weight. If the slope of the regression
was significantly different than zero an ANCOV A was used to determine if groups had
differences in slopes. The intercepts or elevations of regression lines were analyzed to

determine differences between groups with similar slopes.

62



4.4 RESULTS
Body Mass Indicates Fat and Bone Volume
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Figure 36. Body mass was positively correlated to A.) fat pad weights and B.) irn vivo microCT fat volume.
Data are represented as individual animals for all time points throughout the study. (Linear regression)

(r*=0.36, p<0.0001, r*=0.29, p<0.0001)

Animal body mass was correlated to in vivo microCT fat volume. (r2=0.36,

p<0.0001) Animal body mass was also correlated to fat pad mass. (r*=0.29, p<0.0001)
(Fig. 36)

At 12 months of age, high dose ALN

70000 4

and PTH showed similar slopes as
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"‘; s regression of fat volume to body
% e mass. (p=0.94, ANCOVA) However,
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matched controls indicating reduction

10000 4
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during treatment. (p<0.0001) (Fig. 37)
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Figure 37. Body mass was positively correlated to fat volume at 12 months of age, in age matched control (AM),
high dose alendronate (H-ALN) and high dose parathyroid hormone (H-PTH) groups. The slopes are similar
but the treated animals have lower body mass to fat relationship. (Linear Regression, ANCOVA) p<0.0001
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Figure 38. AM controls and high treatment groups were pooled and OVX controls and low treatment groups
were pooled for all 12 month data. Body mass was positively correlated to bone volume in AM and treated
animals and the correlation was strengthened with just AM, H-ALN and H-PTH groups . Body mass was not
correlated to body weight in OVX and low dose treatment. (Linear Regression) (r*=0.12, p<0.05) (r*=0.36,
p<0.01) (r’=0.018, p>0.05)

Body mass was indicative of bone volume in healthy animals pooled with all
treated animals except L-PTH and L-NaF. (r*=0.12, p<0.05) The relationship was
strengthened when only AM controls, H-ALN and H-PTH animals were included.
(’=0.36, p<0.01) However, in OVX poled with low dose treated animals there was no

correlation. (r2=0.018, p=0.41) (Fig. 38)
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In vivo apparent mineral density was correlated to body mass when H-ALN and
H-PTH treated animals were pooled. (r220.25, p<0.02) However this correlation was not
true for the combined data set of OVX controls pooled with L-PTH and L-NaF treated
animals. (r*=0.01, p=0.5) There was no significant difference in slopes of the lines but the
high dose animals had a significantly higher elevation than the OVX animals. (p<0.001)
(Fig. 39)
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Figure 40. Body mass was not correlated to bone density at 12 months of age in the combined data set of OVX
controls pooled with L-PTH and L-NaF. (Left) It was positively correlated in the combined data set of AM
controls with ALN treatments and H and M-PTH and H-NaF. (Middle) The high dose treated animals had a
higher slope than AM controls pooled with M and L-ALN and M-PTH. (Left) (Linear Regression, ANCOVA)
p<0.01

There was a weak correlation between body mass and bone volume fraction of the
trabecular bone from the L4 vertebral body in AM controls pooled with M and L-ALN
and M-PTH at 12 months of age. (r2:0.12, p<0.05) H-ALN, H-PTH and H-NaF were
pooled and there was a positive relationship between bone volume fraction and body
mass at 12 months of age. (r*=0.13, p<0.05) In OVX animals pooled with L-PTH and L-
NaF, bone volume fraction was not correlated to body weight at 12 months of age. (’=0,
p=0.94)

There was no difference between the slope of the correlation in AM controls
pooled with medium dose treated animals and the slope of high dose treated animals,
(p=0.7) but high dose treatment had an increased elevation compared to AM controls.

(p=0.01) (Fig. 40)
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Fat Mass is Positively Correlated to Indices of Fat Metabolism

Liver- TG (mg) Liver - NEFA (mEq/L)

400 100 75

Leptin (ng/mL)

Serum- TG(mg/dL) Serum -NEFA (mEq/L)

< " e
05 . R o

e

v_i‘

i

50000 75000 0 25000 50000 75000 0 25000 50000 75000

Total Adipose Volume (mm?)

0 25000 50000 25000 50000 75000

Figure 41. Metabolic parameters: liver triglyceride concentration (Liver -TG (mg) ), liver non-esterfied free
fatty acid concentration (Liver — NEFA (mEq/L)), serum leptin concentration (Leptin (ng/ml)), serum
triglyceride concentration (Serum-TG (mg/dL)) and serum non-esterfied free fatty acid concentration (Serum —
NEFA (mgEq/L)) were each correlated to body mass (top row), fat pad mass (middle row) and total adipose
volume (from in vivo microCT) (bottom row). There was a significant positive relationship in all correlations
except serum NEFA concentration to body mass, fat pad mass and total adipose tissue.

This analysis showed that there was a positive relationship between body mass,

fat pad mass and total fat volume correlated to all indices of fat metabolism and tissue

level fat content in the liver as well as in the serum. Data was significant for all analyses

except serum NEFA concentrations. (Fig. 41)
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Indices of Bone Quality are Negatively Correlated to Indices of Fat
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Figure 42. Fat pad mass was negatively correlated to bone
volume fraction in all animals pooled for 6 (black -squares), 8
(black-diamonds), and 12 months (gray -circles). 12 month

had a higher elevation than 8 months which was higher than
6 months. (ANCOVA) p<0.0001
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There was a weak negative
correlation between fat pad
mass and bone volume
fraction. (r2=0.32, p<0.05)
Slopes for 6, 8 and 12
months were identical,
(p=0.98), but there were
differences in elevations
indicating age caused an
upward shift in the
relationship of fat pad mass
to bone volume
fraction.(p<0.001) This data
demonstrated the negative
relationship between fat and

bone quality. (Fig. 42)
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Figure 43. A) There was a negative correlation between liver TG content A.) in vivo apparent mineral density,
B.) ex vivo apparent mineral density and C.) ex vivo BV/TV. (Linear regression) (r’=0.18 or 0.21, p<0.0001)

There was a weak negative relationship between both bone volume fraction and

apparent mineral density to liver TG content. This indicated that animals with higher
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indices for trabecular microarchitecture subsequently had better metabolic health indices.

(?=0.18, p<0.0001) (Fig. 43)
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Figure 44. There was a negative relationship between BV/TV and Liver TG in AM Controls (Black squares,
black line), ALN treated animals (Black —triangles, blue line) , PTH treated animals (black — diamonds, green
line) or OVX pooled with L-PTH and L-NaF had low bone volume fraction with a large array of liver
triglyceride content (Dark gray-diamonds, black line).

Bone volume fraction was negatively correlated to the triglyceride levels in the
liver in AM controls (black line), PTH treated (green line) and ALN treated animals (blue
line). When pooled there was a significant negative correlation. (r*=0.12, p<0.05) There
was no correlation in the combined dataset of OVX pooled with L-PTH and L-NaF.
(r*=0.07, p>0.05)
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Figure 45. Apparent mineral density correlated to liver triglyceride content for all animals at 12 months of age.
Animals were grouped as age matched controls pooled with high sodium fluoride (black - square), ovariectomy
controls pooled with low sodium fluoride and low PTH (grey- triangle), H and M-PTH groups pooled (green -
circle) and all alendronate treatments pooled (blue- triangle).

12 month AM controls pooled with H-NaF treated animals showed apparent
mineral density was positively correlated to liver triglyceride content. (r*=0.3, p=0.03)
There was no relationship in OVX controls pooled with L-PTH and L-NaF groups.
However, during H and M-PTH treatment, apparent mineral density was strongly and
negatively correlated to triglyceride content. (r’=0.57, p<0.001) H, M and L-ALN
treatment also negatively correlated apparent mineral density with triglyceride content
but the relationship was not as strong as that seen with PTH treatment. (r°=0.15, p<0.05)
PTH treatment had a significantly steeper negative slope than ALN treatment.(p=0.07) In
both ALN and PTH treated animals, animals that responded the best to treatment, with
the highest apparent mineral density had the lowest TG content in the liver. (Fig. 45)
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4.5 DISCUSSION
Fat accumulation associated with menopause can have devastating consequences

on fat metabolism and metabolic health (Poehlman, 1995). During menopause the
reduction in estrogen causes an increase in body mass, visceral fat and tissue fat
accumulation within organs (Heilbronn, 2004). Post-menopausal obesity is associated
with reduced metabolic health and can result in reductions in bone mineral density and
fracture (Nordin, 1992, Reid, 1992).

The effects of drug treatment on the cellular mechanisms responsible for
adipogenesis were not elucidated during osteoporosis treatment. The data represented in
this chapter can therefore not be assigned causation instead only represent associations
between parameters of bone and fat and their interrelationship throughout osteoporosis
drug treatment in the ovariectomized rat. Understanding the effects of drugs on the
common progenitor of bone and fat cells, the mesenchymal stem cell would have been
beneficial for understanding the effects of drugs on adipogenesis and will be considered
during future work.

Body mass was positively correlated to fat pad mass as well as total fat volume.
This indicates that larger animals had more fat than smaller animals. High doses of ALN
and PTH had a similar relationship between body mass and fat volume but the amount of
fat to body weight was reduced compared to AM controls at 12 months. This indicates
that treatment affected the fat accumulation within individual animals, even if overall
group differences in fat volume were not significantly reduced. In AM control animals,
bone volume and bone density were positively correlated to body mass. Those with larger
mass mechanically load their bones with higher mechanical forces and skeletal adaption
increases the overall size of the skeleton to absorb these loads (Lanyon, 1996). Bone
volume and bone density was severely affected by ovariectomy, which interrupted the
healthy relationship between body mass and bone. OVX animals treated with high and
medium dose osteoporosis drugs were successful at normalizing the relationship between
body mass and bone volume as well as body mass and bone density; relationships were
similar to those seen in healthy age matched controls. The relationship was strongest

during high dose treatments.
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The serum and liver metabolic levels were positively correlated to total fat
volume and fat pad masses. This relationship was also seen in obesity studies and in
patients with metabolic syndrome (Poehlman, 1995, Matthews, 1989). Body weight and
fat content are good indicators for triglyceride, free fatty acids and leptin concentrations.
Animals with higher fat content should have elevated levels of TG, NEFA and leptin
demonstrating a reduction in metabolic health. This relationship between fat
accumulation and TG, NEFA and leptin levels indicates the link between circulating
concentrations and uptake and storage into adipose tissue. The body collects excess fatty
acids, to prevent lipotoxicity, by sequestering free fatty acids by adipocytes and
accumulate fat into adipose depots (Wu, 2007).

Increases in body weight, fat pad and total adipose tissue correlated to all
parameters except serum NEFA concentrations. However this could be a result of
hemolyzed samples used for NEFA determination or the use of heparin during blood
collection which has been reported to interfere with the assay’s enzymatic reaction. In
general larger, fatter animals had higher metabolic parameters indicating the direct effect
of weight gain, associated with post-menopausal osteoporosis as well as aging, on
metabolic health.

Obesity has been shown to have detrimental effects on bone quality (Szulc, 2010,
Luu, 2009). Indices of bone quality were determined through ex vivo pnCT. The structural
microarchitecture of trabecular bone was disrupted with ovariectomy, but was prevented
with osteoporosis drug treatment. Apparent mineral density and bone volume fraction
were both negatively correlated to parameters of tissue fat accumulation. Reid et. al,
found that there is a positive relationship between total fat content and bone mineral
density in pre-menopausal women, this correlation was independent of body mass or lean
tissue mass. We saw similar results in bone volume fraction compared to triglyceride
content in OVX with treatment as well as in AM controls.

Apparent mineral density was negatively correlated to fat content in both PTH
and ALN treated animals. This indicates that treatment can directly improve bone health
but also indirectly improve metabolic health. The animals that were affected the
strongest, with the best bone mineral density and bone volume fraction also had the

lowest metabolic numbers. This relationship does not determine causation, proposing that
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decreasing triglyceride content would result in an increase in bone density would be
incorrect. However, it does suggest that the treatments target increased osteogenic
cellular processes and may indirectly decrease adipogenesis. It can be hypothesized that
the common progenitor to both bone and fat cells, the mesenchymal stem cell, may be
affected by ALN and PTH treatment. Ogita et. al found that PTH can differentiate
periosteal osteoblast progenitor cells towards osteoblastic lineages. This indicates the
implications of PTH on both bone and fat metabolism by modulation of the mesenchymal
stem cell away from adipocyte lineage and towards osteogenic lineage (Ogita, 2008).
Long term osteoporosis drug use in the ovariectomized rat model improved
indices of bone health but also reduced fat accumulation and prevented deterioration of
metabolic health seen in ovariectomized control animals. Treatment normalized the
relationship between bone and fat and created a negative association between indices of
bone quality and fat content. The effects of osteoporosis drug treatment on post-
menopausal bone loss and fat accumulation shows the benefits for osteoporosis as well as
obesity. Drugs that can Increase bone quantity and quality while simultaneously
decreasing tissue fat accumulation and improving fat metabolism would help in
treatments for both osteoporosis and obesity and have therapeutic implications for

millions of people.
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CHAPTER 5

CONCLUSIONS
5.1 SUMMARY
Aging plays an important role in body mass and fat accumulation. Ovariectomy

accelerates these changes and also decreases indices of bone quantity and quality.
Alendronate, parathyroid hormone and sodium fluoride all worked at preventing losses to
bone volume, density and microarchitecture. However, the drugs also influenced
metabolic parameters and prevented fat accumulation throughout the body.

Current treatments of osteoporosis are commonly prescribed after bone loss has
already occurred and fat mass has increased. By using these drugs as a preventative
medicine, it may be possible to prevent the onset of bone loss related to estrogen
withdrawal as well as to prevent fat accumulation. By using the drugs with the intention
of targeting both bone and fat, treatments could help to reduce incidences of osteoporosis
as well as obesity and type 2 diabetes. This type of prevention would be a promising
therapeutic technique to help reduce health care costs and improve the overall health of

an enormous population of people suffering from these diseases.

5.2 LIMITATIONS
The grant written for this study is focused on changes in bone quality as detected

by changes in chemical composition as well as sub-micron-scale changes in
microarchitecture through FTIR microscopy and nanoCT technologies. Since this
research project attempts to understand how osteoporosis drugs affect metabolism and
body composition there are several important pieces of information that would have been
beneficial for a stronger understanding of the changes in bone quality and how quality
relates to fat accumulation and metabolism.

Body weight parameters and in vivo microCT were used to determine changes in
body composition throughout the study. However, there is no information on the
metabolic activity during treatment. This information could have been collected by
monitoring food intake to measure caloric intake during treatment duration. It is possible
animals were heavier because of changes in metabolic indices and how food is processed,
or simply because ovariectomized animals eat more food. Also, energy levels may be

different in ovariectomy and ovariectomy with treatment. This could be measured
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through calculating aerobic activity using metabolic cages with rat wheels to monitor
exercise and activity levels. Ovariectomized rats may be more sedentary than healthy AM
controls leading to increased body mass and decreased metabolic health.

A potential cause for reduced fat accumulation in treated animals is their exposure
to daily or twice weekly injections. This could have caused an increase in metabolic
activity. Injections were given during the day which is when rodents undergo their sleep
cycle. The stress of the injection could have changed their activity levels, as well as
introduced a period of exercise after receiving injections when animals are usually at rest.
In order to determine whether this is the cause for reduced fat accumulation, a saline
sham injection could have been given to all control animals, and all animals that did not
receive injections. This way all animals would have received the same stimulus for the
same number of days of the week. Because our low dose PTH treatment was ineffective
at inducing bone formation it may be possible to elucidate the direct effects of injections
on fat accumulation by considering this treatment dose as a saline control injection.
Further analysis needs to be conducted to determine the overall implications of this
missing control on the results of this study.

Indices of metabolic health could have been determined throughout the treatment
period via blood draws to test for TG, NEFA and leptin in order to determine longitudinal
changes throughout the study. One of the biggest limitations of this study is the
comparison of metabolic parameters between time points. We did not have baseline
readings for the individual animals, longitudinal differences would have given a more
direct measurement of how concentrations changed throughout the course of treatment.

It would have been valuable to determine the effects of osteoporosis drugs on the
stem cell population. This type of information would help to explain causation in some of
the relationships we saw between bone and fat parameters. If the stem cell population
was in fact affected by treatment, it would validate the hypotheses as to why there was a
negative correlation between bone quality and triglyceride content during ALN and PTH
treatment. Understanding the stem cell population would determine whether ALN and
PTH are influencing mesenchymal stem cell differentiation through direct stimulation,
during PTH treatment or perhaps indirectly through other cytokine signaling, during ALN

treatment.
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5.3 FUTURE DIRECTIONS
Bone quality and changes in fat metabolism are important concerns during

extended long term osteoporosis pharmaceutical use. People need to consider the benefits
as well as the risk of remaining on therapeutics to treat bone loss for long periods of time.
A better understanding of long term drug use in the rat model will provide information
for optimal recommendations of use in the clinical setting.

Bone quality was measured through trabecular architecture in this study.
However, there are a variety of sources that provide a higher resolution of imaging as
well as additional quantitative information. A study of different anatomical locations,
including the femoral head, midshaft and diaphysis as well as the trabecular metaphysis
will provide insight into site-specific drug related changes. Bone strength will be
measured through a series of mechanical testing, from whole bone — to cortical bone
samples — to nanoindentation.

Treatment induced changes in chemical composition in both cortical and
trabecular bone will be conducted at Brookhaven National Labs (BNL) with the use of a
Fourier Transfer Infrared Microscopy. This will provide valuable information on the
potentially detrimental changes in bone’s quality due to sodium fluoride treatment, as
well as long term alendronate treatment. NanoCT conducted at BNL will provide changes
in cortical architecture including differences between cortical pore size and number.

Bone’s chemical, microarchitectural and mechanical properties during
ovariectomy will provide insight into the role and affect that short and long term
treatments play on bone quality. The data collected from this master’s thesis has
provided valuable information on fat accumulation and metabolic health of
ovariectomized animals. With these data, it will be possible to draw conclusions on the
interaction between bone quality and metabolic health in the ovariectomized rat model

during osteoporosis treatment.
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