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ABSTRACT

INVESTIGATION INTO THE MECHANISMS OF BONE LOSS IN A SHEEP MODEL OF

OSTEOPOROSIS

Osteoporosis is the most common metabolic bone disease in humans and the leading
cause of fragility fractures in the aging population. Given the invasiveness of researching bone
diseases in people, appropriate animal models are essential to both build our understanding of the
disease as well as examine novel therapeutics. While small animals and rodents are more
commonly used as models in bone research, large animal models offer the ability to perform
robust, long-term studies on bone quality with higher translational impact. Ovariectomized sheep
are a well-established large animal model for osteoporosis because of the comparable bone size
and microarchitecture that is shared with humans. While the ovariectomized sheep has been
utilized for decades as a model for the study of bone, many gaps in the model characterization
remain. Based on results from a preliminary literature search, we developed study objectives and
hypotheses to expand upon current knowledge gaps in the characterization of the sheep model of
osteoporosis. In order to test these aims, we performed a single 12-month in vivo study utilizing
sixteen ewes. Osteoporosis was induced experimentally in ten of these ewes via ovariectomy
followed by a 24-week regimen of high dose corticosteroids, while six ewes were used as healthy

seasonal controls.

In our first aim, we compared the bone density and microarchitectural changes in the

osteoporotic animals as compared to healthy controls over the course of a year. Dual-energy x-



ray absorptiometry (DXA) scans revealed significant bone density loss in the osteoporotic
animals in both the lumbar spine and tibia as compared to control animals. We also noted
significant microarchitectural changes in iliac crest bone biopsies of osteoporotic animals as
indicated by micro-computed tomography (microCT), including decreased bone volume fraction,
trabecular thickness, and trabecular number, as well as increased trabecular spacing.
Additionally, we compared the use of quantitative computed tomography (QCT) and DXA to
measure bone mineral density and correlated those findings with microarchitectural parameters
in the osteoporotic animals. We demonstrated superior QCT sensitivity and specificity to subtle
bone changes in the lumbar spine as compared to DXA, as well as demonstrated a higher

correlation of QCT with iliac crest biopsy microarchitectural changes.

The second aim of our study was to explore the systemic and clinical impacts of
osteoporosis model development in our ten sheep compared to the healthy control animals. To
test this aim, we collected blood, bone marrow, and body weights throughout the course of the
year-long study. Osteoporotic animals demonstrated significant impacts to hematology and
serology blood levels over the course of model development, primarily at 3 and 6-months when
corticosteroids were at peak use. In particular, we note significant reductions in monocytes,
lymphocytes, and eosinophils at 3-months with accompanying neutrophilia, as well as an
increase in platelet count and volume. We also observed an increase in serum phosphorus and
electrolytes, decrease in kidney enzymes and total protein, and an increase in select liver
enzymes at 3 and 6-months in the same animals. Serum cortisol and estradiol were significantly
depleted at 3 and 4-months, respectively, in the osteoporotic animals. However, estradiol levels

were maintained to control levels for the remainder of the study. All these changes indicate



disruptions to multiple physiologic systems over the course of osteoporosis induction in sheep

which may highlight the acute effects of administering high-dose glucocorticoids.

In the third and final aim of this study, we investigated the morphometrical and
proteomic changes in the bone of sheep following osteoporosis induction over the course of a
year. Histomorphometry of iliac crest bone biopsies revealed decreases in trabecular bone area in
osteoporotic model animals compared to healthy controls, while negligible differences were
observed in cortical bone morphometry. Initial global untargeted proteomic outputs identified a
total of 4,765 proteins from the iliac bone biopsy samples, 909 of which were determined to be
differentially expressed over the course of model development in our osteoporotic sheep.
Pathway analysis of differentially expressed proteins (DEPs) revealed unique enriched pathways
at all time points. Enrichment of biological processes such as monocyte differentiation,
metabolic processes, regulation of chromosome condensation, and immune responses were noted
throughout osteoporosis development. When comparing the 909 DEPs between time points, we
identified seven downregulated proteins shared between all time points as compared to baseline
in the osteoporotic animals (CTR9, INPP5D, CDK6, PPP2R5C, NUP133, ITPRIPLI,

WS5PH60 SHEEP). Pathway analysis of these shared proteins revealed enrichment of p53
signaling, mRNA surveillance, sphingolipid signaling, and P13K-Akt signaling pathways. This
study was the first to report on the proteomic changes of bone in conjunction with morphometry

assessments in a sheep model of osteoporosis.

All three of our described experiments allowed us to successfully fill in some of the

knowledge gaps in the characterization of a large animal model of osteoporosis by further



assessing both macro and micro changes in ovariectomized and steroid-dosed sheep over the
course of a year. Large animal preclinical models offer researchers the ability to compare bone
changes in the same animals over time, allowing for a more comprehensive insight into the
progression of postmenopausal and age-related bone loss. Understanding the mechanisms
driving bone loss and systemic changes in osteoporosis disease progression could aid in future
cellular therapy research and investigation of novel pathway targets for osteoporosis treatment in

humans.
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CHAPTER 1:
OSTEOPOROSIS AND THE OVARIECTOMIZED EWE

1.1 Introduction

Osteoporosis is a complex disease resulting from a multitude of environmental and
genetic factors, affecting over 200 million people worldwide [1]. As the most prevalent
metabolic bone disorder, osteoporosis is the leading cause of fractures in the elderly population
[2]. A hip breakage can be detrimental to lifestyle and patient autonomy, and can even
significantly increase the likelihood of early death in these patients. Osteoporosis not only causes
fragility fractures, but it can also contribute to a slew of comorbidities resulting from poor bone
quality. Orthopedic surgical repairs, such as rotator cuff tendon reattachment [3], spinal fusion
[4], and fracture fixation [5] have a much poorer prognosis of healing in patients with

osteoporotic bone.

1.1.1 Pathophysiology of Osteoporosis

Skeletal bone is dynamic, constantly turning over throughout our lifetime and replacing
old microdamaged bone with new mineralized bone [6]. By the time we reach our late 20’s, we
will have reached our peak bone mass. The remainder of our lives then becomes a battle to
prevent bone loss. Bone remodeling is a complex but well-balanced process that follows five
main phases. First, osteoclastic precursors are recruited to the site of bone remodeling
(“Activation”), followed by osteoclast-mediated bone mineral degradation of the bony surface
(“Resorption”). Following resorption, cytokines switch the mechanism to bone formation by
activating osteoblasts (“Reversal”’) which synthesize an osteoid matrix and collagen deposition

mineralizes to form new bone (“Formation”). Finally, osteoblasts undergo apoptosis and bone



formation is halted (“Termination”) [7]. Osteoporosis results from an imbalance between bone

formation and bone resorption, resulting in poor bone quality over time.

There are two main forms of osteoporosis, each with distinguishing etiologies: primary
and secondary. Primary osteoporosis results from natural aging processes, such as loss of
gonadal production of estrogen or age-related senescence of bone cells [7]. Secondary
osteoporosis results from a known cause other than age, such as taking certain medications, other
primary diseases, and limb disuse [8]. Although the clinical outcome between these two forms of
osteoporosis is the same, the mechanism by which they cause bone loss is different.
Postmenopausal osteoporosis is the most common form of primary osteoporosis, and it is
estimated that approximately one third of postmenopausal women will experience at least one
fragility fracture due to osteoporotic bone in their lifetime [9]. It was initially hypothesized in the
1940s that bone loss in women following menopause was primarily caused by the defective bone
formation function of cells. However, further research later demonstrated that postmenopausal
bone loss was actually caused by rapid bone resorption rather than decreased bone formation [7].
Estrogen plays several key roles in bone regulation by directly and indirectly inhibiting bone
resorption. Cytokines involved in activating osteoclastogenesis, such as interleukin-1 (IL-1), IL-
6, and tumor necrosis factor (TNF), are suppressed by estrogen in order to prevent excessive
resorptive activity [7, 10, 11]. Additionally, estrogen actively inhibits receptor activated nuclear-
kappa (RANK) and RANK ligand (RANKL) indirectly by activating osteoprotegerin (OPG),
which acts as a soluble ligand for RANK [7, 12]. Following menopause, the body’s main source
of estrogen is depleted, and thus the regulatory effects of bone resorption are dampened. Bone

loss initially occurs in trabecular bone during the first 4-8 years following menopause, followed



by a persistent and slower loss in both trabecular and cortical bone during later years [11]. This

first phase of osteoporosis typically results in an average of 10% trabecular bone loss [11].

Glucocorticoid-induced osteoporosis (GIOP) is the most common form of secondary
osteoporosis. Glucocorticoids are regularly used to treat a wide array of autoimmune and
inflammatory disorders, including rheumatoid arthritis and chronic obstructive pulmonary
disease (COPD). Epidemiological studies show that up to 4.6% of postmenopausal women are
prescribed glucocorticoids to treat a variety of other conditions [13]. However, patients who are
prescribed synthetic glucocorticoids, such as prednisone and prednisolone, are associated with a
significantly increased risk of hip and vertebral fractures [14]. It has been shown that patients
who are administered glucocorticoids for longer than 6-months are at a significantly greater risk
of developing osteoporosis [15]. Contrary to postmenopausal osteoporosis, GIOP causes a “low-
turnover” form of osteoporosis resulting from decreased bone formation secondary to impaired
osteoblastic differentiation and function rather than impairment to bone resorption [16, 17].
Patients who experience a GIOP fracture often show higher bone density reading than those with
postmenopausal osteoporosis, making it difficult to diagnose based solely on clinical bone
scanning [16]. Supraphysiologic levels of glucocorticoids suppress serum bone formation
markers, such as osteocalcin (OC), alkaline phosphatase (ALP), and procollagen type I N-
terminal propeptide (PINP) [17]. Glucocorticoids induce PPAR-gamma2, which plays a key role
in adipogenesis by opposing Wnt/beta-catenin signaling, therefore inhibiting osteoblastogenesis
[18]. Glucocorticoid administration also inhibits osteoblast-driven synthesis of type I collagen, a
major component of the bone extracellular matrix (ECM), resulting in a decrease in the bone

matrix available for mineralization [18].



1.1.2 Diagnosis and Treatment of Osteoporosis

Osteoporosis is diagnosed according to two main factors: bone density and fracture
history. The prevalence of disease varies depending on whether it is defined by one factor or the
other. Typically, individuals are formally diagnosed with osteoporosis either when their bone
mineral density (BMD) T-score is less than -2.5 as compared to the healthy population, or if the
patient has a history of at least one previous fragility fracture [19, 20]. Fragility fractures are
defined as a bone fracture resulting from minimal force, such as falling from standing height.
While BMD and fracture history are arguably two of the most important factors in predicting
fracture risk, many other variables contribute to bone fragility in osteoporosis. Lifestyle
variables, such as excessive consumption of alcohol, smoking, and lack of exercise, as well as
genetic factors, all play a role in predisposing a patient to bone loss [21]. The Fracture Risk
Assessment Tool (FRAX) was developed by the World Health Organization to predict an
individual’s propensity for hip or major osteoporotic fracture based on all of these established
risk factors [22]. Additionally, serum biomarkers of bone resorption and formation can act as an
additional predictive method of bone health. Serum levels of osteogenic markers, such as OC,
ALP, and PINP, as well as resorptive markers, including N-terminal/C-terminal crosslinking
telopeptides of type I collagen (CTX, ICTP) and deoxypyridinoline (DPD), can serve as useful

indirect measurements of bone activity [23].

Poor bone quality and low bone density are a result of many different variables, making
osteoporosis a difficult disease to not only diagnose, but also to treat. Factors such as pre-

screening bone scans, fracture history, and age play a significant role in determining how a



patient should be treated [24, 25]. Pharmacological treatments are typically separated into one of
two categories based on mechanism of action: antiresorptive, which are drugs that target
osteoclast-mediated bone resorption (i.e., bisphosphonates), or anabolic, which are drugs that
stimulate osteoblasts to form new bone (i.e., teriparatide) [22, 24]. Bisphosphonates are the most
common first-line pharmaceutical treatment in the prevention of osteoporotic fractures as they
are effective at progressively increasing patient bone density over time [24]. However, rare but
serious adverse events, such as osteonecrosis of the jaw and atypical femoral fractures, have been
reported in patients undergoing long-term bisphosphonate treatment [26]. Although several
medications are approved for both the treatment and prevention of osteoporotic fractures,
understanding the bone loss etiology and age of the patient is key in appropriate clinical
management. For the treatment of postmenopausal osteoporosis in individuals with no prior
fracture history, bisphosphonates such as alendronate and risedronate, are acceptable as first line
options. However, those individuals at higher risk of fracture may be prescribed non-
bisphosphonate treatments, such as denosumab or teriparatide, which are more anabolic in
mechanism [24]. Osteoporotic fractures can also be prevented by implementing lifestyle
changes. Weight-bearing exercises, limiting alcohol consumption, and implementing a daily
intake of vitamin D and calcium have all been shown to have long-term beneficial effects on

maintaining skeletal microarchitecture [22, 25].

1.2 Animal Models of Osteoporosis
Osteoporosis results from a combination of factors, from genetics and nutrition to
lifestyle and age. Since there is not one single cause of osteoporotic bone loss and fragility

fractures in humans, any number of methods could be employed in our animal models to



replicate some form of the human condition. It is, however, imperative to acknowledge the
population for which the model is intended to represent. This all to say, there is no single
“correct” model of osteoporosis and selection of the model is highly dependent on the research

objectives.

1.2.1 Regulatory Guidelines for Conducting Preclinical Osteoporosis Studies

Novel drugs intended to prevent or treat osteoporotic fragility fractures must go through a
rigorous preclinical assessment in appropriate animal models prior to initiation of human clinical
trials. While this is not unlike other pharmaceutical development pathways, there is an emphasis
on the preservation of bone quality in addition to the standard safety and toxicity standards for
medications intended to treat osteoporosis [27]. In short, preclinical study results must display
both the enhancement of bone mass and as well as bone strength. Animal model selection is
therefore an essential component in the nonclinical/preclinical evaluation of therapeutics
indicated for osteoporosis prevention and treatment. Guidelines published by the Federal Food
and Drug Administration (FDA) state that for any nonclinical study intending to assess the
quality of bone, “the sponsor should select osteoporosis models that are relevant to the specific
clinical indication for which the drug is being developed. For postmenopausal osteoporosis, bone
quality studies should be conducted in ovariectomized animals.” [28, 29]. It is also recommended
that two species be utilized in these bone quality studies. For example, the ovariectomized rat
and a larger ovariectomized nonrodent species with more extensive cortical remodeling (i.e.,
nonhuman primate, sheep, pig, or dog) are commonly used in conjunction with one another [29].
Similarly, the World Health Organization (WHO) provides guidelines highlighting that results

acquired from preclinical studies are necessary to further influence the study design for clinical



trials, including determination of the required duration of drug treatment and patient follow-up
[27, 30]. While not every animal can perfectly satisfy all study guidelines set forth by the
regulatory agencies, as there are inherent limitations with each animal system, comprehensive
characterization studies of our animal models are important and necessary references for the
osteoporosis research community. Research outcomes are meaningful only if they are tested in

appropriate and clinically relevant models.

1.2.2 Animal Models of Postmenopausal Osteoporosis

Due to the invasiveness of bone research, much of the current concepts surrounding
osteoporosis pathophysiology have been extrapolated from animal studies. There are many
animal models available to study the different etiologies of osteoporosis. The most commonly
accepted method of modeling postmenopausal bone loss is via ovariectomy (OVX), as
mentioned in the previous section. This process involves removal of both ovaries and, in turn, the
removal of the female body’s main source of estrogen synthesis. While this is a canonical way to
induce a postmenopausal osteoporosis model, it has limitations in many common animal
systems. For example, in mice, it has been observed that the loss of cancellous bone occurs
following OVX, but not cortical bone [31]. The rat, on the other hand, does a nicer job at
mimicking the human condition of postmenopausal bone loss by exhibiting similar “bone
resorption exceeding bone formation” mechanisms [32]. It has been shown that significant bone
loss occurs in the proximal tibia metaphysis of the rat in as little as 14 days following OVX, in
the femoral neck after 30 days, and in the lumbar vertebrae after just 60 days [31]. However, the
two major drawbacks to using a rodent as a model for osteoporosis is the inability for the animals

to truly reach skeletal maturity [32], as well as the lack of secondary cortical Haversian bone



remodeling capabilities [33]. The most clinically relevant model to humans may be the
nonhuman primate (NHP), as this is the only other species known to experience a true
menopause comparable to humans. These animals similarly show high levels of bone turnover
accompanied by rapid bone loss over 3 months following OVX [34]. However, ethical
considerations, requirement of specialized personnel and facilities, and high cost of animal use
all limit the use of NHPs in bone research. Other commonly accepted non-rodent animals include
the rabbit and sheep. These animals both present with bone turnover mechanisms more aligned
with postmenopausal women and include Haversian cortical remodeling. OVX in the sheep has
demonstrated increases in the bone porosity, eroded surfaces, and osteoid surfaces of cortical
bone [31]. Additionally, select markers for bone resorption and formation also follow human
clinical trends, whereby levels of each are observed to be at the highest levels following 3-4
months following osteoporosis induction [31]. Yet, the bone loss produced by OVX alone in
sheep is not typically as severe as what is observed in the rodent model and does not develop
sufficient osteoporosis to mimic clinical bone loss in humans. Sheep also display fluctuations in
bone density affected by seasonality [35, 36], requiring either the enrollment of a control group
or pursuit of a longitudinal study greater than or equal to a year to control for these variations.
While OVX is the primary method by which postmenopausal osteoporosis is modeled in
animals, select genetic mouse models are also available to model estrogen-driven bone loss.
Mice with conditional knockout of estrogen receptor alpha (Esrl) in both osteoclasts and

osteocytes can be used to understand the direct mechanism of estrogen on the bone cells in vivo

[37].

1.2.3 Animal Models of Glucocorticoid-Induced Osteoporosis



To model glucocorticoid-induced osteoporosis (GIOP), animals are typically
administered a regimen of high dose corticosteroids such as prednisone or prednisolone. While
rodents offer a cost-effective model for researchers, there are limitations to their use in modeling
GIOP. Rats and mice display significant phenotypic variability based on the age of the animal,
dosage of corticosteroid administration, and duration of treatment [31]. There is also a minimal
amount of trabecular loss in rodent models, which is also a notable limitation with their use in
OVX-induced osteoporosis, and inconsistent with the human condition [32]. Rabbits, conversely,
have been shown to model GIOP similarly to humans, displaying a reduction of both cancellous
and cortical bone following administration of prednisolone [31]. Moreover, rabbits display
Haversian bone remodeling and therefore can be used to understand impacts of glucocorticoids
on the cortical bone [32]. The small bone size and relatively limited amount of cancellous bone
present in rabbits does, however, present an inconvenience if utilizing bone densitometry to
monitor in vivo changes in bone density [32]. In sheep, treatment of glucocorticoids results in a
similar GIOP phenotype to humans and allows investigators to also evaluate the surgical
treatment of fractures in similarly sized bones [32]. It should be taken into consideration that
bone loss is reversed after discontinuation of glucocorticoid treatment in most animal models of
GIOP. Additionally, high doses of corticosteroid administration can have detrimental effects on
the animal by suppressing the immune system. This is especially a problem in large animal

species and highlight the importance of implementing a taper dosing regimen [32].

1.2.4 The Sheep Model of Osteoporosis
As mentioned previously, the ovariectomized sheep is a commonly accepted translational

model for osteoporosis research. In the early 1990’s, it was observed that removal of the ovaries



by OVX in sheep resulted in a decrease in bone density over time. Following OVX, implantation
of an estradiol device was able to return density levels of the animals to normal levels [38, 39].
While the sheep had previously been accepted as a translational large animal model for medical
device research in bone [40], this was the first time the sheep was specifically suggested for use
in postmenopausal osteoporosis studies [41]. This model has since been widely used for decades
as the standard large animal model of postmenopausal bone loss [42, 43]. By the early 2000’s,
the model had evolved to include multiple methods of induction in addition to OVX to further
drive rapid bone loss, including the addition of corticosteroid injections [44, 45] and diet
manipulation [46, 47]. Preclinical studies began reporting use of sheep to assess fracture healing
in osteoporotic bone [48], as well as to test medical devices indicated for use in osteoporotic

patients affected by fracture in the lumbar spine [49-53] and long bones [54-56].

Rising availability of -omics, genomic sequencing, and single-cell laboratory techniques
has opened the field of osteoporosis research to investigate not only the cellular and histological
manifestations of bone, but also the molecular pathways that drive bone loss. Mouse models
have been the standard for deducing genetic effects on bone through knockout and knock-in
experimentation, as the mouse genome has been thoroughly researched and annotated. Large
animals, on the other hand, have only been able to fill in certain gaps when the mouse fails to
recapitulate mechanisms of bone loss observed in humans. While the sheep is a relevant model to
assess bone quality, there are gaps that do not allow the sheep to fit within some of the current
trends of osteoporosis research. For example, the sheep genome has been vastly under-annotated
compared to that of the laboratory mouse, leaving genetic and -omics research in the large

animal model sparce. Yet, there is a consistent need for more translatable animal models,

10



especially in regards to cortical bone remodeling. Additionally, the large animal models offer a
way to monitor long-term changes in bone quality using the same animals over time and collect a
wide array of biological samples. While the use of large animal models is not always appropriate
to answer each research question regarding bone loss, they certainly can be utilized to help
answer the larger research question when used in conjunction with small animal models and/or

clinical cohort data.

1.3 Literature Review
1.3.1 Search Terms and Database

To determine the knowledge gaps in the characterization of the current sheep model of
osteoporosis, a brief literature review was performed on all previously published sheep
osteoporosis research studies. The literature review was conducted using the search engine
PubMed® (National Library of Medicine, National Center for Biotechnology Information,
Bethesda, MD). Search terms “sheep AND osteoporosis” were utilized and all articles were

compiled.

1.3.2 Inclusion Criteria

Published studies from all available dates were evaluated in the review and no date
ranges were excluded. Articles included were to adhere to the following parameters: 1)
randomized-control experimental studies, 2) studies that included female sheep, 3) studies that
characterized bone and its changes after experimental intervention (i.e., sheep osteoporosis
induction was included in methods descriptions), 4) studies that were performed in vivo, and 5)

articles available in English. Review articles, editorials, commentaries, studies evaluating only

11



normal bone (i.e., no interventional bone loss model employed), field observational studies, or
any studies performed only using explanted tissues, human clinical tissues, or in vitro

tissues/cells were excluded from the review.

1.3.3 Overview of Review Findings

A total of 248 articles were retrieved in the initial literature search. Dates of articles
ranged from 1966 to 2021. Following removal of studies that did not meet inclusion criteria #1-
#4, a total of 116 articles remained. Two additional articles were only available in languages
other than English and were therefore also removed. Thus, a total of 114 articles were included

in this review (Table 1.1).

1.3.4 Common Methods of Osteoporosis Induction

Approximately 46% of articles listed only a single induction method of osteoporotic bone
loss in sheep, while the majority (56%) of articles listed more than one induction method (Fig.
1.1A-B). The most common single induction method was unsurprisingly OVX alone (77%).
Lesser common single induction methods included diet manipulation (6%), external fixator
placement (6%), and using aged/old animals (5%). The least common single induction methods
were the use of corticosteroids alone (2%), hypothalamic-pituitary disconnection (HPD) (2%),
pinealectomy (2%), and parasitic induction (2%) (Fig. 1.1A). Of the combination methods, OVX
with corticosteroid administration and diet manipulation was the most commonly used (43%),
followed by OVX with steroid administration (16%) and OVX with diet manipulation (13%).
Less frequently utilized combination methods included OVX in combination with old age, diet

manipulation, and steroid administration (6%), OVX with HPD (6%), and OVX with old age
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(5%). The least common combination methods of induction of bone loss were OVX with steroid
administration, diet manipulation, and movement restriction (2%), OVX with diet manipulation
and movement restriction (2%), OVX with aromatase inhibitor administration (2%), diet
manipulation with steroid administration (2%), and OVX with steroid administration and old age

(1%) (Fig. 1.1B).

1.3.5 Common Experimental Outcomes

To characterize the outcome parameters previously evaluated in studies using the sheep
model of osteoporosis, all methods from 114 publications were classified into one of eight
categories: 1) bone density and architecture, 2) cellular organization and mineralization, 3) bone
strength, 4) clinical pathology, 5) bone composition, 6) progenitor cells, 7) molecular pathway,
and 8) co-morbidity analysis. The most frequent outcome categories were investigating bone
density and architecture (36%), cellular organization and mineralization (31%), and bone
strength (15%) (Fig. 1.2). The most common methods utilized were microCT, biomechanics,
histology, histomorphometry, and DXA. The least frequently investigated topics were molecular

pathways (2%) and co-morbidity analysis (1%) (Fig. 1.2).

1.3.6 Discussion

Appropriate selection of an animal model is highly dependent on the research question at
hand. Large animal preclinical models offer researchers the ability to compare bone changes in
the same animals over time and gather more comprehensive insight into the progression of
osteoporotic bone loss. Ovariectomized sheep have been used for decades as a clinically relevant

model for postmenopausal osteoporosis by inducing bone loss via similar mechanisms as humans
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[42, 43]. However, this method alone does not induce severe and rapid enough bone loss for
utilization in certain preclinical scenarios. In this review, we explored the other methods by
which bone loss has been experimentally induced in sheep. A combination of induction methods,
such as OVX and steroids or OVX and diet manipulation, has been shown to be much more
effective at producing low quality bone more comparable to human osteoporotic bone [45, 46,
57, 58]. Aged animals (greater than 7+ years) were commonly used in conjunction with OVX
and other methods [39, 48, 59-62]. However, this method may be associated with higher cost
needed to house sheep for multiple years prior to initiation of study. More invasive surgical
models, such as pinealectomy [63], HPD [64-68], and disuse models using external fixators [69-
71] have also been shown to decrease bone density in the sheep. While several methods have
been employed to enhance bone loss in sheep, the most severe has been the inclusion of
corticosteroids. Few publications have briefly reported on the adverse effects observed following
corticosteroid administration in osteoporotic sheep [59, 72, 73], but only one study to date has
attempted to comprehensively evaluate the clinical values associated with steroid administration

in these animals [74].

Outcome methods in sheep osteoporosis studies typically include standard measures of
bone density and structure, such as microCT and DXA, as well as bone strength using
biomechanics. Other methods have been employed to evaluate bone composition, including
ashing and ToF-SIMS, as well as the cellular composition of bone through the use of histology,
scanning electron microscopy (SEM), and other forms of microscopy. In addition to measures
directly applied to the bone, outcomes assessing the systemic impact of osteoporosis have been

utilized in sheep studies, including evaluation of serum bone biomarker levels, hormone levels,
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and urine biomarkers. However, bone marrow pathology, progenitor cell expansion, and in vitro
cellular characterization have less frequently been evaluated in these studies. While sheep have
demonstrated utility in modeling low quality bone for testing of medical devices and bone
cements intended for osteoporotic fracture repair, their use in osteoporosis molecular pathway
research has been limited. One study previously evaluated the impact of osteoporosis induction
on the metabolome in sheep [75], while another investigated RANKL and OPG protein changes
in the bone using immunohistochemistry [76]. Vitamin D receptor mechanisms have also been
studied in a sheep osteoporosis model through RT-PCR analysis of mRNA expression in the
kidney [77]. To our knowledge, no other -omics or genome association studies have been
performed using the sheep in the context of osteoporosis research. Co-morbidity analysis has
been the least frequently researched topic using sheep osteoporosis models to date, limited only
to two studies investigating osteoarthritis and coronary disease in conjunction with osteoporosis
development. Given that there are multiple different co-morbidities associated with osteoporosis,

this is an area of research that should be expanded upon in the future.

The overall goal of this literature review was to highlight the common outcomes of
studies where sheep are utilized to model osteoporosis and the methods by which they are
measured in order to inform the objectives and study design of this overall study. While we
provided our best attempt to comprehensively report on the published literature for all studies
utilizing sheep models of osteoporosis, we acknowledge that there were limitations in this
search. Primarily, we used only one set of search terms (“sheep” and “osteoporosis”), limiting
the results to papers that explicitly state “osteoporosis” in their publication and therefore possibly

excluded publications that utilized alternate terms to “osteoporosis” such as “osteopenia”, “low
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bone density”, and others. Additionally, our use of a single database to complete the search may
have also limited the number of papers that fit our inclusion criteria. Further literature reviews
using multiple search terms and across several databases are required to comprehensively report
on the use of sheep as a large animal preclinical model in osteoporosis research. Through this
search, we intended to minimize redundancy in our current study while continuing to add to the
literature of comprehensive animal model characterization. Based on the results of our search,
we determined that the following areas were lacking in the characterization of the sheep
osteoporosis model and required further investigation. First, we note the lack of use of advanced
imaging to measure bone density in the sheep lumbar spine. While most studies in the sheep
utilize DXA bone scanning to evaluate bone density changes following osteoporosis induction,
there are limited studies available which utilize another form of advanced imaging that may more
accurately reflect bone density changes in the animals, such as quantitative computed
tomography (QCT) or magnetic resonance imaging (MRI). While a handful of studies have
utilized peripheral QCT (pQCT) in the sheep model [63, 78, 79], these are limited to use in a
peripheral long bone and have not primarily focused on imaging the lumbar spine. Second, we
observed the lack of characterization of systemic blood values in the sheep model, including
clinical pathology parameters to assess the health of the animals. To our knowledge, only one
study has evaluated these parameters, but only two time points were measured and no control
animals were included as comparisons [74]. Finally, there have been very few studies
investigating the biological and molecular pathways at play in these animals during osteoporosis
progression. While one study thus far has characterized the metabolome and lipidome of the
osteoporotic sheep model [75], no studies have directly looked at the proteomic changes in the

bone tissue of these animals over time. Understanding the molecular pathways involved in
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osteoporosis disease progression in the sheep model could aid in future cellular therapy research

and lead to novel pathway targets for disease treatment in humans.

1.4 Study Purpose, Aims, and Hypotheses
1.4.1 Overall Study Purpose

There remain challenges with modeling a complex metabolic disease such as
osteoporosis. Based on the recommended guidelines set forth by the regulatory bodies, multiple
species are essential in the preclinical evaluation of a potential therapeutic’s safety and efficacy.
Even with known limitations, the sheep has continued to act as a reliable and cost-effective large
animal option for preclinical osteoporosis studies. With the emergence of novel, more highly
pathway targeted therapeutics, we need clinically-focused animal models for which to answer
our research questions. In order to continue to expand upon the use of the sheep model in
preclinical studies of bone quality, a more thorough comprehensive characterization of the bone
loss mechanisms at play in sheep are required. Additionally, to fill some of the knowledge gaps
presented previously in our literature review, the overarching objective of this study was to
comprehensively characterize not only bone loss, but the systemic impacts of our model
development and downstream pathways at play in our animals. Our goal was to provide
information that can be used to inform researchers on the appropriate selection and use of the

sheep model for future osteoporosis studies.

1.4.2 Study Aim 1 and Hypothesis
Aim 1: The first aim of this study was to compare advanced imaging techniques to
determine bone density in an ovine model of osteoporosis. Specifically, we aimed to both

compare bone density and microarchitectural changes over time in an ovine model of
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osteoporosis as compared to age-matched control animals, as well as compare two in-life

imaging modalities, DXA and QCT, to determine bone density over time.

Hypothesis: We hypothesized that 1) there would be a decrease in bone density and
subsequent changes to trabecular microarchitecture following corticosteroid administration in
ovariectomized ewes, and 2) QCT would characterize bone density changes over time more

accurately than DXA in our sheep model of osteoporosis.

1.4.3 Study Aim 2 and Hypothesis
Aim 2: The second aim of this study was to characterize the clinical and systemic effects

of high-dose corticosteroids and estrogen depletion in an ovine model of osteoporosis.

Hypothesis: We hypothesized that systemic impacts, both in clinical presentation and
systemic through clinical pathology, would be observed during the process of model
development in our study animals compared to age-matched controls, and that any acute changes

observed would be primarily due to glucocorticoid administration.

1.4.4 Study Aim 3 and Hypothesis

Aim 3: In our third and final aim, we compared the bone protein and histologic changes over
time in an ovine model over 12-months. We assessed the histologic characteristics of the bone
through use of histomorphometry and characterized the proteome of sheep bone through global

untargeted proteomic analysis.
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Hypothesis: We hypothesized that differences in bone histomorphometry would be noted in
the osteoporotic sheep as compared to control animals in a similar trend to what was observed
using clinical imaging. We then hypothesized that we would observe differences in protein

expression over time following osteoporosis induction.
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1.5 Figures / Tables

Single Method
(46%)

Steroids Parasite

Aged
(5
(2%)\ (2%)

g (%)

External Fixaxor
(6%)

Hypothalamo-pituitary
~ /" disconnection - HPD
— (2%)

Combination Method
{54%)

Pinealectomy - Steroids + Diet

OVX + Steroids + Diet +__ (2%) [ (2%)

Movement Restriction
(2%)

7" HPD + OVX
(6%)

OVX + Diet

OVX + Steroids + Diet (13%)
43%) \
OVX + Diet + Movement
Restriction
\ (2%)
OVX + Aromatase Inhibitor
(2%)

B.

Figure 1.1. Comparison of osteoporosis induction methods in sheep. A) Percentage breakdown
of single induction methods where only one intervention was utilized to induce osteoporosis the
sheep. B) Percentage breakdown of combination induction methods where more than one
intervention was utilized to induce osteoporosis in the sheep.
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Figure 1.2. Breakdown of all outcome methods reported in the reviewed literature (n=114
publications) where a sheep model of osteoporosis was utilized.
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Table 1.1. Summary of Literature Review Publications

Publication Year Osteoporosis Induction Outcom C ¢
PMID Model Method Hteomes omments
Model characterization; Determine effect
OVX + steroids +  Serum biomarkers, histology oce’ craracielization, Lefermine eHects on
35011173 2021 Postmenopausal . . . vitamin D and phosphatonin-related genes in the
diet (kidney), RT-qPCR (kidney) .
kidney.
: : ) Model development (fracture healing);
OVX +steroids + DXA, CT, d . .
33808560 2021 Postmenopausal diet Slerolas hist mlc}rloh. ) lynamlc Combination of OVX alone, OVX + diet, and
ie istom i
STOMOTPY, ASLOT08Y OVX + steroids + diet depletion.
DXA, histol hist h
32296985 2020 Senile Age 6+ years A, ustology, Mistomorph, Model development; Age related bone loss.
biomechanics
. Clinical exam, serum Model development; Administration of
Bisphosphonate . . . .
31755105 2020 osteonecrosis OovX biomarkers, DXA, histomorph, zoledronic acid followed by tooth extraction and
ashing dental implantation.
MicroCT, histomorph, serum . .
Model charact tion; OVX + steroids onl
33295580 2020 Postmenopausal ~ OVX + steroids ~ biomarkers, CBC, bone marrow e < racterZation; slerolds oy,
no OVX only group.
cytology
L Metabolism and lipid metabolism; Combination
Glucocorticoid- . N . .
32503480 2020 induced OVX + steroids Metabolomics, lipidomics of OVX alone w/ OVX + steroids over 2 months
and 5 months.
OVX + steroids + . . Long bon.e drill hole defect crea‘sion.s and .
31678741 2020 Postmenopausal diet CT, histology, histomorph implantation of scaffolds following induction of
ie
osteoporosis.
OVX + steroids + Administration of bisphosphonate (trans-7
32245019 2020 Postmenopausal . Sleroles QCT, histology, radiographs . mlnls. ration of bisphosphonate (trans-7)
diet directly into the rumen.
: . Mandible defect creation and implantation of
DXA, CT, histology, o — .
30715786 2019 Postmenopausal OoVX ) mlcrp iS008y titanium implants following induction of
biomechanics .
osteoporosis.
OVX + steroids - . Defect m.odel ar.ld. implantation of a Ti6Al4V-EL
30445158 2019 Postmenopausal diet CT, histology scaffold in the tibia, femur, and humerus
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Table 1.1. Summary of Literature Review Publications

Publication Year Osteoporosis Induction Outcom C ¢
PMID Model Method Hfcomes omments
OVX + steroids + Defect ti d implantation of MBG-PCL
30965142 2019 Postmenopausal ' 0O ST Histology, histomorph clect CTeation and fmp antation o
diet graft in tibia, femur, and humerus.
OVX + steroids - DXA, microCT, biomechanics, Model characterization; Combination of OVX
1ol
30958193 2019 Postmenopausal . SIS ™ ToF-SIMS, finite-element alone, OVX + diet, OVX + steroids + diet
ie
analysis depletion.
F 1 defect 1 with M ffol
29331906 2018 Postmenopausal ~ OVX + diet MicroCT, histology, histomorph  © crnoral defect model with MSC scaffold
following osteoporosis induction.
) ) Femoral condyle defect creation and
) Histology, histomorph, . ; o .
28485126 2018 Postmenopausal OVX + steroids ) : implantation of scaffolds following induction of
biomechanics .
osteoporosis.
Model characterization; pQCT of tibia, DXA of
30480061 2018 Postmenopausal  OVX + steroids  Serum biomarkers, DXA, pQCT  iodel characterization; pQCT of tibia, ©
lumbar spine and femur.
Bone biopsy, cell isolation, Isolation of MSCs and acetylcholine signaling,
OVX +steroids +  AChE activity assay, BrdU collagen expression following administration of
30179213 2018 Post 1 . . . o
ostmenopausa diet assay, real-time RT-PCR, donepezil; Combination of OVX alone, OVX +
histomorph diet, OVX + steroids + diet depletion.
Histol hist h
28237183 2017 Postmenopausal HPD + OVX ,ls O108Y> : [STOMmOTPR, Hormone replacement therapy.
biomechanics
Model characterization; T Score control group
OVX + steroids + standard for sheep OVX studies; Combination of
28966340 2017 Post 1 : DXA . N
ostmenopatisa diet OVX alone, OVX + diet depletion, and OVX +
steroids + diet depletion.
DXA, bi hanics, histol
OVX + steroids +  IHC ,d 10m§c }?nics, IS}(: °8Y> " Combination of OVX alone, OVX + diet, OVX
steroids , dynamic histomorph, ) ) )
28618255 2017 Postmenopausal . Y . P + steroids + diet depletion; RANKL-OPG
diet confocal microscopy, serum th . tioati
athway investigation.
biomarkers, real time RT-PCR p y Hvestigatio
MicroCT, biomechanics,
27544617 2016 Postmenopausal OoVX fluorochrome labeled damage Model characterization.

quantification
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Publication Year Osteoporosis Induction Outcom C ¢
PMID Model Method Hteomes omments
MicroCT, histol Treatment injecti f calci Ifate int
25072801 2016 Postmenopausal OVX + steroids .1cr0 ’ .1s 0108y reatmetl 1n_|.ec fom of cateiuim SUTate o
biomechanics vertebral pedicles.
Histol rtil indentati
27096794 2016 Postmenopausal ~ OVX + steroids . v> CArage MACHAton, -, \
biomechanics
: : ) Vertebral defect model with implantation of
OVX +steroids + DXA, CT, histology, . . .
27113550 2016 Postmenopausal . Sleroles . HHHETo 1510508Y rhNELL-1 protein following induction of
diet histomorph, FEA X
osteoporosis.
. . . o . Tooth extraction t te ost i
Bisphosphonate OVX + steroids +  Clinical examination, microCT, 0 .ex rac 1(?n. © cr.ea © OSICONCLTOSIS
26846710 2016 ) ) following administration of zoledronate; ZTE
osteonecrosis diet ZTE MRI : ; )
MRI offered as alternate imaging to microCT.
X + steroids + T, microCT, osteolysi i Mandible tooth extracti followi
25843053 2016 Postmenopausal QV steroids C. , microCT, osteolysis scoring, an.dl.b e (.)0 extraction study following
diet histomorph administration of zoledronate.
OVX + steroids + . . . Anterior lumbar interbody quiO.l’l study for
27019848 2016 Postmenopausal diet MicroCT, pQCT, biomechanics  treatment of vertebral compression fractures w/
ie
a scaffold following induction of osteoporosis.
Bone biopsy, microCT,
Post 1/ Aged 8+ +
25689083 2015 o8 .menopausa £e year.s histology, serum biomarkers, Model characterization.
Senile OVX + steroids .
IHC, histomorph
Samples collected from multiple different
Metabolic studies; Treatment with PTH, alendronate, or
25642445 2015 dosi OVX + diet Biomechanics, microCT raloxifene administered via cannula to
acidosis
duodenum; Combination of diet alone and OVX
+ diet.
Serum biomarkers, blood
26618599 2015 Postmenopausal OVX + steroids hormone levels, arthroscopy, Combination of OVX alone w/ OVX + steroids.
DXA, microCT
OVX + steroids + DXA, CT, microCT, FEA Vertebral interbody drill hole defect
26082355 2015 Postmenopausal . steroids XA, CT, rTncro , , ertebral inter (.) y dri . O.G efec a.md
diet histology, histomorph rhNELL-1 protein material implantation.
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Table 1.1. Summary of Literature Review Publications

Publication Year Osteoporosis Induction Outcom C ¢
PMID Model Method Hreomes omments
OVX + steroids - . Model charac.terization;.Veftebrallcompression
26542861 2015 Postmenopausal diet pQCT, microCT, fracture creation following induction of
ie
osteoporosis.
Anterior lumbar interbody fusion study for
OVX + steroids + treatment of vertebral ion fract
26365170 2015 Postmenopausal ) Sleroles MicroCT, pQCT, biomechanics rc?a mento V? o compr§5519n rac.ures
diet with eptotermin-alpha following induction of
osteoporosis.
Lumbear vertebral drill hole defect and
25050773 2014 Postmenopausal OVX ;liac .biopsyll, microCT, SEM implantation of bisphosphonatc? cal.cium .
imaging, histomorph, histology phosphate bone cement following induction of
osteoporosis.
24720887 2014 Postmenopausal OvVX MicroCT, biomechanics Model characterization.
24090875 2014 Postmenopausal OovVX gBEI imaging Administration of zoledronic acid.
DEXA, microCT, histology, .
24769217 2014 Postmenopausal OvVX . m1<.:r0 1510508 Model characterization.
biomechanics
) microCT, biomechanics, ashing . .
Metabol ’ ’ " Raloxif 1 t t
23092698 2013 crabote Diet nanoindentation, Raman aloxifene and zoledronate administered
acidosis through abomasa cannula.
spectroscopy, SHG, FTIR,
Distal femoral condyle metaphyseal fracture and
23813786 2013 Postmenopausal HPD pQCT, microCT, histology treatment with hormone replacement therapy
following induction of osteoporosis.
Radi hs, histol
24102843 2013 Postmenopausal HPD + OVX .a 10BTAPTS, AISTOT0RY, Model characterization; focused on mandible.
histomorph, pQCT
Dynamic histomorph, pQCT,
bi hanics, uri o
23440966 2013 Postmenopausal HPD + OVX romechaties, urmary Model characterization.

biomarkers, serum biomarkers,
radiographs, qBEI
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Table 1.1. Summary of Literature Review Publications

Publication Year Osteoporosis Induction Outcomes Comments
PMID ¢ Model Method "
DXA, microCT, dynamic Model characterization; Osteoarthritis and
23634692 2013 Postmenopausal OovVX histomorph, cartilage scoring, subchondral bone in an osteoporotic animal
histology model.
Biomechanics, histomorph, o
23298803 2013 Postmenopausal OvVX . Expandable mandible implant study.
microCT
23027700 2013 Postmenopausal OovVX AFM microscopy Disease characterization.
. DXA, screw pullout, microCT, Vertebral posterior fusion with bone cement
24086381 2013 Postmenopausal OVX + steroids i : . ) )
histomorph, histology following induction of osteoporosis.
23079719 2013 Postmenopausal OVX + steroids MicroCT, I}istology, Bioactive glass pedicle screw implantation in the
biomechanics vertebrae.
OVX + steroids + . . rhBMP-2 pellet i'mpliantati(.)n into vertebral .
23737220 2013 Postmenopausal diet DXA, microCT, histology vertebrae following induction of osteoporosis:
1€ monthly DXA scans.
Dynamic histomorph, microCT,
22234948 2012 Postmenopausal HPD + OVX histology, urinary biomarkers, Model characterization.
serum biomarkers, radiographs
Biomechanics, microCT, Vertebral model to test L-EPS pedicle screw
21430565 2012 Postmenopausal OvVX . . .
histology system in osteoporotic sheep.
Lumb i dicl tudy with
. DXA, biomechanics, microCT, un,l ar SPINE Pecicie Serew s u ywi
22234960 2012 Postmenopausal OVX + diet histol calcium/phosphate treated pedicle screws
1 L . .
stology following induction of osteoporosis.
OVX + steroids + : Evaluated if there was a "bounce back" of BMD
23091772 2012 Postmenopausal . DXA, microCT . . .
diet following cessation of steroids.
OVX + steroids + . o
21626447 2012 Postmenopausal diet Sleroles Dynamic histomorph, histology =~ Model characterization.
ie
Aged 6+ + o
Postmenopausal/ £e ?/ears . Model characterization; Assessment of the
21087316 2011 . OVX + diet + Histomorph . . . .
Senile teroid mandible following induction of osteoporosis.
steroids
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Table 1.1. Summary of Literature Review Publications

Publication Year Osteoporosis Induction Outcom Comment
PMID ¢ Model Method Hreomes omments
Metaboli DEXA, ili t biopsi
21597262 2011 ? . ,0 ¢ Diet » [HAC CTESE DIOPSIES, Administration of raloxifene or alendronate.
acidosis FTIR
Vertebral defect model and implantation with
21293893 2011 Postmenopausal OovX DEXA, microCT, biomechanics  rthBMP-2 and fibrin sealant following induction
of osteoporosis.
Treatment with zol ic aci imal
21093863 2011 Postmenopausal OovVX qBEI, nanoindentation rea. ment with zoledronic acid and animals
sacrificed at 31 months total.
21544593 2011 Postmenopausal OVX Il}ac biopsy, DXA, histomorph, Dynesys pedlcle.scre.:w plaf:ement in the lu@bar
histology vertebrae following induction of osteoporosis.
. . . Pedicle screw implantation with calcium sulfate
Biomechanics, microCT, . . .
20844452 2011 Postmenopausal OovVX histol cement in the vertebrae following induction of
istolo .
gy osteoporosis.
Osteoporosis- Model characterization; Looking specifically at
21477184 2011 induced ovX MicroCT the effect of OVX on subchondral bone structure
Osteoarthritis in the tibia.
21574136 2011 Postmenopausal OovVX SEM, gBEI Model characterization.
Bi hanics, histol.
OVX + steroids + .10mec ames, .1s 0108Y, Bone cement kyphoplasty surgery in the lumbar
21773815 2011 Postmenopausal ; histomorph, radiographs, CT, . ) i
diet vertebrae following induction of osteoporosis.
DXA
Pinealect + MicroCT, hist h, o
22115044 2011 Postmenopausal 0136;? ectomy bié‘;rrl(;rkers,lls)gg?rp serum Model characterization.
MicroCT, histomorph, SEM, Femoral defect anfi c%llcium deﬁcient apa.tite and
20643480 2010 Postmenopausal OovVX histol zoledronate material implantation following
istolo . . .
&y induction of osteoporosis.
Histology (apoptosis staining, .. . L
20886644 2010 Postmenopausal OvVX . . Administration of zoledronic acid.
microdamage detection)
Mi T, bi hani
19725098 2010 Postmenopausal  OVX ieroCT, biomechanics, Model characterization.

dynamic histomorph

27
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Publication Year Osteoporosis Induction Outcom C ¢
PMID ¢ Model Method uteomes omments
20577766 2010 Postmenopausal OVX + diet PXA, biomechanics, microCT, Pediclf.: scr.ew im.plantation in the Yertebrae
histology following induction of osteoporosis.
20503036 2010 Qlucocorticoid- QVX + steroids + DXA., microCT Model charact.erization; Focused on mandible
induced diet and lumbar spine.
Model characterization; Different levels and
Gl rticoid- MicroCT, bi hani ’
20110841 2010 | ieocortieol Steroids + diet | [CTO% %, DIOMECHARICS, SETUM 4 ration of corticosteroid administration to
induced biomarkers ) :
induce osteoporosis.
ificall i
19932773 2009 Postmenopausal ~ OVX AFM Specifically looking at Type I collagen to
provide early diagnostic technique.
Aged 6+ years, N
18719215 2008 Posﬁmenopausal/ OVX + steroids +  QCT, microCT Mod.e.l characterization; Focused on
Senile . dentition/teeth.
diet
Bi hanics. d ) Model characterization; Focused on
iomechanics, dynamic .
18376023 2008 Postmenopausal OovVX : Y microdamage to metatarsal; fluorochrome
histomorph .
labeling.
F 1 defect and implantation of zoledronat
18671203 2008 Postmenopausal ~ OVX Tliac biopsy, microCT, SEM cmotal delect and fmplantation o zofedronate
coated implants.
Model characterization; C db
18595763 2008 Postmenopausal ~ OVX DXA, microCT, biomechanics odel characierization; ~-omparee bone
properties 6 and 12 months post-OVX.
DXA. d i< hist L Model characterization; Assessment of bone
namic histom
18978592 2008 Postmenopausal ~ OVX A, CYRATIIC MSIOMOTPH, turnover in the lumbar spine following OVX;
microCT, biomechanics .
lots of fluorochrome labeling.
OVX + diet +
18377708 2008 Postmenopausal movement MicroCT, histology Femoral defect with pedicle screw implantation.
restriction
Model characterization; Five (5) total studies
X + steroids + T i hs, iliac bi iled int . Th I st
18782823 2008 Postmenopausal QV steroids pQC . radlf)grap S, 1.1ac biopsy, compiled 1.n o one paper. The Il(.)Ve study
diet microCT, biomechanics assessed different treatment regimens of
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Publication Year Osteoporosis Induction Outcom C ¢
PMID Model Method Hreomes omments
DXA, bi kers, o
OVX + steroids + . serun.1 {Omarieers Model characterization; Looked at samples from
19015899 2008 Postmenopausal . histology, histomorph, .. .
diet . . . iliac crest, femur, and lumbar spine.
biomechanics, ashing
C d with d aged sh /out
Postmenopausal/  Aged 9+ years + [liac biopsy, histomorph, DXA, omparf.: ,Wl young a.n age S P W ou.
17474132 2007 ) ) . . OVX; Tibia defect and implantation of titanium
Senile (0)Y5:¢ histology, biomechanics . . . .
implants following induction of osteoporosis.
C d with d aged sh /out
Postmenopausal/  Aged 9+ years + [liac biopsy, histomorph, omparf.: ,Wl young a.n age S P W ou.
17377911 2007 . . . . OVX; Tibia defect and implantation of titanium
Senile OvVX histology, biomechanics . .. . .
implants following induction of osteoporosis.
Iliac bi CT, radi hi
17187191 2007 Postmenopausal ovX 1.a ¢ biopsy, pQ J FAGIOBTAPAS  Model characterization.
microCT, serum biomarkers
18090082 2007 Postmenopausal ~ OVX + diet DXA, microCT, biomechanics ~ * Cricoral body injection of BMP and fibrin
sealant test material.
s ) Model characterization; Compared 4 different
L . [liac biopsy, vertebral biopsy, . . . .
Glucocorticoid- OVX + steroids + Lo ) steroid regimens to induce osteoporosis and
17364091 2007 . . dynamic histomorph, microCT, e . .
induced diet . minimize side effects; Discussed alopecia and
radiographs, organ pathology .
health issues.
Kyphoplasty and BMP-7 (OP-1)
Metaboli implantation/injection into vertebral bod
16934718 2006 cHabolie OVX + diet DXA, biomechanics, histology . P oo TJECHOM TG VETEhral 5ody
acidosis following induction of metabolic
acidosis/decreased bone density.
OVX + steroids +  Dynamic histomorph, ) ) L )
. . . . Two level int foll t
16865404 2006 Postmenopausal diet + movement  radiographs, biomechanics, wotevel i f.:rbody fusion following induction
- . of osteoporosis.
restriction histology
16139577 2005 Senile Aged 8+ years Radlograpbs, histology, lelal defect and implantation of BMP-2
biomechanics implants.
Treat t with calcitonin; F
15619678 2005 Postmenopausal ~ OVX MRI reatment with calcitonin; Focused on
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Table 1.1. Summary of Literature Review Publications

Publication Year Osteoporosis Induction Outcom C ¢
PMID Model Method Hreomes omments
Model characterization; Diet terminated after 18
weeks, steroids terminated after ~26 weeks;
.y . CT, blood corti levels, ’ ) i ’
Glucocorticoid- OVX + steroids + pQ . codco 1sor.16 eves Study to determine potential rebound of BMD
15668580 2005 . . iliac biopsy, umbar biopsy, . . S
induced diet ieroCT after cessation of steroids/special diet (slow
micro
rebound occurs, but still lost ~25% BMD by end
of study); discusses alopecia and side effects.
Metaboli Model characterization; VX al
15592799 2004 .e a 9 ic OVX + diet DXA odel ¢ araclz eriza 10r.1, Compared OVX alone
acidosis vs. OVX + diet depletion.
15490266 2004 M.etab.olic OVX + diet DXA, seruTn chemistry, urine Model characterization; Effect of diet on bone
acidosis DPD, arterial blood pH loss on BMD.
Aged 7+ years + In-life bi hani QCT Model characterization; Tibial fracture model
n-life biomechanics, , . . .
12919871 2003 Postmenopausal OVX + steroids + . . P following induction of osteoporosis; Focused on
. biomechanics .
diet callus healing.
L . Vertebral body HA coated pedicle screw
[liac biopsy, histology, . . L .
12833444 2003 Postmenopausal OovVX ) ) ) . implantation following induction of
histomorph, indentation testing i
osteoporosis.
[liac biopsy, isolation and
C db 1ls from h h d
12906308 2003 Postmenopausal (0)95:¢ expansion of osteoblasts, Omparec bone eeTis frotm u.m?m, _S .eep, an
) rat osteoblasts from osteopenic individuals.
immunoassay, MTT assay
.. e 1 ) Model characterization; Compared OVX +
Gl rticoid- . Tibia b , T, . . .
14606514 2003 . HeOCOTHeot OVX + steroids 1 1 10psy ml,c roC steroids vs. OVX w/out steroids; Steroids
induced biomechanics, histomorph,
stopped after 6 months.
Aged 7+ years + N
CT, iliac b , o
12086352 2002 Postmenopausal OVX + steroids + p,Q ! 1a(.: 10p.5y Model characterization.
. biomechanics, microCT
diet
Vertebral body HA coated pedicle screw
12472232 2002 Postmenopausal OovVX Biomechanics, histomorph implantation following induction of
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Table 1.1. Summary of Literature Review Publications

Publication Year Osteoporosis Induction Outcom C ¢
PMID Model Method Hteomes omments
Implantation of Ti6AI4V implant in tibi
11858572 2002 Postmenopausal ~ OVX Histomorph mprantation of 1 {mpTant I Hba
following induction of osteoporosis.
Gingival sulcular depth,
11990439 2002 Postmenopausal OovX blood/urine/saliva biomarkers, Model characterization; Focused on mandible.
radiographs
OVX + steroids + . . . Model characterization; Compared OVX + diet
12107662 2002 Post 1 CT, CT,b h i ; . . ’
ostmenopausa diet PQ Fero fomechanies OVX + steroids, and OVX + diet + steroids.
Model ch; terization; Testi It 1 i
11797852 2001 Postmenopausal OvVX Histomorph, biomechanics ode ,C a.r ac erl.za 1ot 1estng V? coral bodies
following induction of osteoporosis.
BI ine bi k
ood (fmd .urlne blom?r, e Model characterization; Treatment with SERM
11149494 2001 Postmenopausal OVX + Lentaron  dynamic histomorph, iliac o
: modulator; Added aromatase inhibitor to OVX.
biopsy, DXA
10906690 2000 Postmenopausal OVX [liac biopsy, gstef)blast culture Osteoblast isolat.ion and in vitro experimentation
and characterization, MTT assay  from osteoporotic sheep vs control sheep.
. Determine estrogen role in prevention of
Contrast coronary angiography, di Imolantati ith estradiol
ronary disease; Implantation with estradio
11110106 2000 Postmenopausal (0)95:¢ blood serum drug coronaty . i .
) and raloxifene; No bone density/bone
levels/hormones, histology .
evaluation.
10832663 2000 Postmenopausal OovVX [liac biopsy, histomorph, SEM Model characterization.
OVX + steroids +  QCT, iliac biopsy, microCT, Model characterization; Compared OVX + diet,
11149502 2000 Post 1 . . . . . .
ostmenopatisa diet biomechanics OVX + steroids, OVX + diet + steroids.
9916766 1999 Postmenopausal OvVX Biomechanics Model characterization.
Serum and urine biomarkers,
biomechanics, radiographs, . )
Model charact tion; F d dibl
9379331 1997 Postmenopausal ~ OVX periodontal probing depth, an‘(’l einc ij;ac crization, rocused on mandibie
gingival histomorph, gingival gimgtva.
biochemical analysis
D ic hist h, ili
8847302 1996 Disuse External fixator YHAIe ASTOMOTPA, THae Model characterization; Metatarsal unloading.

biopsy
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Table 1.1. Summary of Literature Review Publications

Publication Year Osteoporosis Induction Outcom C ¢
PMID Model Method Hreomes omments
Aged 7+ +
8579942 1995 Postmenopausal O%/GX years DXA Administration of 17-beta estradiol.
. L . Administration of calcitonin t tdi
8574941 1995 Disuse External fixator [liac biopsy, histomorph s ra. 1on OF CATCTIONII 1o PTEvEnt CIsuse
osteoporosis.
In-life biomechanics, dual
. photon absorptiometry, digital . .
7756057 1995 Disuse External fixator Test exercise as a treatment for osteoporosis.
photographs (for trabecular area,
etc.)
8579947 1995 Postmenopausal OovVX DXA, serum estrodiol Administration of estradiol implant.
Gl rticoid- . . . Model characterization; ifferent
8453197 1993 ucocorticot Steroids Serum biomarkers, histomorph odel characterization; Compared differen
induced doses of steroid administration.
1237505 1975 Parasite-induced T. colubriformis Serum c.hemistry, pa?asitic egg Disease.character.ization; Léng bone. length
larvae count, histology, ashing stunted in lambs infected with parasites.
5956163 1966 Phosphorus Diet Histology Disease cha.racte.riza.tion; Low ph0§phorus with
depletion normal calcium in diet; osteoporosis observed
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CHAPTER 2:
COMPARISON OF ADVANCED IMAGING TECHNIQUES TO DETERMINE BONE
DENSITY IN AN OVINE MODEL OF OSTEOPOROSIS!

2.1 Introduction

Clinical diagnosis of osteoporosis relies heavily on the bone mineral density (BMD)
quantification of an individual patient, as fracture risk increases significantly as BMD decreases
[1]. BMD is most commonly measured at the femoral head or lumbar spine [2, 3] using dual-X-
ray absorptiometry (DXA). Patient BMD values are compared to those of the average healthy
population using a T-score to determine osteoporotic or osteopenic status [4, 5], wherein if the
patient’s T-score is less than 2.5, they are diagnosed as having osteoporotic bone [6]. DXA is
considered as the “gold standard” for clinical measurement of BMD because of its low radiation
exposure and simplicity of use [7]. However, because DXA quantifies bone density based on a
two-dimensional region of interest, there are limitations with its preclinical and clinical
applications. Specifically, precise patient positioning and the inability to differentiate cortical
and trabecular bone can lead to overestimation of BMD [8, 9], thus risking underdiagnosis.
Furthermore, trabecular bone is more susceptible to morphological changes during the early
stages of osteoporotic bone loss in perimenopausal and aging patients [10-14]. Other clinical
factors such as obesity [15], degenerative spinal disease [16], aortic calcification [17], and
osteoarthritic osteophytes [18] can also result in artificially high BMD measurements with DXA.
Because of these limitations, auxiliary imaging and diagnostic strategies that provide more

detailed assessments relative to DXA are needed.

! This chapter includes the published manuscript: Bisazza, K.T., et al., Computed Tomography Provides Improved
Quantification of Trabecular Lumbar Spine Bone Loss Compared to Dual-Energy X-Ray Absorptiometry in
Ovariectomized Sheep. JBMR plus, 2023. 7(12): p. e10807.

50



Quantitative computed tomography (QCT) is emerging as an alternative screening
modality to DXA by providing a volumetric quantification of BMD [19-23]. QCT has the ability
to distinguish between trabecular and cortical bone, resulting in earlier detection of low
trabecular BMD and reduced overestimation issues noted with DXA [24, 25]. Considering the
superior sensitivity of QCT for early and subtle detection of trabecular BMD changes in clinical
patients [19], we sought to understand if QCT provided improved quantification of bone loss

relative to DXA.

Large animal preclinical models offer researchers the ability to test multiple imaging
modalities and compare bone changes in the same animals over time, allowing for a more
comprehensive insight into the progression of postmenopausal and age-related bone loss. Similar
to humans, DXA has historically been the most common imaging tool used to observe changes in
lumbar spine BMD over time in the sheep osteoporosis model [26, 27] and the use of QCT in
longitudinal research studies has been limited to high resolution peripheral QCT (HR-pQCT) in
the radius or tibia [28-30]. Few sheep osteoporosis studies have employed sequential in vivo
imaging with age-matched seasonal controls in conjunction with micro-computed tomography
(microCT) outcomes using serial bone biopsies [30, 31], which emphasize bone
microarchitectural characteristics of the bone rather than just density. To our knowledge, QCT
was not previously evaluated in direct comparison with DXA to quantify BMD in the lumbar
spine of sheep. Additionally, no studies have directly compared QCT, DXA, and microCT

changes via serial sampling over time in the same subjects — preclinically or clinically.
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The objectives of this study were: 1) to compare BMD and trabecular microCT outcomes
between control and experimental animals over the course of a year, and 2) to compare BMD
measurements of the lumbar vertebrae over time in a sheep model of osteoporosis using both
DXA, QCT, and compare to microCT outcomes from iliac crest biopsies. We first hypothesized
that there would be a significant decrease in BMD and change in microCT outcomes in the
osteoporotic group as compared to the control group animals following OVX and steroid
administration. Secondly, we hypothesized that QCT would be more sensitive to changes in
trabecular bone density as compared to DXA, and that QCT trabecular outcomes would more

closely correlate with microCT outcomes for the same animals.

2.2 Materials and Methods
2.2.1 Animals and In Vivo Study Design

All procedures were approved by the Colorado State University Institutional Animal Care
and Use Committee (Protocol #2060) and were performed in an AAALAC accredited facility.
Sixteen (N=16) healthy skeletally mature conventionally-raised Rambouillet-cross ewes, aged 4-
6 years, were enrolled in this study based on incisor presentation [32]. Any animals without full
incisor eruption or animals with “broken-mouth” or heavily worn-down teeth were excluded
from enrollment. Ten (N=10) sheep were randomly assigned to the osteoporotic group (OP) and
six (N=6) sheep were assigned to the control group. The proposed OP group sample size (10
sheep) was calculated using an a-priori power analysis using longitudinal DXA BMD data from
a previous study [33] (GPower Version 3.1.1). This power analysis resulted in an effect size of
1.2 and a power of 90%, using a standard deviation of 0.05 for all groups. All animals were
enrolled at the same time of year to avoid seasonal impacts of bone loss and fed a standard diet

of alfalfa and grass hay mix with grain supplementation, as needed. Animals were cohoused in
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standard indoor box pen for the first two weeks following surgical procedures, followed by
turnout to pasture for the remainder of the study. Animals were fed a standard diet of alfalfa-mix
hay, except for 12-24 hours prior to scanning or surgical procedures when the animals were held

off from feed for prevention of bloat while under anesthesia.

2.2.2 Osteoporosis Induction

Osteoporosis was induced in the sheep assigned to OP group (N=10) via laparoscopic
bilateral ovariectomy (OVX) [34] and administration of corticosteroids. Two weeks following
OVX, methylprednisolone acetate (Depo-Medrol®, Zoetis) was administered to all animals at a
dose of 500 mg intramuscularly (IM) (5-7 mg/kg) every three weeks for a total of five doses and
then reduced to half dose for three additional doses, as performed previously [33, 35] (Fig. 2.1).
In-vivo imaging and bone biopsy collections were performed under general anesthesia at five
time points for all animals: Baseline (prior to OVX), 3-months, 6-months, 9-months, and 12-

months after OVX (Fig. 2.1).

For surgical and imaging/biopsy procedures, general anesthesia was induced by injecting
a combination of midazolam (0.1 mg/kg) and ketamine (3.3-5 mg/kg) intravenously (IV) into a
peripheral ear venous catheter. Anesthesia was maintained using isofluorane (1.5-3%) in 100%
oxygen through an endotracheal tube. Blood pressure was monitored continuously throughout
the procedures either through a peripheral arterial catheter or blood pressure cuff. One day prior
to OVX surgery and each biopsy collection procedure, transdermal fentanyl patches (150 mcg)
were adhered to the forelimb for sustained release over five days and phenylbutazone (1 g) was

administered once per day orally for seven days for analgesic effect. Additionally, penicillin
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procaine G (3 million units) was administered subcutaneously once per day for five days for

prevention of infection starting the day prior to each procedure.

2.2.3 Quantitative Computed Tomography (QCT)

OP animals underwent a lumbar CT scan in a Siemens Somatom Definition AS 64-slice
scanner (SIEMENS Healthineers, Munich, Germany) at each of the described five time points.
Control animals did not undergo QCT scanning and analysis. OP animals were placed in the
scanner in dorsal recumbency under general anesthesia and a Siemens Osteo phantom (Siemens
Healthcare, Erlangen, Germany) was placed along the dorsal aspect of the animal’s lumbar
region to ensure inclusion of bone-like and water-like phase reference values in each scan. A
single 10 mm thickness slice with a voxel size of 0.32 x 0.32 mm (voltage 80 kVp, current 300
mA) was acquired in the transverse plane of the midsection of three individual lumbar vertebrae,
L3 through L5. Scans were analyzed using the syngo Osteo software (Siemens AG, version
VA48A, Munich, Germany). Automatic contour tracing of each vertebral body and the phantom
was performed, allowing for automatic separation between trabecular and cortical bone (Fig.
2.2A). The automated segmentation was visually verified and manual adjustments were
performed if the cortical and trabecular bone were mis-registered. Mean trabecular volumetric
BMD (Tb. vBMD) and mean cortical BMD (Ct. vBMD) were reported for each scanned

vertebrae in mgCa-HA/cm?®.

2.2.4 Dual-Energy X-Ray Absorptiometry (DXA)

All animals underwent a DXA scan with a pixel size of 0.90 x 0.90 mm using a Hologic

Discovery A scanner (Hologic, Inc., version 13.3.0.1, Marlborough, MA). Animals were
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positioned in dorsal recumbency on the DXA table under anesthesia and a scan of the lumbar
spine region (L3-L5) was performed. Scans were performed in triplicate for each animal to
ensure minimal disruption of BMD measurements due to positioning and averaged together for a
final reported value. DXA device calibration was carried out using a Hologic spine phantom
(Hologic, Inc., Marlborough, MA) prior to each scanning time point according to the
manufacturer’s protocol. Areal BMD (aBMD) of the lumbar vertebrae was determined by
manually defining the area between the caudal intervertebral disk to the cranial facets of the
vertebral body and calculating the aBMD using the Hologic software (Fig. 2.2B). aBMD was

reported in g/cm? for each vertebra.

2.2.5 Bone Biopsy Collection

A 10 mm diameter biopsy was collected from the iliac crest of each animal at each of the
previously described time points (Fig. 2.1) using a 10mm OATS® autograft system (Arthrex).
Iliac crest laterality was alternated at each subsequent biopsy time point. At the 6, 9, and 12-
month time points, the incision was placed a few centimeters away from the previous incision
site and the bone was palpated for defects prior to collection prevent harvesting from a previous
biopsy site. Samples were immediately submerged in 10% neutral buffered formalin (NBF) for

fixation and transferred into phosphate-buffered saline (PBS) after 3-4 days.

2.2.6 Micro-Computed Tomography (MicroCT)
The formalin fixed iliac crest biopsy collected from each animal at each time point was

used for microCT analysis to quantify the trabecular microarchitecture changes over time.

Samples were scanned at a resolution of 10 um3 at 70 kVp, 113 pA, and 500 ms integration time
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(Scanco puCT 80, version 1.1.15.0, Scanco USA, Inc., Wayne, PA). One region of interest (ROI)
(5 mm diameter, 400 slices) was drawn per sample to include only trabecular bone and
reconstructed using fixed optimal threshold values (upper bound = 2760.5 HU, lower bound =
456.7 HU). Threshold bounding was confirmed by visual inspection. The following output
measures of trabecular microarchitecture were quantified from the three-dimensional
reconstruction of each ROI cylinder: bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), trabecular spacing (Tb.Sp), connectivity density (Conn.D),

and structural model index (SMI).

2.2.7 Statistics

Continuous data were compared to baseline values within groups using a one-way
analysis of variance (ANOVA) with Tukey multiple comparisons and between groups across
time points using a mixed model ANOVA with Sidak multiple comparisons. Comparisons
between DXA, QCT, and microCT outcomes were made using a Pearson correlation, and a
correlation coefficient (R?) and 95% confidence interval (CI) was reported for each relationship.
An R? value of 0.0-0.19 indicated a very weak correlation, 0.20-0.39 a weak correlation, 0.40-
0.59 a moderate correlation, 0.60-0.79 a strong correlation, and 0.80-1.0 a very strong correlation
[36, 37]. Correlation coefficients for aBBMD versus combined vBMD (average of Ct. vBMD and
Tb. vBMD) were calculated separately for each time point and include values for each lumbar
vertebra (L3, L4, L5). When comparing to the iliac crest microCT outcomes, vBMD and aBMD
values were averaged across the whole measured lumbar spine (L3-L5). The best-fit line of the

relationship was determined by simple linear regression. For all statistical analyses, an alpha
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value of 0.05 or less (p < 0.05) was considered significant (GraphPad Prism 9.5.0, San Diego,

CA).

2.3 Results
2.3.1 DXA Measurements Between Groups

aBMD at L3 in the OP group was significantly lower than the control group at 3, 6, and
9-months. OP group BMD was significantly decreased from baseline at 6-months. There were no
significant differences in L3 aBMD at any of the time points compared to baseline for the control
group and at time points 3, 8, and 12-months for the OP group (Fig. 2.3A). L4 aBMD was
significantly lower in OP group animals compared to the control group at 3, 6, 9, and 12-months.
There were no significant differences in L4 aBMD at any of the time points compared to baseline
for both the OP and control groups (Fig. 2.3B). OP group L5 aBMD was significantly lower than
the control group at 3, 6, and 12-months. The control group L5 aBMD was significantly greater
at 12-months compared to baseline. The OP group L5 aBMD was significantly lower at 6-
months compared to baseline. All other time point comparisons were not found to be statistically
significant for both groups (Fig. 2.3C). OP group proximal tibia aBMD was significantly lower
than that of the control group at 9 and 12-months. Proximal tibia aBMD was significantly lower
in the OP group animals at 6 and 9-months compared to baseline values. All other time point

comparisons were not found to be statistically significant for both groups (Fig. 2.3D).

2.3.2 OP Sheep Lumbar Spine QCT Measurements

OP group Tb. vBMD measurements ranged from 309.9 mgCa-HA/cm? to 494.2 mgCa-

HA/cm? at baseline, whereas Ct. vVBMD ranged from 478.6 mgCa-HA/cm? to 802.7 mgCa-
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HA/cm?. Similar to DXA, average Tb. vBMD significantly decreased when compared to
baseline values across L3, L4, and L5 at 3-months (p = 0.004, p = 0.002, p = 0.006, respectively)
and 6-months (p = 0.002, p = 0.009, p = 0.007, respectively) (Fig. 2.4B). However, L5 Tb.
vBMD was also noted to be significantly decreased from baseline at the 9-month (p = 0.04) and
12-month (p = 0.02) time points (Fig. 2.4B). There was no change compared to baseline L3 and
L4 Tb. vBMD values at 9 and 12-months. Average Ct. vBMD did not significantly change
between any time points at any of the measured vertebrae (Fig. 2.4C) when compared to baseline
values. QCT Tb. vBMD measurements decreased, on average, by 12.47% (+ 7.61%) at 3-
months, 12.90% (+ 8.76%) at 6-months, 9.93% (+ 9.55%) at 9-months, and 8.08% (+ 7.88%) at
12-months (Fig. 2.4D) post-OVX across the whole measured lumbar spine (L3-L5). Average Ct.
vBMD decreased by 1.34% (+ 10.08%) at 3-months, 2.15% (+ 8.56%) at 6-months, and
increased by 1.68% (+ 10.02%) at 9-months and 3.35% (+ 13.23%) at 12-months compared to

baseline (Fig. 2.4D).

2.3.3 lliac Crest MicroCT Trabecular Microarchitecture

Iliac crest biopsy bone volume fraction (BV/TV) was significantly lower in OP group
animals at 6-months as compared to the control group. OP group BV/TV was also significantly
lower at 6 and 9-months compared to baseline values. All other time point and group
comparisons were not significantly different (Fig. 2.5E). OP group iliac crest biopsy Tb.N was
significantly lower at 6 and 9-months compared to baseline values. No differences were observed
between control and OP group values (Fig. 2.5F). OP group iliac crest Tb.Sp was significantly
greater than control group values at 6-months. OP group Tb.Sp was also significantly greater

than baseline values at 6-months. All other time point and group comparisons were not
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significantly different (Fig. 2.5G). OP group iliac crest biopsy Tb.Th was significantly lower at
9-months than Control group. OP group Tb.Th was significantly lower at 9-months compared to
baseline values. All other time point and group comparisons were not significantly different (Fig.

2.5H).

2.3.4 Comparison of Imaging Modalities in OP Animals

Tb. vBMD (QCT) bone loss was significantly greater than both aBMD (DXA) and Ct.
vBMD (QCT) at 3-months (p = 0.003, p < 0.0001, respectively), 6-months (p = 0.03, p < 0.0001,
respectively), 9-months (p < 0.0001, p < 0.0001, respectively), and 12-months (p < 0.0001, p <
0.0001, respectively) (Fig.2.4D). While aBMD bone loss was also significantly greater than Ct.
vBMD at 3-months (p = 0.003) and 6-months (p = 0.0004), there were no significant differences
observed at 9-months (p = 0.16) and 12-months (p = 0.60) (Fig. 2.4D). When comparing DXA
aBMD and combined QCT vBMD (average of Tb. and Ct. vVBMD measurements) of L3, L4, and
L5 at each of the time points (baseline, 3, 6, 9, and 12-months), the correlation coefficients (R?)
were 0.46 (moderate, p < 0.0001), 0.58 (moderate, p < 0.0001), 0.60 (moderate, p < 0.0001),
0.62 (strong, p < 0.0001), and 0.19 (very weak, p = 0.02), respectively (Fig. 2.6A-E). Significant
moderate correlations were found between lumbar spine Tb. vBMD (QCT) and iliac crest
BV/TV (microCT) at baseline (R? = 0.54, p = 0.02), 3-months (R>= 0.57, p = 0.01), 9-months
(R?2=0.56, p=0.01), and 12-months (R? = 0.48, p = 0.03), and a significant strong correlation
was found at 6-months (R? = 0.66, p = 0.004) (Table 2.1). When comparing lumbar spine aBMD
(DXA) and iliac crest BV/TV, significant correlations were only found at 3-months (R? = 0.55, p
=0.01), and 6-months (R?> = 0.41, p = 0.05) (Table 2.1). Correlations between lumbar spine Tb.

vBMD (QCT) and iliac crest Tb.N (micoCT) were significant at baseline (R? = 0.47, p = 0.03),
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3-months (R? = 0.57, p = 0.01), 9-months (R? = 0.46, p = 0.03), and 12-months (R>=0.62, p =
0.007) (Table 2.1), whereas a significant correlation was only found at 3-months (R?> = 0.52, p =

0.02) when comparing lumbar spine aBMD and iliac crest Tb.N (Table. 2.1).

2.4 Discussion

This study measured BMD values utilizing DXA, QCT, and microCT across a 12-month
period in a sheep model of osteoporosis. We demonstrate significant bone density loss in the
lumbar spine and tibia, as well as microarchitectural changes, in our OP group compared to
controls throughout model progression. Results also showed QCT measurements and BMD
losses more closely matching that of the microCT values as compared to DXA in osteoporotic
animals, supporting our original hypothesis. The lumbar spine, rich in trabecular bone, offers a
key insight into early bone loss and accurate screening can be indicative of an individual’s risk
for vertebral fracture. While microCT is not an option in a clinical setting without the use of
bone biopsy, QCT and DXA can be utilized to measure changes in BMD in patients
noninvasively. Limitations in current bone scanning modalities, primarily the use of DXA, have
implored the search for more precise screening tools in the clinical and preclinical spaces.
Although there are advantages to the use of DXA, advances in QCT software present a superior
alternative to quantifying trabecular and cortical bone densities and early identification of
individuals at high risk for fracture. While radiation exposure is increased in comparison to
DXA, the opportunistic use of CT scans [38-42] and low-dose protocols [7, 43] can reduce the

need for additional scanning time and patient exposure.
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Previous clinical studies have shown correlative relationships between DXA and QCT
BMD values in the lumbar spine [20, 37, 44], but there have been no clinical and limited
preclinical studies looking at the same subjects over time. While CT Hounsfield Units (HU) and
DXA aBMD have been compared in dogs [45, 46], ours is the first study to directly compare
QCT and DXA in the sheep lumbar spine and to correlate those values to microCT outcomes in
the same animals over a long-term study using a preclinical model of osteoporosis. We show
moderate to strong correlations (R? ranging from 0.4-0.6) between QCT vBMD and DXA aBMD
values at each time point, indicating that changes in BMD observed in an animal on DXA is
reflected by similar trending changes in BMD on QCT when cortical and trabecular bone are
analyzed together. This correlation is expected, as both cortical and trabecular bone contribute to
DXA aBMD. However, when observing the trabecular bone changes alone using QCT, a higher
percentage of bone loss is observed at 9-months and 12-months compared to DXA. We suspect
this is due to trabecular regions being more susceptible to rapid BMD and microarchitectural
changes than cortical bone, which is a key feature of early-stage bone loss in peri- and
postmenopausal osteoporosis [13]. It is not unusual to observe a “bounce-back” of BMD values
in sheep following osteoporosis induction [47, 48], which we indeed observed in this study when
we looked at values determined by DXA alone. However, QCT has contrarily shown sustained
trabecular BMD loss in the sheep lumbar spine throughout the duration of the one-year study.
While we were unable to harvest serial bone biopsies of the lumbar spine trabecular bone as a
direct comparison to DXA and QCT measurements, we were able to obtain iliac crest bone
biopsies to compare potentially similar trabecular bone changes in the body at a higher resolution
using microCT. We observed a continued decrease in iliac crest trabecular bone microCT values

BV/TV and Tb.N at 9-months and 12-months when compared to baseline, demonstrating
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sustained microarchitectural changes to the trabecular bone of the iliac crest following
osteoporosis induction. Thus, we suspect that DXA potentially underestimates the actual change
in BMD over time in our preclinical models and may inaccurately represent the amount of

sustained loss of trabecular bone.

Differences in scanning resolution also played a key role in the outcomes of this study.
MicroCT is one of the highest resolution scanning tools available to researchers to investigate
changes in bone structure. Unfortunately, microCT is an ex vivo method and cannot be utilized
in-life for humans or large animals. Although microCT can be utilized on bone biopsies from
patients, a non-invasive scanning technique more indicative of trabecular bone changes is
preferable to understand patient risk for osteoporotic fractures. HR-pQCT offers a way to look at
bone microarchitecture at a higher resolution than standard in-life imaging modalities while
maintaining relatively low radiation exposure to the patient [49, 50], however, its application is
limited to the distal tibia and radius due to scanner size limitations. Since trabecular bone
microarchitecture heavily factors into the overall bone strength and a disruption to
microarchitecture increases fracture risk [11, 12, 51, 52], it is probably more useful to screen an
anatomical location with a larger trabecular bone area, such as the lumbar spine. We show
stronger and more significant correlations at all time points between microCT BV/TV and QCT
Tb. vBMD than with DXA aBMD, as well as significant correlations with Tb.N at a greater
number of time points than DXA. Higher imaging resolution of QCT versus DXA likely allowed
for more precise segmentation of bone, and thus a stronger correlation with high-resolution iliac
crest microCT outcomes. This is in agreement with a previous study conducted by Bodic et al.,

wherein they observed significant correlative relationships between microCT values (BV/TV and
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Tb.N) and CT HU measurements in the iliac crest of humans, but observed no significant
relationship when compared to DXA BMD measurements in the same samples [53]. In this way,
we demonstrate that lumbar spine QCT more strongly correlates to iliac crest trabecular bone
microarchitectural changes than DXA in our sheep model, thus demonstrating higher sensitivity

to multiple properties of osteoporotic bone loss.

This study is not without its limitations. Primarily, we acknowledge that the bone
biopsies utilized for microCT and the area used for in vivo scanning are different anatomical
locations (iliac crest for microCT vs. lumbar spine for DXA and QCT). Although we expect that
we would observe similar changes in BMD and trabecular microarchitecture at both anatomical
locations, we are unable to confirm that the QCT and DXA findings directly apply to the lumbar
spine trabecular microarchitecture. While some previous studies have shown that there are
differences in trabecular bone mass and connectivity [54] properties across various anatomical
sites of the body, significant correlations in mechanical [55] and microarchitectural [56]
properties between the iliac crest and lumbar spine have been demonstrated. Although this has
not been verified directly in sheep, similar trends in bone density loss have been observed over
time in previous sheep osteoporosis studies between the lumbar spine and iliac crest [57]. Future
research would be required to directly compare microarchitectural changes between the iliac
crest and lumbar vertebrae trabecular bone in the sheep model of osteoporosis. Additionally, we
acknowledge that there is subtle variability in bone microarchitecture across the iliac crest that
could have impacted our microCT results, as we were not consistent between animals with
respect to exact location of iliac crest biopsy collection site at each time point [54]. There are

inherent limitations with using conventionally-raised sheep in research studies, primarily aging
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of animals. While we do our best control for age based on eruption of incisors, it is difficult to
exactly determine age in sheep after reaching skeletal maturity. Therefore, we excluded any
animals with not yet erupted or worn-down incisors that would indicate young or old age,
estimating an age between 4-6 years and control for age effects [32]. A limitation to the use of
QCT in preclinical research is the use of multiple lumbar CT scans over a longitudinal study,
which could add up to high radiation exposure and cost. This is an important factor when
considering the use of QCT in human subjects or long-term animal studies. For reference,
animals in our study received an approximate effective radiation dose of 0.06 mSv per single
QCT lumbar vertebra scan, whereas DXA radiation exposure typically ranges between 0.022-
0.047 mSv for a full lumbar spine scan [58]. There is typically higher cost of scanning using CT
as compared to DXA. Additionally, a trained radiology technician is required to operate a CT
scanner, whereas less extensive training is required for DXA operation. However, CT may be
more readily available to researchers in a preclinical or veterinary setting than DXA. While
anesthesia is required for use of both DXA and CT in a preclinical setting, no differences in time
required for scanning and animal positioning were observed between modalities. Lastly, the lack
of reference data available for QCT leaves researchers and clinicians alike unable to calculate T-
scores, as is available with DXA. Further clinical and preclinical studies using QCT in human
patients and animal models with osteoporotic, osteopenic, and normal bone are required to build
reference datasets for future use in low bone density screening. While limitations exist with both
methods, the available instrumentation ultimately dictates which scanning modality is to be used

in a longitudinal preclinical study.
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In conclusion, the results of this study indicate that bone loss is observed in osteoporotic
sheep compared to controls over the course of one year following OVX and steroid
administration. QCT offers a more precise tool to measure lumbar spine trabecular BMD in a
large animal osteoporosis model as compared to DXA. Accurate in vivo bone imaging modalities
can reduce the number of animals needed for preclinical studies and provide more detailed
insight into the progression of hormone or age-related bone loss that can be translated to humans.
This preclinical data adds to the growing body of clinical literature on the use of QCT in lieu of

DXA to quantify bone density for early and accurate diagnosis of osteoporosis.
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2.5 Figures / Tables
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Figure 2.1. Aim 1 in vivo study design and sample collection time points.
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= Trabecular

Phantom

Figure 2.2. Imaging segmentation and measurement of bone mineral density (BMD) in the sheep
lumbar spine. A) Quantitative computed tomography (QCT) semi-automated analysis using the
syngo Osteo software. Trabecular volumetric BMD (Tb. vBMD) was determined from the inner
vertebral body cancellous bone region (orange arrow) and the cortical volumetric BMD (Ct.
vBMD) from the anterior cortical shell of the same vertebrae (blue arrow). Hounsfield units
(HU) were converted to mg Ca-HA/cm? using the water (0 mg/cm?, left side) and bone-phase
(200 mg/cm?, right side) phantom. B) Dual-energy X-ray absorptiometry (DXA) semi-automated
analysis using the Hologic scanner software. Each vertebra was manually defined as extending
from the intervertebral disk to the facets. Phantom calibration of the DXA scanner was
performed daily prior to imaging animals.
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Figure 2.3. Comparisons of areal BMD (aBMD) measurements between OP (N=10) and control
(N=6) sheep acquired through in vivo dual X-ray absorptiometry (DXA) imaging across study
time points (baseline (0), 3, 6, 9, and 12 months). A) Lumbar vertebra L3 aBMD measurements.
B) Lumbar vertebra L4 aBMD measurements. C) Lumbar vertebra L5 aBMD measurements. D)
Proximal tibia aBBMD measurements. Significance indicators: *p<0.05, **p<0.01, ***p<0.001,
*HE%p<0.0001.
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Figure 2.4. A) Volumetric trabecular bone density (Tb.vBMD) and cortical bone density
(Ct.vBMD) measurements using quantitative computed tomography (QCT) in lumbar vertebrae
(L3, L4, L5) of OP sheep over time. B) Tb.vBMD and Ct.vBMD measurements using QCT in
lumbar vertebrae (L3, L4, L5) of OP sheep over time. C) Mean percentage change of L3-L5
BMD as compared to baseline values across time using two imaging modalities (QCT and
DXA). Note: QCT was only performed for OP group. Data is represented as mean + SD with
individual animals marked. Significance indicators: *p<0.05, **p<0.01.
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Figure 2.5. Bone microarchitectural changes measured using microCT in the sheep iliac crest
biopsies across study time points (baseline (0), 3, 6, 9, and 12 months). A) Bone volume fraction
(BV/TV) at each time point compared to baseline values. B) Trabecular number (Tb.N) values at
each time point compared to baseline values. C) Trabecular thickness (Tb.Th) values at each
time point compared to baseline values. D) Trabecular spacing (Tb.Sp) values at each time point
compared to baseline values. Data is represented as mean + SD with individual animals marked.
Significance indicator: *p<0.05.
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Figure 2.6. Relationship between dual-energy X-ray absorptiometry (DXA) areal bone mineral
density (aBMD) and combined quantitative computed tomography (QCT) volumetric BMD
(vBMD) (trabecular and cortical vBMD average) of OP group lumbar vertebrae (L3, L4, L5)
(N=10 subjects). A) Correlation between aBMD and vBMD at baseline, before ovariectomy
(OVX). B) Correlation between aBMD and vBMD at 3-months after OVX. C) Correlation
between aBMD and vBMD at 6-months after OVX. D) Correlation between aBMD and vBMD
at 9-months after OVX. E) Correlation between aBMD and vBMD at 12-months after OVX.
Statistical comparisons made using a Pearson’s correlation and simple linear regression.
Significance indicators: *p<0.05, ****p<(0.0001.
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Table 2.1

Pearson correlations for relationships between iliac crest trabecular bone microCT volume and
microarchitecture parameters and bone mineral density acquired by DXA and QCT for n=10
osteoporotic sheep.

MicroCT DXA aBMD QCT Tb. vBMD
Outcome (g/cm?) (mgCa-HA/cm?)
Correlation o Correlation  95%
Time Point coefficient 195/) Ca?nﬁdence coefficient Confidence
(R?) erv (R?) Interval
BV/TV Baseline 0.2281 -0.22 t0 0.85 0.5364° 0.19 t0 0.93
3 Months 0.5530° 0.21 to 0.94 0.5661° 0.23 t0 0.94
6 Months 0.4057° 0.01 to 0.90 0.6576° 0.37 t0 0.95
9 Months 0.2027 -0.25 t0 0.84 0.5600° 0.22 to 0.94
12 Months 0.1894 -0.27 to 0.84 0.4826° 0.12 t0 0.92
Tb.N Baseline 0.1378 -0.34 10 0.81 0.4665° 0.09 to 0.92
(1/mm) 3 Months 0.5196° 0.17 t0 0.93 0.5748° 0.25 t0 0.94
6 Months 0.2487 -0.07 to 0.89 0.3403 -0.19 t0 0.86
9 Months 0.2068 -0.2510 0.84 0.4605° 0.09 to 0.92
12 Months 0.1849 -0.27 t0 0.83 0.6155° 0.31t0 0.95
Tb.Th Baseline 0.0372 -0.50 to 0.73 0.0806 -0.42t0 0.78
(mm) 3 Months 0.3738 -0.03 t0 0.90 0.3088 -0.11 t0 0.88
6 Months 0.2081 -0.24 t0 0.84 0.5055° 0.15t0 0.93
9 Months 0.0582 -0.46 10 0.76 0.2374 -0.21t0 0.85
12 Months 0.1572 -0.31 to 0.82 0.3460 -0.07 to 0.89
Tb.Sp Baseline 0.0404 -0.74 t0 0.49 0.2859 -0.87100.14
(mm) 3 Months 0.5053% -0.93t0-0.15 0.5557° -0.94 to -0.22
6 Months 0.2815 -0.87 t0 0.15 0.1401 -0.82 t0 0.33
9 Months 0.1453 -0.82 t0 0.33 0.3461 -0.89 t0 0.07
12 Months 0.1049 -0.79 t0 0.38 0.2587 -0.86 t0 0.18

MicroCT = micro-computed tomography; DXA = dual-energy X-ray absorptiometry; aBMD = areal bone mineral
density; QCT = quantitative computed tomography; Tb. vBMD = trabecular volumetric bone mineral density; Ct.
vBMD = cortical volumetric bone mineral density; BV/TV = bone volume over total volume; Tb.N = trabecular
number; Tb.Th = trabecular thickness; Tb.Sp = trabecular spacing; * =P < 0.05;*=P < 0.01.
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CHAPTER 3:
CHARACTERIZATION OF THE CLINICAL AND SYSTEMIC EFFECTS OF HIGH-DOSE
STEROIDS AND ESTROGEN DEPLETION IN AN OVINE MODEL OF OSTEOPOROSIS

3.1 Introduction

The sheep model of osteoporosis has historically been widely used to study the effects of
estrogen deficiency on bone loss, much like postmenopausal osteoporosis in women. Menopause
is defined as the period of time following the cessation of the final menstruation cycle. Prior to
menopause, production of estradiol by the ovary, the body’s primary source of estradiol
synthesis, is due to follicular activity [1, 2]. Loss of estradiol synthesis during menopause results
in an increased rate of bone resorption by direct and indirect mechanisms. Estrogen is an
important steroid hormone with multiple important functions, including regulation of bone
homeostasis. The period of time between the 1.5 years before menopause to 1.5 years after
menopause (also known as perimenopause), lumbar spine bone mineral density decreases by
approximately 2.56% per year, compared with a pre-menopausal loss rate of 0.13% per year [1].
Estradiol, the active form of estrogen primarily involved in direct and indirect regulation of bone
cells, is derived from cholesterol and acts primarily as a genomic transcription regulator. The
hormone circulates the blood serum in protein-bound form, passively translocates to the nucleus,
and binds to estrogen receptor to activate the receptor complex and alter the pattern of gene
expression in a cell [3]. In adults, estradiol increases bone formation and mineralization and

reduces bone resorption, thus reducing risk of osteoporosis [2].

In addition to estrogen loss following menopause, glucocorticoid administration also has
a significant negative impact on bone. It has been estimated that up to 4.6% of postmenopausal

women are prescribed glucocorticoids for other pathologies [4]. While glucocorticoids are
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successful at treating various chronic inflammatory diseases, they have the ability to cause

significant side effects when prescribed at high doses.

In recent years, the sheep model of osteoporosis has been successfully used for testing the
efficacy and safety of orthopaedic implants in low quality bone. One of the adaptations to the
model was the introduction of corticosteroid administration to the animals, as this proved even
more successful in driving down bone loss percentages in order to mimic a clinically relevant
low-quality, low-turnover bone scenario [5-7]. However, one of the drawbacks to corticosteroid
administration is the implications for drastic systemic health changes in the animals. Animal loss
has also been reported in previous studies where this model was employed, bringing up concerns
surrounding animal welfare [8]. While it is well understood that bone loss can be successfully
achieved in a sheep model of osteoporosis, it is not well described how this model development

impacts the animal just beyond bone parameters.

The aim of this study was to report on the sheep clinical pathologies throughout
osteoporosis model development (i.e., administration of steroids) and any potential impact on the
model over 12-months. To our knowledge, no studies have comprehensively characterized
clinical parameters in the sheep model of osteoporosis via serial sampling in a long-term study.
We hypothesized that systemic impacts would be observed during the process of model
development in our study animals compared to age-matched controls, and that any acute changes

observed would be primarily due to glucocorticoid administration.

3.2 Materials and Methods
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3.2.1 Animals and Osteoporosis Induction

All animal procedures were approved by the Colorado State University Institutional
Animal Care and Use Committee (Protocol #2060). Animal selection, experimental grouping,
and osteoporosis induction methods are previously outlined in Chapter 2. Briefly, sixteen (N=16)
healthy skeletally mature conventionally-raised Rambouillet-cross ewes aged 4-6 years were
enrolled in this study based on incisor presentation [9]. Ten (N=10) sheep were randomly
assigned to the osteoporotic group (OP) and underwent osteoporosis induction by OVX and
corticosteroid administration. Blood for clinical pathology and bone marrow sample collections
were performed under general anesthesia at five time points for all animals: Baseline (prior to
OVX), 3-months, 6-months, 9-months, and 12-months after OVX (Fig. 3.1). Body weights and

blood serum for hormone analysis were performed monthly, including at baseline (Fig. 3.1).

3.2.2 Bone Marrow Aspirate Nucleated Cell Counts

Bone marrow aspirate (BMA) samples were collected from all animals every 3-months
and a total nucleated cell count was performed to assess bone marrow cellularity. To harvest
BMA, sheep were placed in sternal recumbency on the surgical table and the iliac crest was
prepped for aseptic sample collection using alternating scrubs of chlorhexidine and alcohol. A
Monoject ™ 11 G Jamshidi needle (Covidien, Medtronic, Dublin, Ireland) was placed
percutaneously through the skin into the iliac crest. A heparin flushed syringe (2,500IU/mL,
~ImL heparin retained in the syringe) was attached to the needle and approximately 4-7mL of
BMA was aspirated. The aspirate was immediately placed on ice until further processing. BMA
samples were assessed for quality and cellularity by total nucleated cell counts (TNC) the same

day as collection. In a biosafety hood, BMA samples were transferred into 15 mL conical tube

82



and mixed thoroughly. Cell counts were performed by adding 90 uL 0.8% ammonium chloride
(Sigma) to a 10 pL aliquot from each BMA sample to obtain a 1:10 sample dilution. Diluted
samples were loaded onto a Bright-Line™ hemocytometer (Hausser Scientific, Horsham, PA)
and bright nucleated cells were visualized and manually counted using an inverted microscope. If
cell density was too high to count, samples were diluted 1:100. Cell concentration per mL was

determined using the following equation:

Total number of nucleated cells/mL of BMA = Avg. cell count per square x Dilution factor x 107

3.2.3 Estradiol Radioimmunoassay

Blood serum was collected from all animals at baseline and monthly throughout the study
and were stored frozen in Eppendorf tubes at -80°C until ready for analysis. Frozen sheep serum
samples were then transferred to the Nett Endocrinology Laboratory at Colorado State University
for evaluation of circulating estradiol. One day prior to assay, 500 ul of serum sample was
extracted twice by vortexing for 2 minutes with 5 ml of Diethyl Ether. The extracted serum was
then frozen in a dry ice/methanol bath and the organic phase poured off and taken to dryness.
Finally, 500 pl of PBS-Gel was added to the dried extract and the sample extract allowed to
reconstitute overnight. The E2 assay utilized an antibody-E2 serum (A737 Dr. Mason, Eli Lilly
& CO. Lot #0205041673) diluted with 1:400 normal rabbit serum in PBS-EDTA buffer (pH 7) to
a working dilution of 1:400,000. The standard curve for E2 was made by diluting purified E2
standard (A890; USP Cat. # E8875, Lot # 026K 1806) to a concentration of 0.2ng/ml in PBS-
GEL (Standard 1), and serial diluting Standard 1 to create a six-point standard curve using a

dilution factor of 0.4 (0.2 ng/ml, 0.08, 0.032, 0.0128, 0.005, 0.002). The second antibody was
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Goat anti-Rabbit serum (GAR; A968, from Dr. Richard Maulding/Doug Eckery, National
Wildlife Research Center) diluted to a working dilution of 1:100 in PBS-EDTA. The '2°I-
Estradiol tracer used was (MP Biomedicals Cat# 07-138124) and the QCs (A890) were prepared
with PBS-Gel: high QC 240 pg/ml, Medium QC 60 pg/ml and Low QC 15 pg/ml. Sample
extracts (200 pl), Quality Control (QCs) (80 ul) and standard (200 pl) were first incubated in 500
ul PBS-Gel buffer with 200 pl antibody and 100 pl of '*°I-Estradiol tracer, prepared with PBS-
Gel, for 24 hours at 4°C. Then 200 pul GAR was added and the incubation continued for 72 hours
at 4°C. The tubes were then centrifuged at 1700xg for 30 minutes and the supernatant decanted.
Finally, the radioactivity associated with each pellet were counted in a gamma counter for one
minute. Calibration curves were determined by computer analysis using the computer program
RIANAL. Once the calibration curve was established, it was then used to calculate the

concentration of E2 in each sample from individual runs.

3.2.4 Cortisol Radioimmunoassay

Aliquots of frozen sheep serum from all animals at baseline and monthly time points
were also transferred to the Nett Endocrinology Laboratory at Colorado State University for
evaluation of endogenous circulating cortisol. Serum cortisol values were determined by
radioimmunoassay according to the manufacturer’s instructions (Cortisol RIA Kit, MP
Biomedicals, Solon, OH). Briefly, samples and standards were added to the anti-cortisol coated
tubes. Cortisol-'>’I was then added to each tube, vortexed, and incubated for 45-minutes at 37°C.

The tubes were then counted in a gamma counter calibrated for 12°1.

3.2.5 Blood Hematology and Chemistry Analyses
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Blood samples were collected at baseline and every 3-months for hematology and serum
serology outcomes. Blood samples were submitted to the Clinical Pathology Laboratory at the
CSU Veterinary Teaching Hospital the same day as collection. A hemogram was performed on
whole blood using an Advia® 120 Hematology System (SIEMENS Healthineers, Munich,
Germany) the same day as collection. Hematology parameters were automated using flow
cytometry: hemoglobin (HGB), hematocrit (HCT), red blood cell count (RBC), mean
corpuscular volume (MCV), red blood cell distribution width (RDW), mean corpuscular
hemoglobin concentration (MCHC), cellular hemoglobin concentration mean (CHCM), platelets,
mean platelet volume (MPV), nucleated cells, and white blood cell differentials (lymphocytes,
monocytes, eosinophils, basophils, leukocytes (LUC)). Blood in non-additive tubes were
centrifuged and the serum analyzed for chemistry panel values using a Cobas® c501 analyzer
(Roche Diagnostics Corporation, Indianapolis, IN). Chemistry parameters were automated using
photometry and ion selective electrode (ISE) determinations: glucose, blood urea nitrogen
(BUN), creatinine (CRE), phosphorus, magnesium, total protein, albumin, globulin,
albumin/globulin ratio (A/G), creatinine kinase (CK), T-bilirubin, aspartate transferase (AST),
gamma-glutamyl transferase (GGT), sorbitol dehydrogenase (SDH), iron, sodium, potassium,

chloride, bicarbonate (HCO3"), and anion gap.

3.2.6 Statistics

Continuous data were compared between groups over time using a two-way mixed-model
ANOVA with Sidak multiple comparisons with group and time as variables. For all statistical
analyses, an alpha value of 0.05 or less (p<0.05) was considered significant (GraphPad Prism

9.2.0, San Diego, CA).
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3.3 Results
3.3.1 Clinical Observations

One control animal (BOV12) was euthanized at 11-months post-OVX due to acute
respiratory distress resulting from pulmonary caseous lymphadenitis. Wool-break, a condition
where wool is shed spontaneously resulting in alopecia, was noted in 8/10 OP animals by 3-
months and in 9/10 OP animals by 6-months post-OVX (Fig. 3.2A-B). Wool had resumed
normal growth by 12-months in all OP animals. No wool-break or alopecia was observed in any
control animals throughout the study. Animal weights did not differ between groups at baseline.
OP animal weights were lower than the control animals after 2-months post-OVX, although only

statistically significant at 7 and 12-months (p=0.015, p=0.036 respectively) (Fig. 3.2C).

3.3.2 Steroid Hormones

Serum cortisol was statistically lower in OP animals than controls at 3-months and higher
than control values at 9 and 10-months post-OVX (Fig. 3.3A-B). Although not significant,
average OP serum cortisol values were notably closer to zero than control animals between 1 and
5-months post-OVX, consistent with the corticosteroid administration time frame. Surprisingly,
estradiol levels of OP animals were not significantly lower from those of control animals except
at 8 and 10-months post-OVX (Fig. 3.3C-D). Interestingly, fasting seemed to impact both
estradiol and cortisol levels, resulting in a decrease in estradiol concentrations and increased
cortisol levels at fasting time points (baseline, 3, 6, and 9-months). The fasting effect noted in the
assessment of steroid hormones, primarily the serum estradiol, to our knowledge has not been

previously reported in sheep.
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3.3.3 Bone Marrow Cellularity and Hematology Analysis

No significant differences were noted in bone marrow aspirate total nucleated cell counts
(TNC) between groups at 3, 6, 9, or 12-months (Table 3.1). No significant differences in whole
blood hematology values observed between groups at baseline. At 3-months, OP group platelet
counts and MPV were significantly greater than control animals (Table 3.2). White blood cell
(WBC) percentages appeared to also be impacted at 3-months, with increased neutrophil
percentage observed in the OP group, as well as decreased monocytes, lymphocytes, and
eosinophils when compared to the control group (Table 3.2). At 6-months, red blood cell (RBC)
counts were lower in OP animals along with an increase in MCV (Table 3.2). No significant

hematological differences were observed at 9 and 12-months between groups.

3.3.4 Serum Chemistry Analysis

No serological values were significantly different between groups at baseline (Table 3.3).
At 3-months, serum phosphorus and GGT levels were elevated in OP animals compared to
control animals, while total protein, select electrolytes (sodium, bicarbonate), BUN, and CRE
were all statistically decreased in OP animals compared to controls at the same time point (Table
3.3). At 6-months, OP animals showed significant increases of serum iron and sustained
increases of GGT levels, along with sustained decreases in BUN, CRE, and total protein levels
when compared to control animals (Table 3.3). At 12-months, OP group animals showed lower
albumin levels compared to controls (Table 3.3). No other significant differences were observed
at any other time point between groups. See Appendix 1 for full hematology values and

Appendix 2 for full serology values.
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3.4 Discussion

The sheep has been a useful large animal model to study osteoporosis and perform long-
term preclinical studies on bone quality. It has become industry standard to induce osteoporotic
bone loss in these animals via both ovariectomy (OVX) and corticosteroid administration,
thereby significantly decreasing the bone density and disrupting trabecular microarchitecture
over a relatively short period of time. While many studies have focused primarily on boney
changes, few have explored the systemic changes in these animals. Given that osteoporosis is a
complex metabolic condition, it is important that we map out the wholistic changes occurring in
our animal models of osteoporosis — not just the impact on the bone. Additionally, previous
studies have noted side effects in the animals as a result of high-dose corticosteroid
administration [10, 11] but have not explored the clinical impact of model development in these
animals in great detail. While one study reported on hematology, serology, and steroid hormone
levels in a sheep model of osteoporosis [12], only two time points were reported for these
animals and a control group was not utilized for comparison of clinical pathology parameters at

the same time points.

In this present study, we compared systemic values of steroid hormones, hematological,
and serological parameters in an ovine model of osteoporosis over a time frame of 12-months.
Unsurprisingly, we note the greatest number of significant differences in hematological and
serological parameters between control and OP group animals at 3 and 6-months following
OVX. We attribute many of these changes to the administration of corticosteroids based on

timing, as we completed administration of the final high dose of steroids at 15-weeks
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(approximately 3-months) and the final taper dose at 24-weeks (approximately 6-months). We
observed significant hematological impacts to white blood cell differentials, platelet parameters,
and red blood cell values. Notably, the increase in neutrophils and subsequent decrease in
lymphocytes, monocytes, and eosinophils is consistent with what has been historically reported
in the clinical literature for human patients undergoing treatment with high-dose corticosteroids
[13-15], where neutrophilia accompanied by decreases in monocytes and eosinophils are
common outcomes. Our findings are also aligned with reported clinical pathology values by
Coelho et al. [12], which compared between osteoporotic-induced sheep at baseline and 6-
months following osteoporosis induction, including decreased RBC counts with increased MCV
at 6-months, as well as increased platelet counts and decreased red blood cell counts.
Observations of an increase of serum phosphorus in our OP animals is contradictory to the
results authored by Ardissone et al, where a decrease in serum phosphorus levels were observed
following administration of high-dose methylprednisolone and prednisone in human patients
[16]. However, some values do not align with the literature and require further investigation,
such as increases in serum iron levels at 6-months, decreases in total protein and CRE, and
increases in GGT. While it was important that we compare values within the animals over time,
it was even more significant that we highlight differences between a control group undergoing
the same biopsy procedures and anesthesia events. Clinical blood values are wide ranging in

sheep, making it difficult to ascertain meaning of results without a control group.

At 3-months into the study, serum cortisol levels were significantly diminished in the OP

group compared to control animals but returned to normal levels following the cessation of

steroid administration. Similar trends in endogenous serum cortisone have also been reported
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previously in osteoporotic sheep [11], hinting that adrenal insufficiency may be induced in these
animals early in the model development requiring the implementation of taper doses to prevent
widespread infection resulting from immunosuppression. Previous studies have reported
alopecia, or “wool-break”, in sheep which were administered high-dose or long-acting
glucocorticoids [10, 11, 17, 18]. This phenomenon was also notable side effect also observed in
the majority of our study animals, with 9/10 osteoporotic group animals showing some form of
wool shedding by 6-months. Given the timing of alopecia and corresponding low endogenous
cortisol levels in our osteoporotic group, we can potentially infer that there is a correlation
between the two events. High levels of stress and endogenous cortisol can lead to “wool break”
or decreased wool fiber length in sheep [19-21]. Since administration of high dose
glucocorticoids can flood the body with synthetic cortisol, one possible explanation for the
observation of alopecia in our osteoporotic animals may be that the glucocorticoids are

generating a physiologic high stress state for the body and resulting in loss of wool.

Although performing OVX removes the ovarian production of estradiol, we only noted a
significant decrease in serum estradiol levels between 3 and 4-months following OVX in OP
animals compared to controls, with levels returning to normal at 5-months. This observed
bounce-back of serum estradiol, although not commonly reported, has been observed in previous
sheep osteoporosis studies [22-24]. While the ovaries are the primary source of endogenous
17beta-estradiol, the most potent form of estrogen in mammals, estradiol is also produced in
multiple other extragonadal organs such as the adrenal glands, skin, and adipose tissue [2]. In
humans, for example, adipose tissue is considered to be the major secondary source of

circulating estrogen by converting estrone to estradiol [25, 26]. It has been suggested that these
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extragonadal sources of estradiol synthesis may compensate well for the loss of the ovaries in
our OVX sheep and contribute to minimal changes in circulating levels of estradiol [22]. This
could also contribute to the low percentage bone loss that is observed when historically OVX
alone has been used to model osteoporosis in sheep. Further investigation into extragonadal
sources of estradiol synthesis in sheep is required to understand the impact on circulating

estradiol levels and, thus, on bone homeostasis following OVX.

We acknowledge that there were several limitations in this study. Primarily, there is great
variability in standard reference ranges for sheep clinical pathology values. While we tried our
best to control for this by enrollment of a control group, we remain unable to determine what is
within normal clinical limits. Additionally, there may have been other underlying medical
conditions that could have impacted the results. For example, the animal that was euthanized
early was due to a case of caseous lymphadenitis that did not present until immediately prior to
euthanasia. While all other animals did not clinically present with any interfering pathologies, it
is possible that other animals could also have had something similar. Since sheep are prey
animals, they are notorious for hiding any symptoms of pain, making it difficult to rule out
animals that may have had any underlying medical conditions prior to assignment onto the study.
And finally, while we do our best to age the animals based on incisor presentation, we cannot
verify the actual ages of these animals. Since age has been reported to impact bone density in
sheep [27], it is possible that the difference in age in animals could have impacted the
hematology, serology, and potentially the estradiol levels, as well. However, further investigation

into whether age of sheep impacts clinical pathology parameters is needed.
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In conclusion, we successfully report on systemic parameters in an established sheep
model of osteoporosis via OVX and corticosteroid administration. We demonstrate the effect of
model development on steroid hormone levels, hematology, and serology in the same animals
over the course of 12-months via serial sampling. Comprehensive characterization of the clinical
manifestations of the sheep model is necessary to appropriately use in preclinical studies of

osteoporosis.
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3.5 Figures / Tables

@ Blood Collection (Hormones)

@ Blood Collection (Clinical Pathology)
@ Bone Marrow Aspirate

OVX Surgery (OP only)
@ corticosteroid High Dose (OP only)

@ Corticosteroid Taper Dose (OP only)

Osteoporosis (OP) Group Control Group
N=10 Ewes N=6 Ewes

Figure 3.1. Aim 2 in vivo study design and sample collection time points.
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Figure 3.2. Clinical results. A) Representative image of wool-break and alopecia in OP sheep. B)
Observations of wool-break in study animals at 3 and 6-months. Wool-break was subjectively
assessed as either minor if only affecting a small portion of the animals’ fleece or significant
when affecting the majority of the fleece. C) Monthly body weights of all study animals starting
at baseline (0). Significance indicators: *p<0.05.
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Figure 3.3. Steroid hormone levels. A) Monthly serum cortisol levels of all study animals. B)
Serum cortisol levels at fasted time points only (baseline (0), 3, 6, and 9 months). C) Monthly
serum estradiol levels of all study animals. D) Serum estradiol levels at fasted time points only
((baseline (0), 3, 6, and 9 months). Significance indicators: *p<0.05, **p<0.01, ****p<0.0001.
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Table 3.1. Bone Marrow Aspirate Cellularity

Control Group OP Group
Time Point A(‘nggg)c SD Sample Size ?rgé /EE)C SD Sample Size
3 Months 6.68 2.55 6 7.14 7.87 10
6 Months 12.17 9.23 6 5.55 3.54 10
9 Months 5.59 2.05 6 6.16 4.72 10
12 Months 8.42 3.46 5 6.72 2.63 10

TNC = total nucleated cell count; SD = standard deviation; OP = Osteoporotic
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Table 3.2. Relative whole blood hematological values of osteoporotic sheep compared to age
and seasonal-matched controls.

Hematology Baseline 3-Months 6-Months 9-Months 12 Months
Parameter

HGB - - - - -
HCT - - - - -
RBCs - - 3P - -
MCV - - 1a - -
MCHC - - - - -
Platelets - 1Te - - -
MPV ; a ] ] ]
Neutrophils (%) - T2 - - -
Lymphocytes (%) - N - - }
Monocytes (%) - N - - -
Eosinophils (%) - 3P - - ,

HGB = hemaglobin; HCT = hematocrit; RBC = red blood cells; MCV = mean corpuscular volume; MCHC = mean
corpuscular hemoglobin concentration; MPV = mean platelet volume; a = p<0.05; b = p<0.01; ¢ = p<0.0001.
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Table 3.3. Relative blood serum serological values of osteoporotic sheep compared to age and
seasonal-matched controls.

Serological

Baseline 3-Months 6-Months 9-Months 12 Months
Parameter

Phosphorus - Td Ta - ,
Calcium - - - - -
Magnesium - - - - -
Iron - - Te - -
Total Protein - P 2 - -
Albumin - - - - 2
Globulin - - - - -
A/G Ratio - - - - -
Potassium - - - - -
Chloride - - - - -
Bicarbonate - 1 a - - -
Sodium - e _ _ _
AST - - - - -
GGT - 1d 1o - -
SDH - - - - -
CK - - - - -
Glucose - - - - -
BUN - 3¢ 2 - -
CRE i Lo Lo i i

T-Bilirubin - - - - -

A/G = albumin globulin ratio; AST = aspartate transaminase; GGT = gamma glutamyltransferase; SDH = sorbitol
dehydrogenase; CK = creatinine kinase; BUN = blood urea nitrogen; CRE = creatinine; T-Bilirubin = total bilirubin
a=p<0.05; b=p<0.01; ¢ =p<0.001; d = p<0.0001.
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CHAPTER 4:
CHARACTERIZATION OF BONE PROTEIN AND CELLULAR COMPOSITION IN AN
OVINE MODEL OF OSTEOPOROSIS

4.1 Introduction

Bone is comprised of three main constituents: inorganic material (~ 60% of bone weight),
organic material (~ 30%), and water (~10%) [1]. The organic matrix is formed by primarily type
I collagen and other non-collagenous proteins, while the inorganic matrix is composed of
mineralized hydroxyapatite crystals [2, 3]. Bone is mineralized following deposition of calcium
phosphate crystals in the structural matrix by osteoblasts. Disruptions to bone integrity and
strength can arise either from excessive bone turnover mechanisms thereby decreasing bone
mineralization rates, or by low turnover mechanisms, which does not allow for the turnover of
old mineral material, resulting in brittle bones [4]. While the majority of the extracellular matrix
is composed of type I collagens, other non-collagenous proteins have been shown to play just as
important a role in the turnover of bone, especially in terms of initiating and participating in cell
signaling cascades [4, 5]. For example, transforming growth factor beta (TGF-beta) signaling has
been shown to play a crucial role in bone metabolism, involving non-collagenous proteins such
as bone morphogenic proteins (BMP), growth factors, and an abundance of cytokines to induce
progenitor cell differentiation to osteoblasts [4, 6]. TGF-beta also works in conjunction with
another key pathway, the wingless-type mouse mammary tumor virus integration site family
(Wnt). The Wnt pathway is also noted to be essential in bone formation by way of suppressing

adipogenesis of the same progenitor cells [4, 7].
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Although great strides have been made to uncover the cellular mechanisms of
osteoporosis associated with clinical bone loss, clear understandings of molecular pathways
impacting bone loss remain elusive. The emergence of the study of -omics (metabolomics,
transcriptomics, proteomics, etc.) has allowed researchers to infer molecular pathways of
diseases or conditions by quantifying certain biomolecules present in a tissue or cell using mass
spectrometry. Proteomics helps promote insight into the functional production of an organism’s
genes and has been utilized to determine a substantial number of proteins involved in the
structure and function of bone tissue [8]. A combination of mass spectrometry and liquid
chromatography separation (LC/MS/MS) is used to describe the proteome, or all of the proteins
present in a tissue, whereby whole proteins are digested into peptide fragments followed by
separation by liquid chromatography (LC). Finally, the mass of each peptide is quantified using
mass spectrometry (MS) and matched to a protein using a protein database [8]. Use of -omics has
allowed researchers to generate potential underlying molecular explanations for the clinical

manifestations of osteoporosis.

The final phase of experimentation in this overall study aimed to further elucidate the
molecular pathways by which bone loss occurs in the sheep model of osteoporosis. To date, few
studies have utilized proteomics in clinical human patients [9, 10]. The objectives of this aim
were to 1) characterize the histomorphometrical changes and 2) the protein changes in
osteoporotic ewes over 12 months. To the best of our knowledge, the bone proteome has not
been explored in sheep with either healthy bone or following osteoporosis induction. We
hypothesized that global untargeted proteomics would reveal molecular changes in our

ovariectomized and steroid administered ewes compared with age-matched controls.

103



4.2 Materials and Methods
4.2.1 Animals and Experimental Design

As previously described in Chapter 2, sixteen (16) skeletally mature Rambouillet-cross
ewes between 4-6 years of age were enrolled onto study. Briefly, osteoporosis was induced in
N=10 osteoporotic (OP) animals via ovariectomy (OVX) and corticosteroid administration.
High-dose corticosteroids were administered for 16-weeks and then tapered for an additional 3
doses (24-weeks total time of corticosteroid administration) (Fig. 4.1). The remaining N=6
animals were allocated to the healthy control group. No OVX or corticosteroids were
administered to the control group animals. Bone biopsies for histomorphometry and proteomic
analysis were collected from the iliac crest of each animal at five study time points under

anesthesia: baseline, 3, 6, 9, and 12-months (Fig. 4.1).

4.2.2 Iliac Crest Biopsies

Two bone biopsies were harvested from the iliac crest of each animal at the five study
time points. A large (10 mm diameter) biopsy was first harvested using a 10 mm Arthrex
OATS™ autograft system (ABS-8981-10S, Arthrex, Naples, FL) and fixed in 10% neutral
buffered formalin for a minimum of 72-hours prior to transfer to phosphate buffered saline
(PBS). A second small (4.5 mm diameter) biopsy was then collected from the same iliac crest
directly adjacent to the 10 mm biopsy site using a 4.5 mm mosaicplasty set (L50343786, Smith
& Nephew Inc., Fort Worth, TX), flash frozen in liquid nitrogen, and stored at -80°C until

further processing. Laterality for biopsy collection was alternated between collection time points.
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4.2.3 Histology and Histomorphometry

Large (10 mm) formalin-fixed bone biopsies were placed in a 10%
ethylenediaminetetraacetic acid (EDTA) solution for one week, followed by placement in a 5%
EDTA solution until adequately decalcified, with solution replacement occurring weekly.
Samples were routinely processed for paraffin embedding (30 minutes/step). It was noted that
not all samples were fully decalcified during initial slide cutting. Therefore, the previously
prepared paraffin blocks were reprocessed by heating at 60°C to remove excess paraffin and
samples placed in new cassettes. Samples were placed in xylene for three changes at 3-hours
each. Samples were then placed into 100% reagent alcohol for 3-hours, re-processed in a tissue
processor, re-embedded, and then sectioned at 5 microns and stained with Goldner’s Trichrome.
Slides were imaged at 10x magnification using an Olympus vs200 research slide scanner
(Evident, Tokyo, Japan). The slide images were then semi-automatically quantified in Image
Pro-Premier (version 9.3, Media Cybernetics, Rockville, MD, USA) for mean trabecular bone
area (Tb.B.Ar), trabecular bone area ratio (Tb.B.Ar./Tt.Ar), percentage change in Tb.B.Ar/Tt.Ar,
number of cortical holes, mean cortical bone area (Ct.B.Ar), and mean cortical width (Ct.Wi).
Ct.Wi was determined by averaging 50 perpendicular length measurements along the cortical

layer.

4.2.4 Bone Proteomics Sample Preparation and Extraction

Small (4.5 mm) bone biopsies were transferred on dry ice to the University of Colorado
Mass Spectrometry Proteomics Shared Resource Facility and lyophilized overnight. Dried
samples were then milled to a fine powder using a Cell Crusher (CellCrusher) the following day.

Milled samples were delipidated with 3 washes of ice-cold acetone and 3 mg of material was
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measured out from each sample to be extracted and analyzed. Samples were extracted using a
two-step extracellular matrix (ECM)-optimized extraction method. All buffers were applied at
200 pL buffer per mg of tissue. After each extraction step, samples were spun for 20 mins at
18,000xg and the supernatant was reserved. Samples were first decellularized using 3
consecutive washes with HS/CHAPS buffer (50mM Tris-HCI (pH 7.4), .25% CHAPS, 25mM
EDTA, 3M NaCl). Next, ECM proteins were extracted using hydroxylamine digest buffer (1M
NH20OH—-HCI, 4.5 M Gnd—HCI, 0.2 M K>COs, pH adjusted to 9.0 with NaOH). All fractions

were flash frozen at -80C until digestion.

4.2.5 Sample Digestion

Small bone biopsy sample extracts were subjected to trypsin digestion via the filter-aided
sample preparation (FASP) protocol [11] using a 10 kDa cutoff filter. Samples were reduced
using Tris (2-carboxyethly) phosphine (TCEP), alkylated with 2-chloroacetimide (CIAA), and
digested with trypsin (1:100 enzyme:substrate ratio) for approximately 15 hours at 37 degrees

Celsius. The digest was eluted and acidified with 150 uL of 0.2% formic acid.

4.2.6 Mass Spectrometry Acquisition

Digested peptides were loaded onto individual Evotips following the manufacturers
protocol and separated on an Evosep One chromatography system (Evosep, Odense, Denmark)
using a Pepsep column, (150 um inter diameter, 15 cm) packed with ReproSil C18 1.9 um, 120A
resin. Samples were analyzed using the instrument default “30 samples per day” LC gradient.
The system was coupled to the timsTOF Pro mass spectrometer (Bruker Daltonics, Bremen,

Germany) via the nano-electrospray ion source (Captive Spray, Bruker Daltonics). The mass
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spectrometer was operated in PASEF mode. The ramp time was set to 100 ms and 10 PASEF
MS/MS scans per topN acquisition cycle were acquired. MS and MS/MS spectra were recorded
from m/z 100 to 1700. The ion mobility was scanned from 0.7 to 1.50 Vs/cm2. Precursors for
data-dependent acquisition were isolated within + 1 Th and fragmented with an ion mobility-
dependent collision energy, which was linearly increased from 20 to 59 eV in positive mode.
Low-abundance precursor ions with an intensity above a threshold of 500 counts but below a
target value of 20000 counts were repeatedly scheduled and otherwise dynamically excluded for

0.4 min.

4.2.7 Proteomic Data Processing and Annotation

Data was searched using MSFragger version 3.8 through the FragPipe version 19.0
pipeline. Precursor tolerance was set to £12 ppm and fragment tolerance was set to +20 ppm.
Data was searched against UniProt restricted to Ovies aries with common contaminants derived
from version 1.1 of the CRAPome [11]. Each fraction was searched independently using a semi-
specific trypsin cleavage definition. Fixed modifications were set as carbamidomethyl (C).
Variable modifications were set as oxidation (M), oxidation (P) (hydroxyproline), Gln->pyro-
Glu (N-term Q), and acetyl (Peptide N-term). Results were filtered to 1% FDR at the peptide and
protein level. ECM-associated proteins were annotated using MatrisomeDB database [12]. Prior
to filtering, data were log(2) transformed using NormalyzerDE version 1.14.0 [13]. Data
filtering, imputation of missing values, and normalization was carried out in MetaboAnalyst
version 6.0 [14]. Proteins were filtered out of the dataset if not present in at least 67% (or 2/3) of

samples. Any remaining intensity values listed as zero or below detectable levels were imputed
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with 1/5 of the lowest intensity value for the corresponding protein. Data was then scaled by

mean-centering and dividing by the standard deviation of each variable.

4.2.8 Statistical Comparisons and Data Presentation

Histomorphometry data was assessed for statistical significance using a mixed model
ANOVA with Sidak post-hoc multiple comparisons in GraphPad version 10.2.0 (Prism, San
Diego, CA). Proteomic data global comparisons were assessed for statistical significance in
MetaboAnalyst version 6.0 [14] using a two-way ANOVA and paired time point comparisons
were made using a one-way ANOVA, with significance set at p<0.05 and fold change threshold
at >2 for each comparison. Differentially expressed proteins (DEPs) were reported using the
false discovery rate (FDR) adjusted p-value. Venn diagrams of DEPs between comparisons were
generated using the Bioinformatics & Evolutionary Genomics Venn diagram tool

(https://bioinformatics.psb.ugent.be/webtools/Venn/). KEGG pathway analysis of DEPs was

performed in ShinyGO v.0.80 [15] using the Ensembl assembly “sheep genes

Oar_rambouillet v1.0”.

4.3 Results
4.3.1 Bone Histomorphometry

Representative histology images of iliac crest bone biopsies qualitatively show thinning
and disconnected trabecular bone in OP sheep over time (Fig. 4.2A-E), while minimal
disruptions to trabecular connectivity and thickness are shown in control sheep bone throughout
the study (Fig. 4.2F-J). No differences were observed in control animals at any of the time

points compared to baseline values for any histomorphometry parameter. OP group iliac crest
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mean Tb.B.Ar decreased significantly at 3 and 6-months when compared to baseline values.
However, there was no difference in Tb.B.Ar values between control and OP animals at any time
point (Fig. 4.3A). The trabecular bone ratio (Tb.B.Ar/Tt.Ar), or the percentage of trabecular
bone area over total tissue area (cortical bone excluded), of OP animal bone biopsies was
significantly lower than control animals at 9-months. (Fig. 4.3B). While not significant,
percentage change in a trending decrease in % Tb.B.Ar/Tt.Ar is observed in the OP group
compared to controls between 3 and 9-months (Fig. 4.3C). No differences in number of cortical
holes (Fig. 4.3D), Ct.B.Ar (Fig. 4.3E), or Ct.Wi (Fig. 4.3F) were noted between or within

groups at any time point.

4.3.2 Initial Proteomic Output

A total number of 4,765 proteins were identified in 79 samples. Extracellular Matrix-
associated proteins were annotated using MatrisomeDB [12], revealing 245 ECM-associated
proteins and 4,520 non-ECM-associated proteins. Following data filtering and imputation, a total

of 186 ECM-associated and 2,488 non-ECM-associated proteins were used for further analysis.

4.3.3 Differentially Expressed Proteins

A total of 1,610 DEPs were compiled following comparisons between Control and OP
groups at all time points. Global differences were observed between control ECM-associated
(Fig. 4.4A) and non-ECM proteins (Fig. 4.4B). When looking at the OP group alone, a total of
909 DEPs were identified between all time points and baseline (i.e., baseline vs 3-months,
baseline vs. 6-months, etc.). No proteins were significantly different between OP and control

groups at baseline.
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4.3.4 Proteomic Profiling and Functional Gene Enrichment at 3-Months

A total of 14 DEPs were identified at 3-months as compared to baseline values in the OP
group. Thirteen (13) proteins were significantly downregulated and 1 protein was significantly
upregulated (Fig. 4.5A-B). KEGG pathway analysis revealed two enriched pathways of DEPs
(Fig. 4.5C): Sphingolipid signaling pathway and Influenza A-associated pathway. The top
biological processes of DEPs were negative regulation of monocyte differentiation, followed by
monocyte differentiation, and negative regulation of myeloid leukocyte differentiation (Fig.

4.5D). No DEPs were identified in control samples at 3-months compared to baseline.

4.3.5 Proteomic Profiling and Functional Gene Enrichment at 6-Months

A total of 834 DEPs were identified at 6-months as compared to baseline values in the
OP group, with 828 significantly downregulated proteins and 6 significantly upregulated proteins
(Fig. 4.6A-B). KEGG pathway analysis revealed enrichment of the DNA replication,
Aminoacyl-tRNA biosynthesis, and cysteine and methionine metabolism pathways at 6-months
in OP samples (Fig. 4.6C). A high number of metabolic pathway genes were also noted to be
impacted at this time point (Fig. 4.6C). The top enriched biological processes of 6-month OP
group DEPs included nucleoside phosphate metabolic processes, oxoacid metabolic processes,
and carboxylic acid metabolic processes (Fig. 4.6D). High numbers of genes involved in
phosphate-containing compound metabolic processes and phosphorus metabolic processes were
also noted at 6-months (Fig. 4.6D). No DEPs were identified in control samples at 6-months

compared to baseline.
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4.3.6 Proteomic Profiling and Functional Gene Enrichment at 9-Months

A total of 323 DEPs were identified at 9-months as compared to baseline values in the
OP group, with 322 proteins significantly downregulated and 1 protein significantly upregulated
(Fig. 4.7A-B). KEGG pathway analysis revealed enrichment of DNA replication, aminoacyl-
tRNA biosynthesis, and nucleotide metabolism pathways at 9-months in OP samples (Fig. 4.7C).
A high number of metabolic pathway genes were also noted to be impacted at this time point
(Fig. 4.7C). Top enriched biological processes of 9-month OP group DEPs included positive
regulation of chromosome condensation, DNA unwinding involved in DNA replication, and
post-transcriptional regulation of gene expression (Fig. 4.7D). No DEPs were identified in

control samples at 9-months compared to baseline.

4.3.7 Proteomic Profiling and Functional Gene Enrichment at 12-Months

A total of 401 DEPs were identified at 12-months as compared to baseline values in the
OP group, 388 of which were non-ECM associated and 13 of which were ECM-associated. Of
the identified DEPs, 379 proteins were significantly downregulated and 22 proteins were
significantly upregulated at 12-months (Fig. 4.8A-B). KEGG pathway analysis revealed
enrichment of DNA replication, mismatch repair, and ferroptosis pathways at 9-months in OP
samples (Fig. 4.8C). A high number of cell cycle, purine metabolism, mRNA surveillance, and
nucleocytoplasmic transport pathways were also noted to impacted at this time point (Fig. 4.8C).
Top enriched biological processes of 12-month OP group DEPs included myeloid cell activation
involved in immune response, phagocytosis, and regulation of phagocytosis (Fig. 4.8D). A high
number of genes involved in other biological processes, including immune system processes,

regulation of protein metabolic processes, and cellular localization were also noted at this time
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point (Fig. 4.8D). A total of 440 DEPs were also identified in the control group samples at 12-
months as compared to baseline values, with 438 of which were non-ECM associated and 2
ECM-associated. Of the identified control group DEPs at 12-months, 439 proteins were
significantly downregulated and 1 protein was significantly upregulated (Fig. 4.9A-B). KEGG
pathway analysis revealed enrichment of mismatch repair, protein export, and DNA replication
pathways in 12-month control samples (Fig. 4.9C). A high number of genes involved in
metabolic and spliceosome pathways are also noted at this time point (Fig. 4.9C). Top enriched
biological processes of 12-month control group DEPs included RNA splicing via
transesterification reactions, RNA splicing via transesterification reactions with bulged
adenosine, and mRNA splicing via spliceosome (Fig. 4.9D). High number of genes involved in

cellular localization processes are also noted in 12-month control samples (Fig. 4.9D).

4.3.8 Functional Enrichment of Shared DEPs

In order to identify proteins that remained consistently affected throughout the study
following osteoporosis induction, we compared DEPs identified at each time point as compared
with baseline values in our OP group. We identify 467 proteins that were unique to a single time
point, 297 proteins shared between only two time points, 161 proteins shared between three time
points, and 7 total DEPs shared between all time points (Fig. 4.10A). To identify throughline
processes that may be impacted due to osteoporosis development in the sheep, we identified and
performed functional gene analysis on the 7 DEPs that were present in all time point
comparisons (Fig. 4.10B). KEGG pathway analysis of the 7 shared proteins reveal enrichment of
p53 signaling, mRNA surveillance, sphingolipid signaling, and oocyte meiosis pathways (Fig.

4.10C). Top biological processes impacted between all time points include monocyte
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differentiation, myeloid cell differentiation, and hemopoiesis (Fig. 4.10D). Since we identified a
number of DEPs at 12-months in our control group samples, we aimed to identify which DEPs
were unique to OP group bone samples. Following comparison of the 401 OP 12-month DEPs
and 440 control group 12-month DEPs, a total of 108 DEPs were determined to be shared
between the two groups at 12-months (Fig. 4.11A). KEGG analysis of shared DEPs revealed
enrichment of mismatch repair pathways, DNA replication, and nucleotide excision repair (Fig.
4.11B). Top biological processes impacted by shared DEPs included monocyte differentiation
regulation, regulation of substrate adhesion-dependent cell spreading, immune response myeloid

cell activation, and leukocyte degranulation (Fig. 4.11C).

4.4 Discussion

In this aim, we evaluated both the morphometry and proteomic changes of iliac crest
bone biopsy samples to help elucidate the mechanisms driving bone loss in our preclinical sheep
model of osteoporosis over 12-months. Histomorphometrically, we observed significant
decreases in trabecular bone area in our OP animals compared to baseline values at 3 and 6-
months, with no changes observed in our control group between time points. We can also
qualitatively observe changes to the trabecular bone quality in our OP animals compared to the
controls. Importantly, we show visible thinning and disconnection of the trabeculae following
osteoporotic induction. This trend in histological trabecular bone loss of our osteoporotic group
is in alignment with previous studies [16, 17], where the most significant bone loss manifested
by 3-6 months following OVX and steroid administration. While minimal significance between
groups was observed in the analysis of cortical bone parameters (width, porosity, area), this

finding is also in alignment to previous observations in the sheep OVX model. Given that
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trabecular bone loss is the primary source of bone loss in the early phases of osteoporosis, it
makes sense that we would observe significant changes to the trabecular bone and minimal to the
cortical surfaces [18, 19] during our study duration. However, further assessments are needed to
assess microscopic changes in cortical osteons and bone cellular activity in the sheep

osteoporosis model.

This is the first study to assess protein changes to bone tissue in the same subjects over
time using proteomic analysis in a longitudinal sheep model of osteoporosis. A previous study
from Cabrera et al explored the impact to the metabolome and lipidome through use of
metabolomics in a sheep model of osteoporosis [20], but direct assessment of the bone tissue was
not performed. Our initial exploration of the sheep bone proteome resulted in the identification
of a vast number of proteins, both ECM-associated and non-ECM associated. Seven proteins
were shared between each time point (CTR9, INPP5D, CDK6, PPP2R5C, NUP133, ITPRIPL1,
WS5PH60 SHEEP) and are therefore speculated to be key in osteoporosis progression in the
sheep. Of note, cyclin-dependent kinase 6 (CDK®6) is a key regulator of the p53 pathway, which
is most commonly associated with select cancer mechanisms. Elevated levels of p53 have also
been associated with decreases in bone mass [21]. It has been shown through in vitro
experimentation that CDK6 may play a role in osteoblast differentiation, as it regulates activity
of BMP proteins [22]. Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit
protein (PPP2R5C) is a subunit of PP2A, a key regulator in the AMP-K and P13K-AKT
signaling pathways. PP2A has been discussed as a potential target in the downregulation of
osteoclastogenesis, as its downregulation significantly decreases osteoclast numbers and

RANKL expression in vitro [23]. Both CDK6 and PP2A also play a role in the P13-Akt
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signaling pathway, which is hypothesized to be involved in the promotion of osteoblast
proliferation and differentiation and therefore the inhibition of osteoporosis [24]. PPP2R5C and
NUP133 have been identified as potential biomarkers associated with menopausal status in
women [25] and CDK6 was also identified as a key candidate in a micro-array study intended to

identify genes distinguishing osteoporosis from osteoarthritis in humans [26].

Pathway enrichment was utilized to help understand which molecular processes contain
high levels of our differentially expressed proteins. For example, proteins enriched at 3-months
were associated the sphingolipid lipid signaling pathway. Interestingly, another study performing
proteomics using femoral bone tissue harvested from osteoporotic and healthy aged humans
undergoing hip surgery demonstrated significant changes to levels of apolipoprotein A-I in the
bone of osteoporotic patients compared to controls [10]. At the same time point, we observe
enrichment of immune-related biological processes, including dysregulation to monocyte
differentiation and regulation, myeloid leukocyte differentiation and regulation, hemopoiesis,
and erythrocyte differentiation. It is well established that therapy with corticosteroids is intended
to suppress inflammatory processes, particularly in examples of organ transplantation and
chronic inflammatory disorders [27]. Similarly, proteomic analysis of blood serum from human
patients with osteoporosis demonstrate dysregulation of immune proteins and Ig protein levels,
indicating a potential action of osteoporosis development on mature B cell action [9]. We
observed overlapping enrichment of pathways and biological processes between various time
points during osteoporosis development in our animals. Across 6, 9, and 12-months, we see high
enrichment of DNA replication, cell cycle, and purine metabolism pathways. At 6 and 9-months,

we also see enrichment of pathways associated with aminoacyl-tRNA biosynthesis and
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metabolic pathways. Of note, purine metabolism has been noted to play an important role in the
process of bone remodeling, as alterations in purine metabolism have been associated with
osteoporosis through metabolic analysis [28, 29]. Disruptions to DNA replication and cell cycles
are indications of possible cellular senescence, commonly associated with aging [30]. Further
investigation is required to understand the connection between cellular senescence and

osteoporosis in the sheep model.

There are several limitations that must be mentioned in this study aim. Primarily, as this
is the first study to truly assess the proteomics of sheep bone in the context of bone loss, there
were inherent limitations in the derivation of biological relevance from the differentially
expressed proteins described in our results. The sheep proteome has not been significantly
annotated for association between disease states relating to bone, as few studies have been
previously published on this subject [31, 32]. Therefore, many of the significant proteins could
not be included in KEGG pathway analysis due to limited published data on the sheep proteome.
Additional work will be required to link sheep proteins with biological processes. While
collecting whole bone biopsies for proteomic analysis, it is possible that samples contained
additional non-bone materials, including blood, adipose tissue, periosteum, and other connective
tissues. The potential inclusion of these tissues may have impacted our proteomic results and
could potentially account for certain hemopoietic protein expressions between sample
comparisons. However, all these tissues are important factors in the bone tissue and may still
render meaningful results when comparing between time points and groups. While we did the
best to utilize our control animals to eliminate DEPs that were both expressed in our osteoporotic

and control animals at each time point, there are several DEPs that were noted to be expressed in
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our control animals but not in our OP animals. While we would expect there to be no significant
proteomic differences observed in our control animals over time that were not also expressed in
our OP sheep at the same time points, there were indeed several DEPs that were only expressed
in our control animals that were not observed in our osteoporotic animals, bringing up questions
of the significance of these proteins to the experiment. Further experimentation into the
proteomic changes that occur over the course of a year in sheep are required to determine if these

observed DEPs are part of natural aging or seasonality in sheep.

In summary, we have conducted the first study to evaluate the proteomic impacts of ovariectomy
and glucocorticoid administration in the bone of sheep. We identified significant protein
dysregulation in our osteoporotic group, in conjunction with changing bone morphometry,
compared to baseline values in the same animals. This exploratory study adds to the growing
field of tissue-specific -omics research. In particular, this study has identified potential

mechanisms by which bone loss occurs in a widely accepted large animal model of osteoporosis.
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4.5 Figures / Table

® Bone Biopsies
U OVX Surgery (OP only)

@ Corticosteroid High Dose (OP only)
@ Corticosteroid Taper Dose (OP only)

Osteoporosis (OP) Group Control Group

N=10 Ewes N=6 Ewes

|
|
Baseline 3 Mo.

Figure 4.1. Aim 3 in vivo study design.
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Baseline 3 Months 6 Months 9 Months 12 Months

OP
(Trichrome)

Control
(Trichrome)

Figure 4.2. Representative histology images of sheep iliac crest bone biopsies stained with Goldner’s Trichrome. (A-E) Representative
images of bone biopsies from animal BOV02 (OP group) across study time points: A) baseline, B) 3-months, C) 6-months, D) 9-
months, and E) 12-months. (F-J) Representative images of bone biopsies from animal BOV11 (control group) across study time
points: A) baseline, B) 3-months, C) 6-months, D) 9-months, and E) 12-months.
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Figure 4.3. Histomorphometry results of OP and control iliac crest bone biopsies across all study
time points (baseline (0), 3, 6, 9, and 12-months). A) Trabecular bone area (Tb.B.Ar). B)
Trabecular bone area over total tissue area (Tb.B.Ar/Tt.Ar). C) Percentage change in
Tb.B.Ar/Tt.Ar as compared to baseline. D) Number of holes in cortical bone. E) Cortical bone
area (Ct.B.Ar). F) Cortical width (Ct.Wi). All data are represented as mean + standard deviation.
Significance indicator: *p<0.05.

120



| Control I OP | - I Control || OP

cass [N . I s 0, s H T . I I
K { I S { 55555
8 u
3 S |
9 2
3 I
S TE0 TRt T I
© |
} AAAAAAAAAA
{ ,,,,,,,,, | .
IR O HEEE e “ F
. - [ .
i f |
A. B.

Figure 4.4. Heatmaps of top 25 proteins with the greatest fold change between groups at each
time point. A) A total of 186 ECM-associated proteins were compared and B) a total of 2,488
non-ECM proteins were compared. Heatmaps produced in MetaboAnalyst.
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Figure 4.5. OP group baseline vs. 3-months non-ECM associated protein analysis. A total of 14
DEPs were identified (13 downregulated, 1 upregulated). No ECM DEPs were identified. A)
Volcano plot using a paired one-way ANOVA in MetaboAnalyst. B) Top 10 significant
downregulated and all upregulated in MetaboAnalyst with log(2) fold change. C) Top enriched
KEGG pathways. D) Top 10 GO Biological Processes.
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Figure 4.6. OP group baseline vs. 6-months non-ECM associated protein analysis. A total of 834
DEPs were identified (828 downregulated, 6 upregulated). No ECM DEPs were identified. A)
Volcano plot using a paired one-way ANOVA in MetaboAnalyst. B) Top 10 downregulated and
all upregulated proteins in MetaboAnalyst with log(2) fold change. C) Top 10 enriched KEGG
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Figure 4.7. OP group baseline vs. 9-month protein analysis. A total of 323 DEPs were identified
(322 downregulated, 1 upregulated). No ECM DEPs were identified. A) Volcano plot of non-
ECM associated proteins using a paired one-way ANOVA in MetaboAnalyst (no significant
ECM-associated proteins). B) Top 10 downregulated and all upregulated proteins in
MetaboAnalyst with log(2) fold change. C) Top enriched KEGG pathways. D) Top 10 GO
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Figure 4.8. OP group baseline vs. 12-months protein analysis. A total of 388 non-ECM
associated DEPs were identified (367 downregulated, 21 upregulated), and 13 ECM DEPs were
identified (12 downregulated, 1 upregulated). A) Volcano plots of (i) non-ECM associated
proteins and (ii) ECM proteins using a paired one-way ANOVA in MetaboAnalyst. B) Top 10
downregulated and upregulated proteins in MetaboAnalyst with log(2) fold change. C) Top

enriched KEGG pathways. D) Top 10 GO Biological Processes.
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Figure 4.9. Figure. Control group baseline vs. 12-months protein analysis. A total of 438 non-
ECM associated DEPs were identified (437 downregulated, 1 upregulated), and 2 ECM DEPs
were identified (2 downregulated, 0 upregulated). A) Volcano plots of (i) non-ECM associated
proteins and (ii) ECM proteins using a paired one-way ANOVA in MetaboAnalyst. B) Top 10
downregulated and all upregulated proteins in MetaboAnalyst with log(2) fold change. C) Top

enriched KEGG pathways. D) Top 10 GO Biological Processes.
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Figure 4.10. Venn diagram of OP group differentially expressed proteins (DEPs) at all time
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CHAPTER 05: CONCLUSIONS AND FUTURE DIRECTIONS

Osteoporosis poses a significant burden to our worldwide community. Strategies to
adequately prevent and treat fragility fractures are in high demand as the aging population
continues to grow. With new pharmacologic interventions comes the need for appropriate and
clinically relevant preclinical animal models. While both small and large animals have been
shown to be effective models for osteoporosis, the sheep offers researchers the ability to perform
long-term and robust studies to evaluate bone quality and strength. We performed a multi-aim in
vivo study to fill in knowledge gaps of bone loss pathophysiology in the sheep model of
osteoporosis. Through these aims, we comprehensively characterized the bone, systemic, and

molecular changes associated with osteoporosis induction in a sheep model.

While all the three study aims differed in objectives, their results were ultimately linked
together by our sixteen study animals. Initially, we observed clinical bone loss in the lumbar
spine and tibia of our osteoporotic group compared with controls through use of DXA bone
scanning. We also observed changes to bone microarchitecture, through microCT scanning of
iliac crest biopsies, indicative of osteoporotic bone loss in the experimental group, including
trabecular thinning and a decrease in bone volume. Subsequently, we also were able to confirm
the use of QCT as an alternative method to DXA to measure bone density in our sheep model,
which was able to provide a more targeted assessment of trabecular bone than capable on DXA.
We were then finally able to observe the iliac crest bone at a more microscopic level through
histology, noting decreasing trabecular area in our osteoporotic animals, which was in line with

our microCT findings of the same biopsies. Concurrent with all these changes to the bone density
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and microarchitecture, we observed clinical systemic changes occurring in these animals, as

well. At the time point when animals had received the longest duration of high-dose
corticosteroids (~3-months), several differences in hematology and serology values were noted
to be impacted in the osteoporotic group compared to controls. These animals showed clinical
pathology levels indicating dysregulation to white blood cells, platelets, electrolyte levels, kidney
proteins, phosphorus levels, and liver enzymes. Once the final taper dose of steroids was
administered (~6-months), we saw changes in red blood cells and iron levels. We also noted
continued increases in serum phosphorus, kidney, and liver enzymes that had carried over from
the 3-month time point. As all of these dysregulations leveled out to comparable control levels
by the completion of the study, we attributed these acute systemic changes primarily to the
administration of high dose corticosteroids. Finally, after being able to see both the impact of
osteoporosis development on the bone and systemically in the animals, we began the process of
uncovering a molecular answer to these osteoporotic changes using proteomics. We revealed
significant protein changes in the bone of our osteoporotic animals across time over the course of
model progression. While we observed changes in phosphorus and white blood cell levels in the
blood, we simultaneously saw enrichment of signaling pathways involved in phosphate
metabolism, monocyte and leukocyte differentiation at the same time points (3 and 6-months).
When comparing proteins between all time points, we observed changes in pathways associated
with aging and cell cycle. These may be key mechanisms driving long-term changes in our sheep

model on a molecular level.

Several findings from this study provoked additional questions that require further

investigation in the future. One of the oddities we observed in this study was the minimal change
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in circulating estradiol levels as compared to healthy controls. While we would expect that
removal of the ovaries would prevent further significant endogenous estrogen synthesis, this did
not appear to be the case in the sheep. Since other studies have also reported on this finding in
sheep, we would like to further investigate why estradiol does not decrease following
ovariectomy in the sheep. In particular, we would like to explore other sources of extragonadal
estrogen and how they might impact bone turnover without the presence of ovarian production.
The proteomic results from this study are just the tip of the iceberg when it comes to uncovering
the mechanism of bone loss we observed in our osteoporotic animals. In the future, we will plan
to investigate pathway changes briefly touched upon in Chapter 4. For example, we would like to
understand how the dysregulation of chromosome condensation and DNA replication pathways
connect to the bone changes observed in the same animals at the same time points. We have now
opened the door to possibilities of future experimentation, whether through in vitro
experimentation to investigate one of the seven shared proteins presented in Chapter 4, or
through in vivo mouse knockout studies to investigate the impact of inflammatory pathway
dysregulation on bone loss. If we and others continue to add to the field of sheep -omics, we
could one day even develop a transgenic large animal model that more clinically manifests the
human condition of osteoporosis, allowing researchers to continue to run robust bone quality and

toxicity studies for the advancement of novel therapeutics to treat and prevent osteoporosis.

In keeping with our overall objective to report on the effects of osteoporosis development
more comprehensively in sheep, one of the other categories that has been severely
underrepresented in the literature is the exploration of co-morbidities associated with

osteoporosis, as discussed in Chapter 1. Utilizing tissues explanted from animals on this study,
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we will plan to perform preliminary in vitro research to determine the impact of our model on the
development of other associated conditions, including intervertebral disc degeneration,
osteoarthritis, and tendinopathy. Any potential findings could inform future use of this sheep

model and extend its use into other age-associated pathologies.

In summary, results from this study both confirmed the work of previous preclinical
osteoporosis studies as well as further characterized certain novel aspects of our large animal
model of osteoporosis. A more comprehensive understanding of our animal models will inform

appropriate study design and result in more advanced scientific inquiry.
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Appendix 1 — Hematology Values and Comparisons
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Hematology results for all study animals at baseline, 3, 6, 9, and 12 months. A) Hemaglobin
(HGB). B) Hematocrit (HCT). C) Red blood cells (RBC). D) Mean corpuscular volume (MCV).
E) Mean corpuscular hemoglobin concentration (MCHC). F) Platelet count. G) Mean platelet
volume (MPV). H) Percentage of neutrophils. I) Percentage of lymphocytes. J) Percentage of
monocytes. K) Percentage of eosinophils. Significance indicators: *p<0.05, **p<0.01,

wx8%p.20.0001.
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Appendix 2 — Serology Values and Comparisons
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Serology results for all study animals at baseline, 3, 6, 9, and 12 months. A) Phosphorus. B)
Calcium. C) Magnesium. D) Iron. E) Total protein. F) Albumin. G) Globulin. H)
Albumin/globulin ratio (A/G). I) Sodium. J) Potassium. K) Chloride. L) Bicarbonate. M)
Aspartate transferase (AST). N) Gamma-glutamyl transferase (GGT). O) sorbitol dehydrogenase
(SDH). P) Creatinine kinase (CK). Q) Glucose. R) Blood urea nitrogen (BUN). S) Creatinine
(CRE). T) Total bilirubin (T-bilirubin). Significance indicators: *p<0.05, **p<0.01, ***p<0.001,
*HE%p<0.0001.
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