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Abstract:

Obesity presents a number of challenges to healthcare systems worldwide, increasing
the risk of several disorders, including bone disorders such as osteoporosis. The effects
of impaired hormone signalling in obesity are difficult to separate from those caused by
concomitant increases in mechanical load from body weight. The work presented in this
thesis explored the roles of testosterone, leptin, and a high-fat diet in bone health,
combining animal models and cell culture models to investigate the influence of these
factors on bone morphology and metabolism, particularly in the context of hormonal
deficiencies and metabolic disorders, which can occur during obesity. Testosterone's
anabolic role in bone formation is well established, but this study highlights anti-
resorptive effects through the RANKL pathway, which maintains bone mass by
suppressing osteoclast activity. In orchiectomised mice, testosterone deficiency led to
significant reductions in trabecular bone volume, which were restored by testosterone
replacement therapy (TRT). Despite these improvements, TRT did not fully restore tibial
mechanical strength, aligning with clinical findings that TRT does not reduce fracture risk
in men. This suggests testosterone's effects on bone may involve factors beyond mineral
content, such as the extracellular matrix. In vitro investigation revealed no clear
relationship between testosterone and gene expression in pre-osteoblast cells, though
non-significant trends toward increased RUNX2 expression were observed, suggesting a
potential role in osteoblast differentiation. Testosterone also increased collagen and
calcium deposition in 3D culture models, reinforcing its anabolic effects on bone. Leptin,
traditionally known for regulating metabolism, also plays a crucial role in bone turnover.
Leptin deficiency in Ob/Ob mice led to impaired cortical and trabecular bone structure,
independent of body weight. These effects were site-specific, with differing impacts on
vertebrae and tibiae. Leptin deficiency and HFD both increased marrow adiposity,
suggesting a shift toward adipogenesis at the expense of osteogenesis, further
complicating the relationship between obesity and bone health. Despite increased body
weight, HFD did not enhance bone volume in C57 mice, indicating that obesity can
negatively affect bone strength through mechanisms beyond weight-bearing. In vitro,
leptin treatment had minimal effects on gene expression in pre-osteoblast cells, but
enhanced observed staining intensity for collagen and calcium matrix deposition,
highlighting leptin's potential role in promoting bone formation. The study also
investigated how leptin and testosterone interact with mechanical loading in bone cells.
In 2D cultures, fluid shear stress combined with leptin increased osteogenic marker
expression, though no significant changes were observed in gene expression. In 3D
cultures, hormone treatments, particularly leptin, enhanced collagen and calcium
deposition under mechanical load, suggesting a synergistic effect in promoting bone
formation. This research enhances our understanding of how testosterone, leptin, and
HFD influence bone health, particularly their interplay with mechanical loading. It
challenges existing views on obesity and bone strength, highlighting the complex
relationship between metabolic health and bone morphology. The findings suggest that
therapies targeting the bone-protective effects of testosterone and leptin could be
beneficial for treating osteoporosis and other metabolic bone diseases. Further research
is needed to explore the mechanisms underlying hormone signalling and
mechanotransduction to better inform future treatments for bone-related
complications in individuals with hormonal imbalances and obesity.
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comparisons, *P<0.05 vs. Lean C57.

Figure 3.4: Proximal tibia trabecular bone morphology at 24+2 weeks of age of male C57
and weight-paired lean or obese Ob/Ob mice. A. Thickness distribution (mm); B. 3D
colour coded thickness map (mm). n=4 Mean and individual data points. One way-
ANOVA or Kruskal-Wallis with post hoc multiple comparisons, *P<0.05 vs. Lean C57.

Figure 3.5: Inner vs. Outer proximal tibia trabecular bone morphology at 24+2 weeks of
age of male C57 and weight-paired lean or obese Ob/Ob mice. A. Representative model
of inner and outer medullar trabecular bone region of interest; B. Outer medullar
trabecular thickness (mm); C. Inner trabecular thickness (mm). n=4 Mean and individual
data points. One way-ANOVA with post hoc multiple comparisons, *P<0.05 vs. Lean C57.

Figure 3.6. Vertebral cortical bone morphology at 24+2 weeks of age of male C57 and
weight-paired lean or obese Ob/Ob mice. A. Cortical bone volume (BV) (mms); B. Cortical
bone mineral density (BMD) (g/cm3); C. Cortical Thickness (mm); D. 3D colour coded

density map (g.cms) of vertebral body cortical bone. n=4 Mean and individual data
points. One way-ANOVA or Kruskal-Wallis with post-hoc comparisons, *P<0.05 vs. Lean
C57.
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Figure 3.7. Vertebral trabecular bone morphology at 2412 weeks of age of male C57 and
weight-paired lean or obese Ob/Ob mice. A. Trabecular bone volume/tissue volume

(BV/TV) (%); B. Trabecular number (mm_l); C. Trabecular separation (mm); D. Trabecular

thickness (mm); E. Trabecular bone mineral density (BMD) (g/cma). n=4 Mean and
individual data points. One way-ANOVA or Kruskal-Wallis with post-hoc comparisons,
*P<0.05 vs. Lean C57.

Figure 3.8. Vertebral trabecular bone morphology at 2412 weeks of age of male C57 and
weight-paired lean or obese Ob/Ob mice. A. Thickness distribution (mm); B. 3D colour
coded thickness map (mm). n=4 Mean and individual data points. One way-ANOVA or
Kruskal-Wallis with post hoc multiple comparisons, *P<0.05 vs. Lean C57.

Figure 3.9: Representative images depicting Masson’s Trichrome stained sections of
tibiae and L3 vertebrae from C57 mice fed a normal diet (n = 4), C57 mice fed a high fat
diet (n = 4), and weight paired Ob/Ob mice. Scale bars are 500 um.

Figure 3.10: Tibial percentage immunopositivity counted along the endocortical surface
of Runx2 (A), ALP (B), RANKL (C), OPG (D) immunohistochemistry stained sections,
RANKL:OPG immunopositivity ratio (E) and osteoclast number per mm quantified via
TRAP staining (F) of tibiae sections from control C57 mice fed a normal diet (n = 8), C57
mice fed a high fat diet (n = 4) and Ob/Ob mice fed a normal diet, weight paired to HFD
fed C57 mice (n = 8).

Figure 3.11: Representative images of Runx2 (A), ALP (B), RANKL (C), OPG (D)
immunohistochemistry staining and TRAP staining (E) of tibiae sections from control C57
mice on a control (n = 8), C57 mice fed a high fat diet (n = 4), and Ob/Ob mice fed a
normal diet. Scale bars are 50 um

Figure 3.12: L3 vertebral percentage immunopositivity counted along the endocortical
surface of Runx2 (A), ALP (B), RANKL (C), OPG (D) immunohistochemistry stained
sections, RANKL:OPG immunopositivity ratio (E) and osteoclast number per mm
qguantified via TRAP staining (F) of tibiae sections from control C57 mice fed a normal
diet (n = 8), C57 mice fed a high fat diet (n = 4) and Ob/Ob mice fed a normal diet, weight
paired to HFD fed C57 mice (n = 4).

Figure 3.13: Representative images of Runx2 (A), ALP (B), RANKL (C), OPG (D)
immunohistochemistry staining of L3 vertebra sections from control C57 mice on a
control (n = 8), or high fat (n = 4) diet and weight-paired Ob/Ob mice fed a normal diet.
Scale bars are 50 um.
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Figure 3.14: A) Average force applied over time to HFD-fed C57 (n = 3) and
weight-paired Ob/Ob” murine tibiae (n = 3) in a 3-point bend mechanical test.
B) Maximal force applied to tibiae before breakage.

Figure 4.1: Concentrations of leptin (A) and testosterone (B) in cell culture media over
the course of 72 hours, measured via ELISA.

Figure 4.2: Relative gene expression of RUNX2 (red), OPG (green) and ALP (blue) in
MC3T3-E1 cells over the course of 21-day in vitro differentiation in modified cell culture
media.

Figure 4.3: Relative gene expression of RUNX2 (A), ALP (B), OPG (C), AR (D), and LepR (E)
measured via RT-qPCR, and ALP activity (F) in cell culture media from undifferentiated
MC3T3-E1 cells treated with FSS and either 80 ng/mL leptin (n = 3) or 10 ng/mL
testosterone (n = 3) alongside static controls (n = 3).

Figure 4.4: Relative gene expression of RUNX2 (A), ALP (B), OPG (C), AR (D), and LepR (E)
measured via RT-qPCR, and ALP activity (F) in cell culture media from MC3T3-E1 cells
treated with FSS and either 80 ng/mL leptin (n = 3) or 10 ng/mL testosterone (n = 3)
alongside static controls (n = 3) after 21 days of culture in differentiation medium.

Figure 4.5: Representative images of HandE stained 4 um sections of MG63-laden and
acellular collagen gel constructs after 1 or 4 weeks of culture. Scale bar = 50 um.
V denotes the presence of MG63 cells within the gel

Figure 4.6: Representative images depicting immunohistochemical staining for Ki67 (A)
and FAK (B) of 4um thick collagen gel sections cultured with MG63 cells for 4 weeks prior
to staining. Scale bars are 50 um.

Figure 4.7: Representative images depicting Masson’s trichrome stained sections of B-
gel constructs laden with either undifferentiated MC3T3-E1 cells, or MC3T3-E1 cells that
had been differentiated in osteogenic medium for 21 days. Cell-laden constructs either
remained unloaded or were subjected to 0.3 mPa of hydrostatic pressure, alongside
treatment with either 10 ng/mL testosterone or 80 ng/mL leptin. N = 3 for all groups.
Scale bars are 100 um.

Figure 4.8: Representative images depicting Alizarin red stained sections of B-gel
constructs laden with either undifferentiated MC3T3-E1 cells, or MC3T3-E1 cells that
had been differentiated in osteogenic medium for 21 days. Cell-laden constructs either
remained unloaded or were subjected to 0.3 mPa of hydrostatic pressure, alongside
treatment with either 10 ng/mL testosterone or 80 ng/mL leptin. N = 3 for all groups.
Scale bars are 100 um.
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Chapter 1: Introduction:
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1.1. Study Importance:

The ever-rising prevalence of obesity is a global concern, with cases of adult obesity
more than doubling between 1990 and 2022. According to the WHO, 2.5 billion (43%)
adults worldwide are classed as overweight or obese (BMI > 25kg/m?), over 890 million
of which are obese (30-35kg/m?). Furthermore UK obesity statistics estimate that 64.3%
of the adult UK population are classified as overweight or obese as of 2023; a

significantly higher portion than the international average of 24.25% (Baker, 2024).

The obesity epidemic presents a number of challenges to healthcare systems worldwide,
as obesity is considered a major risk factor for several disorders including cardiovascular
disease (Akil and Ahman, 2011) and bone disorders such as osteoporosis (Pi-Sunyer,
2009), as well as contributing to a host of endocrine alterations, including increased
leptin secretion and the decline of testosterone levels with age in men (Mushannen et

al., 2019).

Understanding the mechanisms controlling bone remodelling in response to diet
induced obesity, specifically the contributions of hormones and loading are necessary
due to contradictory findings and the implications for an ageing population, the majority
of which are overweight or obese (NHS, 2023). Endocrine signalling and load have been
shown to independently influence bone metabolism, but cross-talk between the two
pathways is not yet fully understood. Increases in body weight (BW) associated with
obesity are well known to result in accrual of bone mass, due to greater mechanical
strain upon the skeleton (De Lorenzo et al., 2024; Jensen et al., 2021; Savvidis et al.,
2018). However, bone loss is associated with reductions in endocrine functions,
including testosterone and leptin sensitivity, which are also associated with obesity
(Khodamoradi et al., 2022). As such, this work aims to elucidate the independent effects
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of mechanical load, testosterone, and leptin signalling in bone turnover and

homeostasis.

1.2. Bone Remodelling:

The physiological role of bone is to provide structural support for movement and
ventilation, protection for internal organs and a reservoir for amino acids, calcium and
phosphate, as well as a nurturing environment for maturation of hematopoietic stem
cells (Ott, 2018). Bone also has metabolic functionality, including the secretion of
hormones which regulate mineral and energy metabolism. To achieve these functions,
bone is compartmentalised into cortical (outer) and trabecular (inner) bone (Buss et al.,

2022).

Within bone, there are several cell types responsible for the maintenance of healthy
bone remodelling. Osteoblasts, differentiated from mesenchymal stem cells, secrete
bone matrix rich in type-1 collagen and regulate matrix mineralisation contributing to
bone formation (S. Zhu et al.,, 2024), whereas osteoclasts differentiated from
hematopoietic stem cells degrade bone mineral and matrix content via secretion of
hydrochloric acid and proteolytic enzymes, facilitating bone resorption (Kenkre and
Bassett, 2018). It has been suggested that osteoclasts recognise and target sites of
compromised mechanical integrity and initiate the process of bone remodelling at these
sites (Oftadeh et al., 2015). Bone remodelling is a continuous physiological process
responsible for the maintenance of the skeleton and calcium homeostasis. This process
repairs or improves bone strength by replacing old, micro-damaged or fractured bone
with new healthy bone via a constant cycle of bone resorption and formation (Owen and

Reilly, 2018).
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The remodelling cycle begins with the formation of a basic multicellular unit (BMU)
composed of osteoclasts, osteoblasts and a capillary blood supply (Arias et al., 2018).
Targeted bone remodelling in adults, a process unrelated to normal lengthening of bone
during childhood and adolescence, is controlled by 5 distinct stages: activation,

resorption, reversal, formation and termination (Figure 1.1).
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Figure 1.1: A schematic diagram illustrating the dynamic process of bone remodelling,
highlighting roles of osteoblasts and osteoclasts in the formation and resorption of bone
tissue respectively. Adapted from Kapinas & Delany, 2011.

As the BMU moves along the bone surface, the process of activation is initiated by
signals originating from osteocytes, which undergo apoptosis in response to bone matrix
microdamage. Osteocytes and osteoblasts release activating factors such as receptor
activator of nuclear factor kappa-B (RANKL) (Campbell et al., 2024) which increases local
angiogenesis and recruitment of osteoclast and osteoblast precursors to the BMU (Chen

et al.,, 2013).
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Replenishment of pre osteoblasts and osteoclasts is ultimately controlled by osteocytes,
which account for 90 - 95% of all bone cells in adult bone (Bonewald, 2011). Osteocytes
reside within lacunae in the bone matrix, detecting mechanical loading upon the bone
and signalling to cells on the bone surface to regulate osteoblast and osteoclast function
(Oftadeh et al.,, 2015). Osteoclast precursor cells are differentiated in to mature

osteoclasts, a process reliant upon RANKL secreted by osteoblasts (Arias et al., 2018).

Resorption is initiated when multinucleated pre-osteoclasts form by fusion of multiple
mononuclear cells and bind to bone matrix to form a sealing zone. Osteoclasts isolate
the damaged bone from surrounding bone to create a resorption pit. The osteoclast
cytoskeleton is rearranged to form a “ruffled border”, greatly increasing the secretory
surface area of the cell (Mulari et al., 2003). Within this sealing zone, bone mineral
content is dissolved via the secretion of hydrochloric acid and the collagen-rich bone
matrix is degraded by secreted proteases such as cathepsin K. Matrix metalloproteniases
(MMPs) help to prepare the bone surface for new matrix deposition degrading bone
matrix and regulating the activity of cathepsin K and other enzymes (Delaissé et al.,
2003). Additionally, matrix metalloproteinase 13 (MMP-13) expressed by osteoblasts
and hypertrophic chondrocytes degrades type | collagen, allowing for new bone
formation and mineralisation during remodelling (Arai et al., 2021). These actions of
MMP- are also essential for the maintenance of osteocytic lacunar networks (Tang et

al., 2012).

The process of bone resorption is terminated by programmed cell death of osteoclasts
in order to prevent excess bone resorption (Kenkre and Bassett, 2018). This activation
step is necessary to ensure that bone remodelling only takes place where required, and
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Alternatively, non-targeted bone remodelling is not directed to a specific site, instead
may be initiated in response to systemic changes in hormones such as parathyroid
hormone (PTH) during pregnancy (Hysaj et al., 2021) to allow access to calcium stores

within the bone (Murray and Wolf, 2024; Parfitt, 2002).

During the reversal stage, resorption switches to formation and resorbed bone is
replaced by a matrix produced by osteoblasts over the course of 3 months. Newly
resorbed bone is prepared for bone matrix deposition via the removal of unmineralized
collagen matrix and the deposition of a non-collagenous mineralised matrix by cells of
the osteoblast lineage (Delaissé et al., 2003). During the formation stage of bone
remodelling, osteoblasts on the surface of bone synthesize and secrete non-mineralised
osteoid matrix rich in type 1 collagen. This osteoid matrix is then mineralised with
hydroxyapatite crystals via a mechanism which is currently not fully understood (Palmer
et al., 2008), but it is known that osteoblasts play a key role in this process (Kenkre and
Bassett, 2018). The mineralisation of osteoid is responsible for the accrual and
maintenance of bone mineral density (BMD), an important indicator of bone health, and
the mineral content of bone contributes to overall bone strength and stiffness (Roschger
et al., 2008). Upon completion of matrix mineralisation, osteoblasts either change into
bone-lining cells, undergo apoptosis or become entombed within the newly deposited
bone matrix and terminally differentiate into osteocytes (Jilka, 2003; Kenkre and
Bassett, 2018). The release of osteogenesis antagonists such as sclerostin from
osteocytes play an important role in signalling the termination of bone remodelling via

negative regulation of the Wnt/B-Catenin pathway (Bonewald, 2011).

Approximately 80% of bone mass of the human skeleton is accounted for by the outer
cortex known as the cortical compartment, and although trabecular bone accounts for
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only 20% of total bone volume, the metabolic rate of trabecular bone is 10-fold higher
than that of cortical bone due to increased surface area to volume ratio (Parfitt, 2002).
The various stages of the bone remodelling cycle take place on the surface of bone,
meaning the rate of bone turnover is therefore higher in trabecular bone, with about
5% of cortical bone and 20% of trabecular bone renewed per year (Owen and Reilly,
2018). Imbalances in the bone remodelling cycle favouring either formation or
resorption of bone lead to the development of several diseases such as osteoporosis,
osteopenia and osteopetrosis (Feng and McDonald, 2011), as well as increased or

decreased fracture risk.

To maintain equilibrium and therefore healthy bone mass, the bone remodelling process
is influenced by a wide range of cytokines, hormones, signalling pathways and
mechanical stimuli, and by crosstalk between osteoblasts and osteoclasts. For example,
osteoblasts have been shown to influence osteoclast formation, differentiation, and
apoptosis via several different pathways including the OPG/RANKL/RANK pathway (X.
Chen et al., 2018). Several hormones play a crucial role in bone growth, maintenance,
and remodelling throughout life, influencing the balance of bone formation and

resorption.

1.3. High Fat Diet and Bone Remodelling:

Primary studies in a range of models have attempted to understand whether high fat
diet (HFD) and the loading effect of increased adipose tissue directly influences bone
remodelling, or whether changes to bone morphology are a consequence of increased
release of adipokines such as leptin from adipocytes into the local and systemic

circulation. So far reports appear contradictory.

28



Consumption of a HFD can be defined as a diet in which >30% of energy intake is
accounted for by lipids. Firstly, HFD consumption is thought to be a major risk factor for
bone loss and the development of osteoporosis (Silva et al., 2019). HFD promotes
adipogenic differentiation of MSCs and yellow bone marrow formation, in turn
suppressing osteoblast differentiation (L. Hu et al., 2018). High fat diet results in an
altered gut microbiome (GM) and decreased short chain fatty acid (SCFA) availability in
the systemic circulation due to changes in metabolism of carbohydrates in the gut (D.
Zhang et al., 2023). The presence of SCFA such as butyrate have been shown to improve
bone health (lucas et al., 2018), therefore a loss of SCFA may contribute to bone loss
(Wallimann et al., 2021). Furthermore the GM is currently an area of active investigation
as a potential therapeutic target to treat osteoporosis (McCabe et al., 2015). Similarly,
HFDs induce metabolic inflammation in many organs (Ruppert et al., 2024), increasing
levels of endotoxins, circulating free fatty acids and inflammatory mediators (Duan et
al., 2018). Inflammatory cytokines including IL-6 and TNF-a have also been shown to
increase bone resorption by osteoclasts via the RANKL/OPG pathway (De Leon-Oliva et

al., 2023).

Oxidative stress (OS) has also been identified as a risk factor for osteoporosis (X. Shen et
al., 2024) although the exact relationship between OS and HFD consumption remains
poorly defined. It is known that HFD contributes to oxidative stress via production of
reactive oxygen species (ROS) (Tan and Norhaizan, 2019). ROS have been shown to
activate osteoclast differentiation whilst inducing osteocyte apoptosis and inhibiting
osteoblast activity, facilitating bone resorption and suppressing bone formation
(Domazetovic et al., 2017). Similarly, ROS increase inflammation via TNF-a and IL-6 (L.

Wu and Pan, 2019), further contributing to oxidative stress. Hydrogen peroxide induced
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oxidative stress in human bone marrow monocytes induced RANKL expression,
increasing RANKL/OPG ratio and therefore inducing osteoclast differentiation in vitro

(Baek et al., 2010).

HFD has also been shown to increase accumulation of adipose tissue in and around the
bone, leading to increased local secretion of adipokine factors including leptin
(Mendoza-Herrera et al., 2021). Co-culture of preosteoclasts with adipocytes has been
shown to increase the presence of TRAP-positive multinucleated osteoclasts in vitro
(Montalvany-Antonucci et al., 2018). In addition, HFD consumption decreases bone
formation by suppressing osteoblast differentiation, and increases bone resorption by
increasing osteoclastogenesis (Shu et al.,, 2015). However, identifying whether the
observations above are specific to a change in gut microbiota and therefore fatty acid
availability or whether adipocyte secretion of adipokines including leptin may be having

a direct role on bone remodelling is necessary.

1.4. Testosterone and Bone Remodelling:

Testosterone is the primary male sex hormone, secreted predominantly in Leydig cells
in the testes in men (Walker, 2011), and in smaller quantities in the ovaries in women
(O’Donnell et al., 2000). Synthesis of testosterone is regulated by the hypothalamic-
pituitary-gonadal (HPG) axis (Hauger et al., 2022), whereby gonadotropin-releasing
hormone (GnRH) secreted in the hypothalamus stimulates the release of luteinizing
hormone (LH) in the anterior pituitary (Marques et al., 2000). LH is then transported via
the bloodstream to the testes, where it stimulates the synthesis of testosterone by the
Leydig cells (Nedresky and Singh, 2024). Once synthesised, this testosterone is released

into the bloodstream and able to act locally or in distant target tissues.
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Once in the bloodstream, testosterone exists as either biologically active, free
testosterone (0.5% to 3% of total testosterone) or bound testosterone, accounting for
the remainder (Q. Yang et al., 2019). In its bound form, testosterone is bound to proteins
such as sex hormone-binding globulin (SHBG) and albumin, and is largely inactive

(Goldman et al., 2017).

As a lipid-soluble hormone, testosterone is able to freely diffuse across the lipid bilayer
of target cell membranes, interacting with soluble nuclear receptors once inside (H. C.
Chen and Farese, 1999). In target tissues, testosterone binds to the androgen receptor
(AR), a nuclear receptor protein located in the cytoplasm (McEwan and Brinkmann,
2000). Testosterone binding to AR induces a conformational change in the AR, causing
its activation and subsequent translocation to the nucleus, where the testosterone-AT
complex binds to specific DNA sequences termed androgen response elements (AREs)
(Wilson et al., 2016). Binding to AREs triggers the recruitment of coactivators and RNA
polymerase, leading to the transcription of androgen-responsive genes, ultimately

influencing various biological processes (De Bruyn et al., 2011).

In addition to its classical genomic pathway, testosterone can also elicit rapid, non-
genomic effects that do not involve direct changes in gene transcription (Handelsman,
2000). In these cases, testosterone may bind to membrane-associated ARs or activate
second messenger pathways such as G-protein-coupled receptors (GPCRs), leading to
effects on calcium ion channels, kinase activation, and other intracellular signalling

pathways (Shihan et al., 2014).

Testosterone signalling plays a critical role in the development of male reproductive
tissues such as the testes and prostate, as well as promoting increased muscle and bone
mass (Shigehara et al.,, 2021). Conversely, fat mass is negatively associated with
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testosterone in males, with testosterone deficiency leading to increased fat deposition,
synthesis, and cell proliferation alongside decreased muscle and bone mass (Ma et al.,

2024).

Alongside increases in body fat percentage, depleted testosterone levels are also
associated with increased insulin resistance (Ottarsdottir et al., 2018), and low serum
testosterone is considered an independent risk factor for Type-2 Diabetes (T2D) (Wittert
and Grossmann, 2022). Similarly, low serum testosterone levels can be used as a
predictor of metabolic syndrome in men (Haring et al., 2009). Conversely, high serum
testosterone levels are protective against obesity, metabolic syndrome and T2D,
establishing testosterone treatment as a potential therapeutic opportunity for these
disorders (Wittert and Grossmann, 2022). As such, testosterone replacement therapy
(TRT) in obese, adult men results in reduced visceral fat as well as improved insulin
sensitivity (Mushannen et al., 2019), and has beneficial metabolic effects on patients
with T2D and metabolic syndrome (Li et al., 2020). Similarly, TRT has beneficial effects
on BMD (Shigehara et al., 2021), suggesting a potential method to decrease fracture risk
in osteoporosis (Elsheikh and Rothman, 2023). However, contradictory studies suggest
that TRT may not decrease fracture risk, despite improvements in BMD (Snyder et al.,

2024).

Obesity negatively correlates with free, bioavailable, and total testosterone across all
age groups (Grossmann, 2011), creating a self-perpetuating cycle of increasing fat mass,
whilst decreasing muscle and bone mass in obese, elderly men (Fui et al., 2014).
Testosterone acts directly on osteoblasts and osteoclasts via ARs expressed by these
cells (Mohamad et al.,, 2016). Androgen signalling in osteoblasts promotes their

proliferation and differentiation, a process mediated by the transcription factor Runx2
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(Gao et al., 2017; Payandeh et al., 2020). Testosterone also suppresses apoptosis in
osteoblasts, thereby promoting their survival and increasing bone formation (Almeida
et al.,, 2010). Additionally, testosterone increases the production of OPG, a decoy
receptor for receptor activator of RANKL, which in turn inhibits osteoclast differentiation
and bone resorption (Wu and Zhang, 2018). The role of androgen signalling in osteocytes
is less clear, however androgen receptors are present on osteocytes, suggesting a role

for testosterone in osteocytes differentiation and the preventation of age-related

As such, low testosterone levels are associated with an increase in serum markers of
bone turnover, such as bone alkaline phosphatase, indicating heightened bone
remodelling (Dabaja et al., 2015). As testosterone levels decline with age, especially in
obese men, bone mineral density (BMD) also declines, contributing to an increased risk
of osteoporosis (Shigehara et al., 2021). Testosterone affects not only the density of
bone but also its microarchitecture, including alterations in both cortical and trabecular
bone parameters. In studies investigating testosterone’s role in bone using murine
models, testosterone deficiency has been linked to trabecular bone thinning and
compromised cortical bone structure (Mohamad et al, 2016). Testosterone
supplementation, in both rodents and humans, is associated with increases in trabecular
bone volume, particularly in the spine (Snyder et al., 2017). This is likely due to
testosterone's ability to enhance the structural integrity of bone, thus reducing fracture

risk in some, though not all, clinical studies.

Alongside these local effects on bone cells, testosterone also affects systemic factors
including insulin-like growth factor 1 (IGF-1) (Franco et al., 2023), which is critical for

bone development and maintenance (Fang et al., 2023). Testosterone also indirectly
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influences bone health by increasing muscle mass and strength, imparting increased
mechanical loading from muscle contraction on the skeleton. This mechanical strain
stimulates bone formation, contributing to higher BMD (Shapses and Sukumar, 2012).
Loss of muscle mass due to low testosterone levels reduces this mechanical strain,

contributing to bone loss over time (Fui et al., 2014).

1.5. Leptin and Bone Remodelling:

Leptin is a 16 kDa polypeptide predominantly secreted by adipocytes, responsible for
the regulation of energy homeostasis (Forny-Germano et al., 2019). Circulating leptin
signals to the central nervous system (CNS) to suppress food intake and encourage
energy expenditure, proportionally to fat stores (Myers, et al., 2008). As such, leptin
deficiency as seen in genetically modified Ob/Ob mice, and in humans with rare
mutations in the leptin gene (Clément et al., 1998), results in uncontrolled weight gain
and obesity, and these phenotypes can be reversed via long-term treatment with leptin
(Faroogi and O’Rahilly, 2014). However, obesity also leads to a decrease in tissue
sensitivity to leptin, resulting in leptin resistance (Gruzdeva et al., 2019), presenting an

increasingly complex relationship between leptin signalling and obesity.

Leptin signalling has been shown to affect bone remodelling, both indirectly via
signalling in the hypothalamus (Ducy et al., 2000; Takeda et al., 2002; Hamrick, 2004),
and by signalling directly to osteoblasts (Tsuji et al., 2010). Research aiming to establish
the role of leptin in bone health has thus far yielded contradictory findings, with some
evidence suggesting that leptin decreases bone formation (Ducy et al., 2000; Elefteriou
et al., 2004; Takeda et al., 2002), whilst other research implies that leptin has an anabolic

effect, increasing bone density (Blain et al., 2002; Scheller et al., 2010; Turner et al.,
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2013). It is possible that the cause of these contradictory findings lies with interplay
between leptin signalling/sensitivity and mechanical loading, as many studies
investigating the role of leptin on bone remodelling do not control for changes in body

weight in response to leptin.

Despite the positive effects of growth and development related increases in body weight
and mechanical loading on bone density, obesity is thought to adversely affect bone
health via a variety of mechanisms including inflammation, altered bone cell
metabolism, and altered levels of bone-regulating hormones such as leptin (Shapses et
al., 2017). Leptin replacement therapy in leptin deficient humans improves bone mass,
but also increases levels of oestrogen, cortisol, insulin-like growth factor 1 (IGF-1) and
parathyroid hormone (PTH); resulting in difficulties separating the effects of leptin itself

vs its hypothalamic effectors on bone remodelling in vivo (Upadhyay et al., 2015).

Leptin receptors (ObR) are single membrane-spanning receptors which exist in six
known ObR isoforms (ObRa-ObRf) produced via ectodomain shedding or alternative
splicing (Wauman et al., 2017). These isoforms share common extracellular and
transmembrane domains but differ in their intracellular domains (Dam and Jockers,
2013). ObR isoforms include one long form (ObRb), four short forms (ObRa, ObRc, ObRd
and ObRf) and one soluble form (ObRe) (Wauman et al., 2017). The ObRb isoform has
the largest intracellular domain consisting of 302 amino acids, and is the only isoform
containing functional binding sites for janus kinase (JAK2) and signal transducer and
activator of transcription (STAT), which are required for signal transduction and
transmission of leptin function (Dam and Jockers, 2013). The ObRa isoform is a well
characterised short isoform, and is thought to play a role in the transport of leptin across

the blood-brain-barrier (Hileman et al., 2002). Investigation of mice lacking functional
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leptin (Ob/Ob) or any isoform of the leptin receptor gene (Db/Db) respectively with

regards to bone remodelling have proven controversial.

Early reports from Ducy et al., in 2000, before the common use of high resolution
MicroCT imaging demonstrated that Ob/Ob and Db/Db mice exhibit high vertebral bone
mass phenotypes, but unaltered appendicular bone phenotypes (Ducy et al., 2000). A
more recent report from Huang et al., in 2016 using high resolution MicroCT analysis
also demonstrated that leptin deficiency had a differing effect on the spine leading to a
marked increase in vertebral bone mass compared to long bones. However, the
researchers also identified trends towards lower trabecular bone mass in the tibiae of
Db/Db mice (Huang et al., 2016), in contradiction to the unaltered appendicular bone
phenotype described by Ducy et al., in 2000. Differences in analysis technique may

account for these changes.

There is also contradictory evidence as to whether leptin acts on bone cells in a direct
or indirect mechanism. Leptin receptors are present in a variety of cell types (Saxton et
al., 2023), and leptin signalling has been shown to influence bone metabolism through
indirect signalling via the hypothalamus (Ducy et al., 2000; Takeda et al., 2002; Hamrick,
2004) and directly via bone cell receptors (Mutabaruka et al., 2010; Turner et al., 2013;

Upadhyay et al., 2015).

ObRb is predominantly expressed in two distinct neuronal populations within the
arcuate nucleus (ARC) of the hypothalamus: the orexigenic NPY/AgRP (neuropeptide
Y/agouti-related peptide) neurons and the anorexigenic POMC/CART (pro-
opiomelanocortin/cocaine and amphetamine regulated transcript) neurons (Wauman

et al,, 2017). Leptin receptor inhibition of NPY/AgRP neurone activity plus activation of
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POMC and CART neuron activity initiates a complex metabolic signalling cascade
involving release of a-melanocyte stimulating hormone, activation of Melanocortin 4
receptor (MC4R) and subsequent suppression of food intake amongst other
cardiometabolic actions (Upadhyay et al., 2015). In 2000, Ducy et al., suggested that
leptin could inhibit the accrual of bone mass via a process reliant upon the integrity of
neurons within the ventromedial hypothalamic (VMH) nuclei. This pathway also
modulates sympathetic tone, thereby regulating adrenergic signalling via osteoblastic
B2 AR (Takeda et al., 2002). VMH-specific deletion of ObRb, however, does not affect
bone mass (Balthasar et al., 2004), suggesting that VMH integrity is necessary for leptin-
mediated regulation of bone mass, but signalling via ObRb in these neurons is not.
Together, these results indicate that leptin signalling may act elsewhere in the brain to
mediate bone metabolism via the VMH. As such, Yadav et al., have demonstrated that
brain-derived serotonin (BDS) modulates the effect of leptin on bone mass in mice. BDS
enhances the accrual of bone mass via binding to 5-Hydroxytrypptamine Receptor (HTR)
2C receptors on VMH neurons, as well as appetite via binding to HTR1A and HTR2b
receptors on ARC neurons. Leptin inhibits these functions by reducing serotonin
synthesis and firing of serotonergic neurons (Yadav et al.,, 2009). Activation of
hypothalamic ObRb stimulates secretion of Hypothalamic Osteoblast Inhibitory Factor
(HOBIF), which inhibits the ability of osteoblasts to form bone matrix (Legiran and

Brandi, 2012).

Neuromedin U (NMU), a neuropeptide expressed in the small intestine and
hypothalamic neurons has also been shown to regulate bone mass, and treatment with
NMU has been found to decrease trabecular bone mass in Ob/Ob mice, suggesting a role

for NMU in the regulation of bone formation downstream of leptin. Furthermore, NMU
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deficient mice were resistant to the effects of leptin and B2 AR agonists, suggesting that

NMU may be an early mediator of leptin-dependent bone metabolism (Sato et al., 2007).

Alongside predominant expression within the ARC of the hypothalamus, leptin receptors
have been identified in various cell types including osteoblasts and MSCs; suggesting
that leptin may act directly upon these cells to influence bone metabolism (Upadhyay,
2015). As such, bone marrow adipocytes express and secrete high levels of leptin
(Laharrague et al., 1998), potentially mediating the local effects of leptin on bone
metabolism. In contrast to the early evidence that leptin reduces bone mass (Ducy et
al., 2000), bone marrow replacement in Db/Db mice increases bone mass compared to
untreated controls, despite unaltered energy homeostasis (Turner et al., 2013). This
finding suggests that leptin may alter bone metabolism via peripheral mechanisms as
well as centrally, and that leptin signalling may not exclusively inhibit bone formation as
previously suggested by Ducy et al. As such, leptin is thought to preserve BMD through
a similar mechanism to oestrogen, increasing levels of OPG and therefore inhibiting
osteoclast activity (Legiran and Brandi, 2012). Alternatively, leptin is also able to
influence bone metabolism via activation of fibroblast growth factor 23 (FGF-23) (Tsuji
et al., 2010), a bone-derived hormone which inhibits reabsorption of phosphate and

vitamin D synthesis in the kidneys (Erben, 2018).

Leptin signalling, particularly in combination with a high fat diet, has also been shown
to directly influence skeletal stem cell differentiation, promoting adipogenesis whilst
inhibiting osteogenesis by bone marrow stromal cells (Yue et al., 2016). Bone marrow
stromal cells (BMSCs) harvested from Ob/Ob and Db/Db mice exhibit increased
mineralisation in vitro, and the femora of these animals showed significantly increased

trabecular bone volume and BMD. Cell-specific deletion of ObRb in osteoblasts resulted
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in a phenotype identical to control mice, whereas specific ObRb deletion from
mesenchymal precursors lead to mild obesity despite unchanged food intake (Scheller
et al.,, 2010). Leptin receptor signalling in osteocytes promotes cortical bone
consolidation by enhancing bone formation and mineralisation via activation of STAT3,
which contributes to the maintenance of bone integrity by regulating osteocyte activity
and supporting bone remodelling (Wee et al., 2022). Together, these results highlight
the potential for peripheral leptin signalling to modify bone metabolism by altering the

proportion of osteogenic and adipogenic differentiation.

1.6. Mechanotransduction and Bone Remodelling:

Mechanical loading is known to exert an anabolic effect upon bone. Increased
mechanical load upon the skeleton, particularly during adolescence, is known to have a
positive effect on the accrual of bone density (Greene and Naughton, 2006). This may
be a potential explanation for the presence of higher BMD in individuals with higher
BMI, as increased body weight results in increased load upon the skeleton. Somewhat
complimentary to this, evidence for reduced fracture risk in obese individuals was
recently published in a large Austrian cohort study, demonstrating that BMI was
inversely associated with fracture risk in both men and women with mean age 50 £ 15
years (Dominic et al., 2020). Individuals with higher BMI (>20kg/m?) tended to exhibit
increased BMD (Bierhals et al., 2019). Without analysing the body composition of these
individuals, it would be difficult to interpret whether an increase in mechanical load
upon the skeleton was due to high muscle mass, as muscle is a recognised predictor of

BMD (Zhu et al., 2015), or as a result of increased adiposity and fat accumulation.
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Furthermore, some studies have suggested that obesity plays a protective role against
osteoporosis due to the positive relationship between body mass index (BMI) and bone
mineral density (BMD) (Hariri, et al., 2019). Low BMI, particularly in combination with
advancing age, has been shown to correlate with low bone density, a known risk factor
for osteoporosis (Qaseem et al., 2017). Furthermore, although the mechanisms are still
poorly understood in vitro and in vivo studies have confirmed increased differentiation
of mesenchymal stem cells into adipocytes rather than osteoblasts in trabeculae due to

physical unloading, particularly during aging (Li et al., 2018).

Mechanical loading and stimulation are required for healthy skeletal development and
maintenance, strengthening bone structure as a result of adaptive changes to the bone
remodelling cycle (Robling and Turner, 2009). Physical activity exerts mechanical forces
including compression, tension pressure, and shear (Stoltz et al., 2018) upon bone cells
via muscle contraction and ground reaction forces from gravity, resulting in
maintenance and gain of bone mass (Klein-Nulend et al., 2012). A classic example of the
effects of mechanical stimulation on bone growth can be seen in the radius and ulna of
tennis players, which show a 5 to 10% increase in bone mass in the racket arm compared
to the contralateral arm (Ducher et al., 2005). In contrast, extended periods of unloading
such as long-term bed rest and spaceflight, reduce bone mass and strength in response
to the absence of mechanical loading (Klein-Nulend and Bakker, 2012; P. Zhang et al.,

2008).

Skeletal muscle contraction imparts mechanical forces upon bone, especially during
locomotion and lifting activities. Skeletal muscle is attached directly to bone, typically at
sites close to the axes of motion. This means that a large amount of force must be

generated by the muscles and transmitted to the skeleton to produce the torque
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required for movement (Avin et al., 2015). As a result, muscle contraction contributes
significantly to mechanical load experienced by bone and is one of the main factors

requiring consideration when investigating the effects of mechanical load on bones.

In addition to muscle contraction, mechanical loads are also imparted upon the skeleton
by the gravitational pull of the earth, a force which increases proportionally to body
weight (Iwaniec and Turner, 2016). In general, individuals with higher BMI tend to
exhibit increased BMD, which is thought to have a protective effect against low BMD
diseases such as osteoporosis (Palermo et al., 2016) and fracture risk (Dominic et al.,
2020). Together, these concepts raise questions over the effects of body weight upon
bone via exertion of mechanical loads on the skeleton, and the complex relationships

between fat mass, lean mass and bone mineral density (llesanmi-Oyelere et al., 2018).

The process of converting physical forces into biochemical signals to control bone
remodelling, known as mechanotransduction, is responsible for the activation of several
complex signalling pathways, altering gene expression and protein synthesis in response
to mechanical stimulus. Mechanotransduction has important implications for both
clinical and preclinical research, providing insights into healthy development of bone as
well as assessment of fracture risk and disease states such as osteoporosis and
osteoarthritis, and this topic has been reviewed in depth by Stewart et al., 2020. Briefly,
osteocytes within lacunae are the primary mechanosensitive cells within bone,
connected to adjacent osteocytes by dendritic processes. The resulting network of
osteocytes ensures that mechanotransductive signals propagate throughout the local
osteocytic network, termed the lacuna-canalicular (LC) network (Stewart et al., 2020).
Osteocytes within this LC network are enveloped by interstitial fluid, allowing osteocytes

to detect and respond to fluid shear stress caused by the flow of interstitial fluid over
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the cells due to compressive loading of bone (Wittkowske et al., 2016), and these
mechanical signals can also be detected by osteoblasts, resulting in an osteogenic

response (Uto et al., 2017).

Detection of mechanical stimulus occurs primarily in osteocytes through attachments to
the ECM via integrins and CD44 receptors present on the cell membrane (Yavropoulou
and Yovos, 2016). The presence of mechanical load is detected by a variety of
mechanoreceptors (Figure 1.2), including integrins, calcium channels, cadherins and

primary cilia (Stewart et al., 2020).
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Figure 1.2: A schematic diagram representing the main mechanotransduction pathways
in bone, including Integrins (A), Calcium channels (B), Connexins (C), Cilia (D), and
Cadherins (E). Adapted from Stewart et al., 2020.
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Integrins are membrane-spanning proteins which enable cell adhesion to the
surrounding ECM and initiate intracellular signalling pathways. Functional integrins
consist of a and B subunits, of which the B1 subunit is known to act as the predominant
functional unit in osteoblasts (Rubin et al., 2006). Osteoblast expression of this B1
subunit has been shown to increase in response to fluid shear stress (Kapur et al., 2003)
and transgenic mice expressing a dominant-negative, osteoblast-specific f1 subunit
exhibited reduced cortical bone formation (Zimmerman et al., 2000). ECM-binding
integrins such as a5B1 do so via binding to the RGD (Arg-Gly-Asp) domains present in
the ECM proteins fibronectin and vitronectin (Kechagia et al., 2019). As such, osteoblasts
have been shown to bind to fibronectin, osteopontin, bone sialoprotein and vitronectin,
all of which connect cells to surrounding ECM, in an RGD-dependant manner, whereas
binding to thrombospondin and type | collagen (responsible for cell-cell and cell-ECM
binding) are less dependent on the presence of RGD domains (Horton and Helfrich,

2013).

Mechanotransduction is predominantly controlled via integrins by focal adhesion (FA)
complexes. FA complexes form a link between the ECM and intracellular proteins such
as vinculin, palaxin and focal adhesion kinase (FAK), and transmit external forces from
the ECM to the actin cytoskeleton, leading to the activation of mechanotransduction
signalling cascades. FAK activation induces phosphorylation of downstream signalling
proteins, allowing for the activation of several kinase pathways including
phosphoinositide 3-kinase (PI3K) and extracellular signal related kinases (ERK) in
response to mechanical stimuli (Yavropoulou and Yovos, 2016). ERK1/2 are activated by
mechanical stimuli in bone stromal cells (Rubin et al., 2002) resulting in down-regulation

of RANKL expression, as well as increased expression of endothelial nitric oxide synthase
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(eNOS) and matrix metalloproteinase 13 (MMP-13). Together these changes result in
decreased osteoclast activity (Yavropoulou and Yovos, 2016). Additionally, PI3K/Akt
signalling promotes osteoblast differentiation, proliferation and bone formation (Xi, et
al., 2015), and FAK activation has been shown to increase expression of osteopontin,
osteocalcin, osterix and Runx2, all of which are considered key regulators of

osteogenesis and osteoblast differentiation (Wang et al., 2011).

Another group of adhesion molecules important for mechanotransduction includes the
cadherins. Cadherins are a form of transmembrane glycoprotein enabling cell to cell
adhesion, which associates with intracellular B-catenin (Tian et al., 2011). Fluid shear
stress triggers dissociation of B-catenin from cadherins on the intracellular side, leading
to increased levels of free B-catenin in the cytoplasm (Norvell et al., 2004). Cytoplasmic
B-catenin, once free of the cadherin receptor, is a recognised contributor to
osteogenesis, resulting in the induction of Runx2 expression via the Wnt/B-catenin
signalling pathway (Dong et al., 2006). The Wnt/B-catenin signalling pathway gives rise
to increased osteoprogenitor cell populations and decreased mature osteoblast
apoptosis (Bonewald, 2011). As such, loss of N-cadherin in bone lineage cells of adult
mice has been shown to result in increased accumulation of intracellular B-catenin
signalling, leading to increased bone formation (Fontana et al., 2017). Sclerostin inhibits
the Wnt/B-catenin signalling pathway, and mechanical stimulation results in the
downregulation of sclerostin expression by osteocytes, thereby resulting in increased

osteoblast activity, and subsequently increased bone formation (Hong and Kim, 2018).

lon channels present in cell membranes have also been found to be sensitive to
mechanical load in the form of fluid shear stress and tension (Rosa et al., 2015). One

such mechanosensitive ion channel is transient receptor potential vanilloid 4 (TRPV4), a

44



calcium ion channel expressed in osteoclasts, osteoblasts and osteocytes; and absence
of TRPV4 prevents disuse-induced bone loss (Guilak et al., 2010). Fluid-flow mechanical
stimulation of osteocytes leads to a rapid influx of calcium ions into the cells via voltage-
gated calcium channels including TRPV4, activating several cellular functions. These
transient calcium channels are induced by local deformation of the cell membrane in
osteocytes, and propagation of their signal to neighbouring cells enables osteocytes to
communicate within the LC (Adachi et al., 2009). The mechanically induced increase in
osteocyte intracellular calcium results in the release of prostaglandin 2 (PGE2), a key
paracrine signalling molecule and regulator of bone formation. PGE2 can be released
from cells via Cxs in the cell membrane, allowing intracellular communication between
osteocytes via gap junctions (Li et al., 2007). Cxs form transmembrane pores in response
to mechanical stimuli. These pores can align, giving rise to ‘gap junctions’ which allow

exchange of small cytoplasmic material between cells (Riquelme et al., 2020).

One particular Cxs variant, Cx43, has been identified on the membrane of osteoblasts
and osteocytes, and has been shown to regulate osteoblast differentiation as well as
bone formation and bone resorption (Buo and Stains, 2014). These Cx43 hemichannels
open in response to fluid shear stress, allowing for the transfer of small molecules such
as calcium ions, PGE2, ATP and cAMP between adjacent cells (Genetos et al., 2007), and
forming a signalling network capable of propagating a mechanical signal to other
osteocytes within the LC. Cx43 hemichannel activation has been shown to exert an anti-
apoptotic effect on osteoblasts in vitro (Plotkin et al., 2015). PGE2 is released from
osteocytes through these connexin channels in response to mechanical stimuli and
contributes to the process of mechanotransduction in both autocrine and paracrine

signalling capacities (Stewart et al., 2020). Intracellular PGE2 increases cellular calcium

45



and cAMP levels, and increases its own production via induction of prostaglandin G/H
synthase mRNA (Klein-Nulend et al., 1997). Extracellular PGE2 stimulates production of
alkaline phosphatase (ALP) and collagen by osteoblasts, as well as increasing

proliferation and adherence of pre-osteoblasts (Stewart et al., 2020).

Primary cilia on the cell surface are known to function as mechanoreceptors in many
eukaryotic cell types, particularly those subjected to fluid flow (Wann et al., 2012).
Deletion of Kif3a (an essential gene for the formation of primary cilia) from
mesenchymal stem cells (MSCs) in mice significantly reduces bone formation in
response to mechanical loading (Chen et al., 2016). Oscillatory fluid flow upregulates
expression of osteogenic factors (bone morphogenic protein 2 (BMP2) and cyclo-
oxygenase-2 (COX-2)) in MSCs together with increased proliferation, and that this effect
is mediated by primary cilia (Hoey et al.,, 2012). The mechanosensitive ion channel
TRPV4 has been shown to colocalise with primary cilia in MSCs, and the
mechanotransductive actions of TRPV4 appear to rely upon expression of 1ft88, a gene
required for generation of primary cilia (Corrigan, et al.,, 2018). Multiple
mechanotransduction mechanisms have been identified as contributors to
osteogenesis, and as research in this area advances, it is important to determine the
effects of interplay between mechanical loading and other factors such as hormone
imbalances, including obesity-induced hyperleptinemia and leptin resistance in the bone

remodelling process.

Despite the predominantly osteogenic effects of mechanical loading, the magnitude of
force applied to the skeleton is an important factor in determining bone turnover
responses. Whilst lower load magnitudes elicit anabolic responses, it has been shown

that loads of higher magnitude instead result in catabolic activity, and hence tissue
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degradation (Paschall et al., 2024). As such, overloading is known to contribute to
various pathologies relating to site-specific inflammation, including arthritis of the knee
(Khatib et al., 2019). Mechanical loading of bone has been shown to have profound
effects upon the bone remodelling cycle, particularly in relation to extended periods of

disuse or lack of loading (Robling and Turner, 2009).

1.7. Interactions Between Hormone Signalling and

Mechanotransduction in Bone:

Understanding the mechanisms linking hormone signalling to mechanical loading may
provide insights into the overarching relationship between obesity and bone. However
this is currently poorly understood, with conflicting evidence in the literature to date,
potentially due in part to the variance in methodologies used to apply mechanical load

or assess bone parameters.

Androgen signalling and mechanical load are both vital factors involved in bone
development and maintenance, driving bone formation whilst suppressing bone
resorption (Faienza et al., 2024). Although no direct links have been revealed between
the two pathways, it is possible that there are common mechanisms between these two

signalling pathways underlying their shared benefits for bone health.

Osteoblast differentiation via Runx2 is upregulated by both androgen signalling (Baniwal
et al., 2009) and mechanical load (Krstic et al., 2022) independently. This commonality
between the two pathways highlights a potential synergistic effect between androgen
signalling and mechanotransduction, a relationship which is not fully understood.

Similarly, testosterone activates wnt/B-Catenin signalling (Schweizer et al., 2008), a key
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pathway enabling the effects of mechanical loading in bone (Hong and Kim, 2018),
ultimately inducing Runx2 expression (Dong et al., 2006). Additionally, testosterone
stimulates ERK1/2 signalling (Fix et al.,, 2004), another key kinase in
mechanotransduction (Hino et al., 2020). In addition to these direct affects, androgen
signalling also contributes to increased muscle mass, in turn resulting in more

mechanical load upon the skeleton from muscle contraction (Rizk et al., 2023).

In a study investigating the effects of hindlimb unloading (HU) upon reproductive
function, it was revealed that a lack of mechanical loading reduces testosterone levels
whilst increasing aromatase (Moustafa, 2021). Additionally, a similar study found that
two to four weeks of HU induce disruption of testicular architecture and molecular
phenotypes (Karim et al., 2022). These findings suggest an important role for mechanical
loading in testosterone synthesis and signalling. As both of these factors are important
for bone maintenance, it may be possible that interactions between these two pathways

play a crucial role in the relationship between obesity and bone health.

Alongside testosterone, leptin signalling, another pathway known to be disrupted in
obesity (Vilarifo-Garcia et al.,, 2024), is hypothesised to interact closely with
mechanotransduction pathways. Despite the osteogenic effects of increased
mechanical load due to higher body weights, obese, leptin deficient mice exhibit lower
bone masses than their obese wild-type counterparts (Driessler and Baldock, 2010),
suggesting that leptin signalling plays an important role in the skeletal response to

mechanical stress.

Despite the presence of this high bone mass phenotype in leptin deficient animals,
results from a study conducted by Kapur et al., indicate that leptin signalling is a negative
modulator of mechanosensitivity in bone. This means that leptin or lepR deficient Ob/Ob
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or Db/Db mice exhibit significantly increased bone formation in response to mechanical
load compared to C57BL/6J controls (Kapur et al., 2010). These findings were also
recapitulated in vitro, with Ob/Ob and Db/Db osteoblasts showing significantly greater
ERK1/2 phosphorylation and [3H] thymidine incorporation than their wild-type
counterparts in response to shear stress. C3H/HeJ mice are known to exhibit poor bone
mechanosensitivity, and in this same study by Kapur et al., it was found that siRNA
suppression of LepR expression in osteoblasts taken from these mice restores
mechanosensitivity, suggesting that LepR signalling may contribute to the poor
osteogenic response to loading in these mice. Additionally, osteocyte-depleted mice lost
the ability to reduce their body weight by regulating food intake in response to increased
mechanical loading, induced via intraperitoneal implantation of a load capsule equal to
15% of body weight (Jansson et al., 2018). This finding suggests the presence of a fat
mass homeostat which is independent of leptin, and reliant instead upon mechanical

loading.

In a study investigating the role of leptin in the recovery of muscle and bone after
periods of unloading in mice, it was revealed that HFD-induced obesity did not affect
trabecular bone volume or BMD in unloaded mice. In contrast, HFD-induced obesity
significantly increased trabecular BMD in reloaded mice compared to control animals
fed a normal diet, and leptin mRNA and serum leptin levels were both found to positively
correlate with increases in trabecular BMD (Kawao et al., 2019). These findings suggest
that obesity enhances the recovery of bone mass in response to reloading after a period

of disuse, but the precise mechanisms remain unknown.

Downstream of leptin signalling, the JAK/STAT pathway is known to play important roles

in bone metabolism and development, and selective STAT3 inactivation in osteoblasts
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results in decreased bone formation in response to mechanical load (Li, 2013). This same
finding has now been established in osteocytes, and treatment with a STAT3 inhibitor
blocks intracellular calcium influx into MLO-Y4 osteocytes. The STAT3 pathway is
required for the effects of leptin upon food intake and glucose metabolism (Buettner et
al., 2006) and may also play an important role in linking leptin signalling and

mechanotransduction in bone remodelling.

Mechanical loading promotes osteoblastic differentiation of MSCs and inhibits
adipogenic differentiation (Cao, 2011), in contrast to leptin signalling which has the
opposite effect: inhibiting osteogenesis and increasing adipogenesis (Yue et al., 2016).
It is possible that there is overlap between these two determinants of MSC
differentiation, and that leptin signalling alters osteogenic response to mechanical
loading; although very little is known on this topic to date. Investigating the interactions
between leptin signalling and mechanotransduction in deciding MSC fate may provide a

greater understanding of the relationship between obesity and bone metabolism.

1.8. Aims and Objectives:

With contradicting evidence in the literature, the precise effects of obesity on bone are
yet to be identified. This work aims to investigate the effects of testosterone and leptin,
both alone and in combination with mechanical loading, upon bone remodelling. It is
possible that the mechanisms by which these hormones alter bone remodelling are
coupled with those involved with mechanotransduction, a link which has not previously
been investigated in detail but may provide important insights into the implications of
obesity on bone health. The hypothesis of this body of research is that leptin and

testosterone signalling alter cellular responses to mechanotransduction in bone, and
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that alterations in the levels of these hormones alone induces changes in bone
microarchitecture independent of concomitant changes in body weight associated with

obesity.

1.9. Specific Aims:

1. Investigate the relationship between testosterone depletion, subsequent TRT
and bone turnover in a murine model of cardiometabolic disorder fed a high fat diet,
including assessment of tibia morphology and mechanical strength alongside markers of

bone cell differentiation and activity.

2. Determine the independent effects of leptin depletion whilst controlling for
mechanical loading from body weight in leptin deficient Ob/Ob mice weight paired to
either lean or obese C57 counterparts. Assessment of tibial and vertebral bone
morphology and bone cell differentiation and activity, including assessment of tibial

mechanical strength.

3. Investigate the interactions between the effects of testosterone or leptin with

mechanical loading upon key markers of bone cell activity and matrix deposition in cells

of osteoblast lineage using 2D and 3D in vitro models.
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2. Chapter 2: The Effects of Testosterone Depletion Upon
Bone Turnover in a Murine Model of Cardiometabolic

Disorder Fed a High Fat Diet:
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2.1. Introduction:

In recent years, high fat diet (HFD) combined with reduced physical activity have
resulted in dramatic increases in obesity and accompanying metabolic consequences in
developed nations (Bray et al., 2018). Low BMI and body weight are associated with
osteoporosis and fracture risk (Morin et al., 2009), whilst high body weight is positively
associated with BMD (Shapses and Sukumar, 2012), due to the beneficial effects of
increased mechanical load from body weight on bone mass. However, a HFD increases
bone marrow adipose tissue accumulation and leads to oxidative stress, both of which
are known to contribute to the acceleration of bone loss (Qiao et al., 2021). HFD feeding
in mice leads to a reduction in trabecular and cortical bone mass compared to mice fed
a normal chow diet, which is thought to be via suppression of bone formation (S. Kim et
al., 2021). Adipogenesis is increased in mice fed a HFD, accompanied by a reduction in
osteoblastic differentiation due to shared mesenchymal stem cell lineage between
osteoblasts and adipocytes (Saleh et al.,, 2021). As such, differential effects can be
observed with obesity and HFD and thus studies are required which enable the isolated

study of these effects.

Alongside the more well-known detrimental effects of obesity on health, obesity is also
recognised as a significant risk factor for testosterone deficiency in men (Saad et al.,
2017). Several measures of obesity are negatively correlated with free, bioavailable and
total testosterone levels; a relationship which is maintained across all age groups
(Grossmann, 2011). Obesity-induced reduction of free testosterone levels leads to
increases in adiposity, giving rise to a self-perpetuating cycle of metabolic complications
(Fui et al., 2014), including loss of muscle and bone mass, as well as further increased

fat mass in elderly men (Saad et al., 2017). These conditions also contribute to the
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pathogenesis of atherosclerosis and can increase the risk of cardiovascular mortality in

men with low testosterone (Kelly and Jones 2013).

Testosterone and its precursors, collectively termed ‘androgens’, promote bone-
formation by acting directly upon androgen receptors (ARs) present on bone cells
including osteoblasts and osteoclasts (Mohamad et al., 2016a). Androgen signalling
suppresses osteoblast apoptosis (Almeida et al.,, 2010), and increases osteoblast
proliferation (X. Wu and Zhang, 2018) and differentiation from MSCs via induction of
RUNX2 (Gao et al., 2017; Payandeh et al., 2020). Additionally, low levels of testosterone
(<250 ng/dL) are associated with increased serum levels of bone associated alkaline
phosphatase, indicating increased bone turnover (Dabaja et al., 2015). The decline of
testosterone levels with age, especially in obese men, is concurrent with a decline in
BMD (Shigehara et al., 2021). This presents testosterone replacement therapy (TRT) as
an attractive therapeutic for managing the metabolic effects of testosterone deficiency
and decline in BMD simultaneously. Testosterone deficiency has been linked to frailty in
older men (Saad et al., 2016) and it is clear that TRT improves BMD in testosterone
deficient men in some studies (Isidori et al., 2005; Shigehara et al., 2021), but not in
others (Kenny et al., 2001) and contradictory evidence exists (Al Mukadam et al., 2017).
Mechanistically, the differentiation and activity of osteoclasts is up-regulated in
response to increased activation of RANKL in the absence of testosterone (Shigehara et

al., 2021), including in orchiectomised rodents (Mohamad et al., 2016).

Adult human testosterone treatment leads to increased strength of spine trabeculae
compared to placebo treated men (Colleluori et al., 2021; Snyder et al., 2017). This is
likely due to altered levels of factors secreted by cells of the osteoblast lineage, including

RANKL released from immature osteoblasts, which binds to RANK on osteoclasts and
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triggers osteoclast differentiation (Park et al., 2017). Treatment of murine osteoblasts
with a supraphysiological dose of testosterone in vitro led to a significant increase in the
ratio of RANKL:OPG, whereas treatment with a low physiological dose resulted in a
decrease in RANKL:OPG ratio (Steffens et al., 2014). This indicates that low doses of
testosterone inhibit, whereas larger doses may increase osteoclastogenesis and
therefore bone resorption via RANKL/RANK signalling. This inhibitory effect of
testosterone upon bone resorption has also been reported in a variety of clinical studies
in men, showing that TRT significantly decreases markers of bone resorption without

significantly altering bone formation markers (Isidori et al., 2005).

Despite these mechanistic and bone microarchitecture studies, there is no evidence that
this testosterone-induced increase in BMD in the majority of the literature translates to
decreased fracture risk (Snyder et al., 2017). In fact, the recent FDA-mandated TRT for
Assessment of Long-term Vascular Events and Efficacy Response in Hypogonadal Men
(TRAVERSE) trial highlighted in a sub-study that testosterone treatment increased
fracture risk (Snyder et al., 2024). While this study did not assess possible mechanisms
by which testosterone would increase the incidence of fractures, it may be speculated
that the increased risk was a subsidiary consequence of increased physical activity due
to improvements in mood, energy levels, motivation and quality of life measures
indicated in the main study (Lincoff et al., 2023) and others (Traish and Morgentaller
2017) prior to longer-term actions on bone architecture. Indeed, the most common sites
of fractures were ribs, wrist, and ankle, locations associated with trauma and more
commonly with falls. However, the TRAVERSE trial did not evaluate bone density and
structure, and traumatic events and falls were not reported end points. These

contradictory clinical findings emphasise the need for further mechanistic investigation
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into the influence of testosterone on bone microarchitecture, strength and fracture risk.
Apolipoprotein E (ApoE) is a major component of brain and peripheral lipoprotein
transport systems (E. Kypreos et al., 2018), which has recently become an area of
interest in the field of obesity research. ApoE-/- mice are a well-established model of
atherosclerosis (Fitzgibbons et al., 2018), exhibiting poor lipoprotein clearance leading
to the accumulation of ester-enriched particles in the blood and subsequent
atherosclerotic plaques (Lo Sasso et al., 2016). ApoE and leptin double deficient (ApoE-
/- x Ob/Ob-/-) mice are resistant to body weight and fat mass gain in response to high
fat diet (HFD) feeding, despite increases in plasma very-low-density-lipoprotein (VLDL)
(Chiba et al., 2003), suggesting that VLDL-induced adipogenesis is ApoE dependent.
ApoE-/- mice also accumulate less body fat content and display smaller adipocytes
compared to wild-type (WT) C57BL/6 controls (Huang et al., 2006). Taken together,
these findings highlight ApoE-/- mice as a suitable model for studying the effects of an
obese metabolic phenotype upon bone, without the confounding factor of increased

body weight.

The aim of this study was to test the hypothesis that testosterone deficiency leads to
reductions in bone volume, and that testosterone therapy can restore these
parameters. Additionally, the study aims to provide insights into the cellular
mechanisms underpinning these changes in a mouse model of cardiometabolic disease,
allowing for assessment of the isolated effects of HFD and TRT without the effects of
increases in mechanical load from body weight. In doing so, markers of osteoblast
differentiation (RUNX2) and activity (ALP) were assessed alongside markers of osteoclast
differentiation (RANKL:OPG ratio) and activity (TRAP). This work aimed to provide

insights into the mechanisms governing the morphological alterations in bone seen in
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testosterone deficiency. The hypothesis of this work was that testosterone depletion
negatively influences bone mass and microarchitecture, and that TRT restores bone

parameters to control levels in castrated mice.

The aims of this work package were:

1. To establish the impact of testosterone depletion and subsequent TRT upon
bone microarchitecture.

2. To investigate the cellular mechanisms underpinning testosterone-related
alterations in bone morphology.

3. To assess the effects of testosterone related changes in bone morphology upon

the mechanical strength of murine tibiae.
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2.2. Materials and Methods:

2.2.1. Experimental Design:

Obesity is a significant risk factor for testosterone deficiency in men, and testosterone
deficiency itself is a known significant contributor to a range of health defects, including
cardiovascular disease and osteoporosis. This study utilised ApoE-/- mice fed a HFD to
recapitulate the metabolic comorbidities of obesity and increased cardiovascular risk
without increased load from body weight, to investigate the independent role of
testosterone in bone remodelling. ApoE”" mice were split into three experimental
groups. At 7 weeks of age, two experimental groups underwent orchiectomy
(castration) surgery to achieve testosterone depletion, and one of these groups received
subsequent testosterone replacement therapy via intramuscular injection from 8 weeks
of age, whereas a control group received only sham surgery with placebo injection and
were therefore not testosterone depleted. All mice were fed a HFD from 8 weeks of age
for the duration of the study. Tibiae were harvested for analysis at 25 weeks of age, after
17 weeks of treatment. This study was performed in tandem with another study utilising
waste tissue from the same animals (Bateman, 2020) in line with NC3Rs, and all
timepoints were selected accordingly. Morphological changes in the proximal tibiae
cortical and trabecular bone were quantified separately using Micro-Computed
Tomography (uCT) with post-imaging processing software. The mechanisms governing
these morphological changes were then investigated using histological and
immunohistochemical staining, including assessing the presence of markers of
osteoblastic bone formation, and osteoclastic bone resorption. Mechanical properties
of the tibiae were assessed using a 3-point bend test to assess the impact of observed

changes upon the physical strength of the bone, and therefore fracture risk.
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2.2.2. Animal Husbandry:

The proposed experimental designs and methods of analysis of the results were
discussed with the Statistical Services at the University of Sheffield. Factorial
experimental designs were used to maximise the information obtained from the
minimum resource. Where practicable, sample sizes were determined through power
analysis generally using a significance level of 5%, and power of 80 or 90%. The principle
variable for determining sample size was lipid deposition in the aortic root as this was
conducted alongside a study primarily related to cardiovascular risk. However, where
preliminary data was available for alternate individual variables this data was used to
ensure analysis would provide results of value. Otherwise, we will use the least number
of animals to provide an adequate description, generally on the basis of previous
experience. For animal numbers required, it was expected that approximately 12-14
animals per treatment group were required. Further power calculation information is
included in the appendix of this thesis. Male ApoE-/- mice were acquired from Charles
River Laboratories and split into 3 groups: sham surgery followed by placebo treatment
(control: n=9) and orchiectomy followed by either placebo (n=8) or testosterone
treatment (n=10). All animals were maintained in cages containing up to 5 mice on a
twelve-hour light/dark cycle in a temperature (19-23°C) and humidity (55 + 10%)
controlled environment. Mice were fed a high fat diet (HFD): 4.63 kcal/g (fat 42%kcal,
protein 15%kcal, carbohydrate 43%kcal) (Special Diet Services, UK) from 8 weeks of age.
All procedures were carried out under the jurisdiction of the UK Home Office personal
and project licenses (project license P3714F016, personal license (Lauren Bateman:
I1EDE3DC6), governed by the Animals Scientific Procedures Act 1986. This work was

performed by Lauren Bateman.
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2.2.3. Surgical Bilateral Orchiectomy and Testosterone Treatment:

Orchiectomy surgery was performed as previously described (Bateman, 2020). Briefly,
seven-week-old mice were anaesthetised via inhalation of 5% isoflurane (Zeotis, UK) and
a small incision was made across the midline of the scrotum before separating the
subcutaneous connective tissue within the intramuscular sacs. Another small incision
was made and the vas deferens, fat pads and testes were then clamped with forceps. A
single ligature was placed around each vas deferens and blood vessel before being
severed. The remaining tissue was repositioned in the sac and the skin incision closed.
Sham surgery was performed as above with the following amendments. Once the
subcutaneous connective tissue was separated within the intramuscular sacs the area
was probed for approximately 5 minutes to mimic the tissue disruption and time under
general anaesthesia caused by the orchiectomy surgery. This work was performed by

Lauren Bateman.

2.2.4. Testosterone or Placebo Treatment

Testosterone or saline treatments were delivered via intramuscular (IM) injection under
anaesthesia once fortnightly beginning from 8-weeks of age. In order to recapitulate
in castrated mice, IM injection of 10 pL of either 100 mg/mL testosterone esters
(Sustanon®100 (testosterone propionate 20 mg/mL, testosterone phenylpropionate 40
mg/mL, and testosterone isocaproate 40 mg/mL), Organon Laboratories Ltd.,
Cambridge, UK) or physiological saline was injected. This work was performed by Lauren

Bateman.
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2.2.5. Tissue Collection:

At 25 weeks of age and after 17 weeks of treatment, body weights were recorded, and
mice were sacrificed via terminal anaesthesia followed by cardiac puncture and
exsanguination. Tibiae were collected via dislocation of the femoral head to remove the
hind-limbs intact, followed by separation from the femur and ankle using a scalpel. Care
was taken to keep the tibial plateau and fibula intact during this process. Tibiae were
subsequently fixed in 4% w/v PFA in individual 6mL tubes for 48 hours before transferral

to 70% v/v ethanol for storage at 4°C until scanning.

2.2.6. Serum Collection:

Whole blood for serum measurements was collected via cardiac puncture and allowed
to clot at room temperature for 30 minutes at RT. Samples were then centrifuged at
1000 g in a refrigerated centrifuge for 10 minutes and the serum supernatants were
stored at -80°C. All analyses were performed on non-pooled serum samples. This work

was performed by Lauren Bateman.

2.2.7. Measurement of Serum Testosterone via ELISA:

Testosterone levels were calculated according to the manufacturer's instructions (DRG
Diagnostics EIA1559, Marburg, Germany). Briefly, serum was placed in the supplied
ELISA plate and ELISA completed as per manufacturers instructions (DRG Diagnostics)
and absorbance measured using a ClarioStar reader (BMG Labtech, Aylesbury, England)
at 450+10nm. Testosterone levels were calibrated according to the standard calibration
curve and converted to S| units (nM/L) via multiplication by the known testosterone

conversion factor 3.467. This work was performed by Lauren Bateman.
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2.2.8. uCT imaging:

Fixed whole Tibiae were removed from 70% IMS, individually wrapped in cellophane and
mounted into a plastic tube which was then secured onto the stage of the uCT scanner
(Skyscan 1272, Bruker, Belgium). Scans were performed using accompanying Skyscan
software (Bruker, Belgium) at an X-ray voltage of 50 kV and an X-ray current of 200 pA
with a 0.5 mm aluminium filter, utilising a voxel size of 4.3 um with 180° tomographic
rotation and a 0.7° rotation step. Frame averaging was set to 3 frames, and a single
camera position was selected. Resulting datasets were then reconstructed using NRecon
software (Bruker, Belgium) utilising a beam hardening correction of 20% and post-
alignment optimisation. Bone mineral density (BMD) measurements were quantified
using attenuation coefficients calibrated against a pair of 2 mm calcium hydroxyapatite
(CaHa) calibration rods of known (0.3g/cm3 and 1.25g/cm3) density (Bruker, Leuven,

Belgium).

2.2.9. Image post-processing:

Post reconstruction analyses of uCT images were performed upon serial slices using
CTAn software (Bruker SkyScan, v1.15.4.0). Trabecular and cortical bone parameters
were measured at two distinct tibial sites, measuring bone parameters within a 1 mm
length of bone starting from 0.2 and 1.0 mm distally from the growth-plate respectively
(Figure 3.1). Normalised regions of interest (ROls) were defined by drawing freehand in
the CTAn software, creating separate ROIs for both cortical and trabecular bone.
Thresholding was set and maintained at 80-255 and a de-speckle step was performed

prior to analysis to remove white speckles less than 10 voxels within the ROls.
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Figure 2.1: A schematic diagram depicting the regions of interest defined for
trabecular and cortical uCT analysis of murine tibiae.
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2.2.10. Quantitative morphometry:

Morphometric parameters investigated in this study include trabecular bone volume
fraction (BV/TV) (%), Trabecular number (tb.N) (mm-1), trabecular thickness (tb.Th)
(mm), trabecular separation (tb.Sp) (mm), structural model index (SMI) and bone
mineral density (BMD) (g/cm3), as well as cortical bone volume (BV) (mm-3) and cortical

software.

2.2.11. Trabecular Thickness Colour-coded 3D Modelling:

Trabecular bone thicknesses were qualitatively analysed via the production of 3D colour
coded models. Trabecular thickness mid-range values were generated from respective
ROIs after application of the thresholding and despeckle functions outlined above. The
contrast stretching in 3D space filter function was then applied to the colour-coded
datasets, and the CTvox was used to create a 3D colour-coded model of the resulting
dataset. A standardised mid-range transfer function was then applied to all colour-
coded model datasets, and a scale bar was created using the mid-range values, ranging
from a minimum of 0.0086 mm to a maximum of 0.1204 mm. Mid-range values were

then plotted against the percentage of bone volume within each range.

2.2.12. Tissue Preparation:

Left tibiae were decalcified in 20% EDTA for 2 weeks at 4°C on a rocker, changing the
EDTA solutions every 2 days. Decalcification was confirmed with uCT and then tibiae
were embedded in paraffin using standard procedures. Four um sections were cut using

a microtome and left to dry at 37°C for 2 weeks prior to immunohistochemistry and
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histological staining procedures. Right tibiae were left unprocessed for mechanical

testing.

2.2.13. Haematoxylin and Eosin Staining:

Paraffin was removed from the sections using sub-X (Leica Microsystems) for 3 x 5
minutes before rehydration through a series of IMS baths for another 3 x 5 minutes.
Sections were then stained with Mayer’s Haematoxylin (Leica Microsystems) for 1
minute, and subsequently left to ‘blue’ under running tap water for 5 minutes prior to
further staining with alcoholic eosin (Leica Microsystems) for 1 minute. Sections were
then dehydrated (3 x 5 minutes) in IMS and cleared (3 x 5 minutes) in sub-X (Leica
Microsystems) before coverslips were mounted to slides using pertex (Leica

Microsystems) and left to dry before sections were assessed microscopically.

2.2.14. Masson’s Trichrome Staining:

Sections were dewaxed in Sub-X (Leica Microsystems) for 3 x 5 minutes, and rehydrated
through IMS for 3 x 5 minutes and then stained using a Masson’s Trichrome staining kit
(Atom Scientific) according to manufacturer’s instructions. Briefly, dewaxed and
rehydrated samples were stained with Weigert’s Iron haematoxylin for 20 minutes prior
to washing in water for 1 minute, and then differentiation in 1% acid alcohol solution.
Sections were left to ‘blue’ under running tap water for 5 minutes before staining with
ponceau fuchsin for 5 minutes and a further wash in distilled water. Sections were then
stained with phosphomolybdic acid for 15 minutes before transferring to methyl blue
solution, without rinsing, for a further 5 minutes. Slides were given one final wash in

water before dehydration (3 x 5 minutes) in IMS and clearing (3 x 5 minutes) in sub-X
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(Leica Microsystems). Coverslips were mounted to slides using pertex (Leica

Microsystems) and left to dry before sections were assessed microscopically.

2.2.15. Tartrate-resistant Acid Phosphatase (TRAP) Staining:

Sections were dewaxed through Sub-X (Leica Microsystems) for 3 x 5 minutes and
rehydrated through IMS for 3 x 5 minutes before incubating in pre-warmed acetate-
tartrate buffer (265 mM Sodium Acetate and 95 mM Sodium Tartrate in 0.3% acetic acid
for 5 minutes at 37°C. Acetate-tartrate buffer was replaced with 20mg/mL Naphthol AS-
Bl phosphate Diformamide (Fisher Scientific) in acetate tartrate buffer. sections were
allowed to incubate in this solution for a further 30 minutes at 37°C. Staining solutions
were then replaced with acetate-tartrate buffer hexazotised pararosaniline solution for
a further 15 minutes at 37°C before rinsing in tap water and counterstaining with Gill’s
Haematoxylin for 30 seconds and ‘bluing’ under running tap water for 5 minutes.
Sections were then dehydrated through IMS (3 x 5 minutes) and cleared through sub-X
(Leica Microsystems) for 3 x 5 minutes before mounting a coverslip with pertex (Leica

Microsystems).

2.2.16. OsteoMeasure TRAP counting:

TRAP-stained microscope slides were mounted to the slide holder of a BX53 microscope
(Olympus, Southend on Sea, UK) equipped with a camera, and a PC with Osteomeasure
software (v3.1.0.1, Osteometrics, GA, USA). Osteoclast and osteoblast parameters were
qguantified separately via manual selection in three distinct regions of interest along the
cortico-endosteal bone surface of the TRAP-stained tibiae. Positive red staining was

used to identify osteoclasts, whereas osteoblasts were identified based upon cuboidal
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morphology and proximity to the bone surface. For all measurements, an offset of 250
um from the growth plate was applied, and three 250 um x 250 um regions of interest
were analysed, with a total length of 3 mm per sample analysed. For osteoblasts, the
percentage of bone surface covered by osteoblasts (ObPm/BPm %) and the number of
osteoblasts per millimetre of bone were assessed. Similarly, osteoclasts were quantified
in terms of the percentage of bone covered by osteoclasts (OcPm/BPm %), and the

number of osteoclasts per mm of bone determined.

2.2.17. Immunohistochemistry:

Immunohistochemistry was utilised to assess the presence of proteins of interest (Table
2.1). Four um thick sections were dewaxed in Sub-X (Leica Microsystems) for 3 x 5
minutes and rehydrated in IMS for 3 x 5 minutes, before endogenous peroxidases were
blocked with 3% w/v hydrogen peroxide (Sigma-Aldrich) in IMS containing five drops of
concentrated HCl for 1 hour at room temperature. Sections were then washed in H,0
for 5 minutes and then for 2 x 5 minutes in tris-buffered saline (TBS), prepared by

diluting a 10x stock solution of TBS (200 mM Tris, 1500 mM NaCL, pH 7.5).

Antigen retrieval steps and antibody concentrations necessary for each primary
antibody (Table 2.1) were then determined by trialling a range of antibody
concentrations and antigen retrieval methods to determine the optimal staining
procedure for each antigen of interest. For enzyme-mediated antigen retrieval, slides
were immersed in a bath containing 300 uL of 1% w/v a-chymotrypsin and 0.1% CaCl2

(preheated to 37°C) for 30 minutes.

If heat antigen retrieval was required, sections were immersed in tris heat antigen

retrieval buffer (50 mM Tris, pH 9.5) and then covered with non-stick teflon strips,
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clamped in place with another, blank, microscope slide. Sections were heated in a
steamer (Russell Hobbs) for 20 minutes whilst submerged in tris heat antigen retrieval
buffer, and then moved to dH,O to allow for removal of the Teflon strips. After
respective antigen retrieval steps, slides were washed in 1x TBS for 3 x 5 minutes and
non-specific antibody-protein interactions were blocked with 2.5% normal goat serum

(Gibco) containing 1% BSA in TBS for 2 hours at RT in a humidified box.

Sections were then incubated with rabbit anti-RUNX2, anti-RANKL, anti-
Osteoprotegerin, anti-Alkaline Phosphatase, or anti-Adiponectin antibodies (Abcam)
according to Table 2.1 or a rabbit IgG isotype at equivalent concentration (Abcam,
ab183910) overnight at 4°C. Sections were washed in TBS containing 0.1% Tween-20
(TBS-T) (Sigma-Aldrich) for 3 x 5 minutes before adding 200 pL of Biotinylated goat anti-
rabbit secondary antibody (Abcam, ab6720) diluted to 1:500 in 1% w/v BSA in TBS for
30 minutes at room temperature. Sections were washed again in TBS-T for 3 x 5 minutes
prior to the addition of Vectastain Elite ABC reagent (Vector) and incubation at room
temp for 30 minutes before developing with 0.08% v/v H,0; and 0.65 mg/mL 3,3’-
diaminobenzidine tetrahydrochloride (DAB) for 20 minutes at RT. Sections were then
washed in water for 5 minutes and dehydrated through a series of IMS solutions for 3 x
5 minutes and cleared through sub-X (Leica Microsystems) for 3 x 5 minutes before

finally mounting a coverslip with pertex (Leica Microsystems).

Table 2.1: Primary antibody and antigen retrieval information for the IHC assessment
of RUNX2, RANKL, adiponectin, OPG and ALP in murine tibiae.

Primary Antibody Antigen Retrieval Dilution

Rabbit anti-RUNX2 Heat 1:1000
(ab192256)

Rabbit anti-RANKL Heat 1:1250
(ab216484)
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Rabbit anti-Adiponectin Heat 1:1000
(ab216484)
Rabbit anti-OPG Enzyme 1:100,000
(ab183910)
Rabbit anti-ALP None 1:1250
(ab203106)

2.2.18. Image Capture and Quantification of IHC:

Mounted, dry microscope slides were assessed microscopically using an Olympus B60
microscope and images were captured using CellSens software (Olympus, Southend, UK)
and a MicroCapture v5.0 RTV digital camera (Q imaging, Buckinghamshire, UK). Cell
positivity was determined manually by counting a total of 200 osteoblasts along the
lateral endocortical surface and calculating the percentage positivity. All microscopic
evaluations were performed blinded using randomly assigned sample numbers, and

groups were not revealed until after the quantification was complete.

2.2.19. Quantification of Lipid Droplet Area:

Sections stained with an antibody against adiponectin were imaged at 20x magnification
at 5 randomly chosen regions of bone marrow. Images were then processed in Image-J
software (Fiji), and lipid droplet areas were quantified in all 5 regions per section using
a custom macro designed to identify and quantify empty spaces surrounded by positive
APN immunostained cells (adipocytes) in the marrow (Figure 2.2). Outputs were
averaged for each section and given as a percentage lipid droplet area within the field
of view. All microscopic evaluations were performed blinded using randomly assigned
sample numbers, and groups were not revealed until after the quantification was

complete.
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staining for adiponectin (left) and a binarized image used for quantification of
percentage lipid droplet area. Analysis was performed using a custom made macro in
Imagel software, outlining lipid droplets in yellow and calculating their area. Scale bar is
50um.

2.2.20. Three-point Bending Mechanical Testing:

Undecalcified right tibiae were incubated in PBS for 24 hours prior to biomechanical
testing. Tibia lengths were measured using digital callipers and fibulas were detached
using a scalpel. Mechanical tests were performed using a CellScale Univert mechanical
testing system, with a 1 kN load cell and a horizontal distance of 11 mm between
supports. Tibiae were positioned horizontally on the two supports with the lateral edge
facing upward. A pre-load of 0.1 N was applied prior to loading at 0.05 m/s over a 200
second duration. Data was collected at a frequency of 100 Hz and used to calculate

maximal load at failure.
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Figure 2.3: Force applied over time applied to murine tibiae in a three-point bend test,
used to determine Fmax at the break point (#).

2.2.21. Statistical Analysis:

All uCT data are presented in the form of individual data points and median values are
displayed. Normality tests were performed using Shapiro Wilk normality test, and
parametric data were analysed using ordinary One-way ANOVA with post-hoc multiple
comparison testing. For non-parametric data, Kruskal-Wallis with post-hoc multiple
comparisons tests were performed. P <0.05 was considered statistically significant in

this study.

2.3. Results:

2.3.1. Serum Testosterone Concentration:
The concentration of testosterone in serum was significantly reduced in orchiectomsied
mice compared to sham operated controls, (Figure 2.4) (P = 0.0038) and testosterone
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treated mice (P = 0.0009), whereas testosterone levels in testosterone treated mice

were comparable to control levels and within the expected physiological range of 2 — 20
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Figure 2.4: Testosterone concentrations in blood serum from sham operated, placebo
treated control mice (n = 11), orchiectomised, placebo treated mice (n = 9), and
orchiectomised mice treated with testosterone (n = 12) determined via ELISA ng/L (*P <
0.5, ** P<0.05, *** P<0.01, **** P<0.001).
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2.3.2. Body weight and cortical bone parameters:

Hand-drawn 3D ROIs were used to manually define 10mm sections of tibial bone to be
used for uCT analysis of cortical bone (Figure 2.5A). There were no significant differences
observed in the body weights at 25 weeks of age (Figure 2.5B), between control mice
weighing an average of 34.52 +/-2.50) g and orchiectomised (32.14 +/-2.58 g) (P =
0.1577) or orchiectomised, testosterone treated mice (34.04 +/-4.75 g) (P = 0.8680).
Additionally, no significant differences were observed in the cortical bone volume,
despite a slight downward trend in orchiectomised mice treated with placebo compared
to sham operated and testosterone treated animals (Figure 2.5C). Cortical BMD did not

differ significantly between any of the groups tested (Figure 2.5D).
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Figure 2.5: A) Representative images of Micro-CT generated 3D models depicting cortical
regions of interest (ROIs) used for morphological analysis of cortical bone. B) Final body
weights of each of the mice at the time of sacrifice (25 weeks of age). C) Cortical bone
volume measurements D) Bone mineral density measurements, calibrated against
hydroxyapatite rods of known density (*P < 0.5, ** P <0.05, *** P <0.01, **** P <0.001).
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2.3.3. Trabecular bone parameters:

ROIs were also manually determined and modelled for trabecular analysis, showing a
marked reduction in trabecular bone within ROIs from orchiectomised mice compared
to controls (Figure 2.6A). Orchiectomised mice treated with placebo demonstrated
significantly increased trabecular separation, (Figure 2.6B) (P = 0.0052), and structure
model index, (Figure 2.6D) (P = 0.0139) whilst tibial trabecular BV/TV% (P = 0.0008)
(Figure 2.6E), and trabecular number (P < 0.0001) (Figure 2.6C), were significantly
reduced compared to control mice despite no significant differences in body weight. In
contrast to trabecular BV/TV% and number, average trabecular thickness was
significantly increased in orchiectomised mice treated with placebo compared to sham
operated controls (Figure 2.6F) (P = 0.0057). Tibial trabecular bone parameters were
restored back to control levels in orchiectomised mice treated with testosterone, which
showed no significant variance from the sham-operated control mice (P > 0.05) (Figure
2.4). Further investigation of trabecular thickness utilising created 3D colour-coded
models of trabecular ROIs (Figure 2.7A) revealed that, alongside increased mean
trabecular thickness, orchiectomised mice also had increased maximal and mode
trabecular thickness compared to sham operated and testosterone treated mice (Figure
2.7B). Trabecular bone was also particularly sparse in the inner medulla of the tibial
cavity in these mice, whereas the thicker struts of trabeculae were observed more

frequently toward the outer cortex (Figure 2.7A).
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Figure 2.6: A) Representative examples of Micro-CT generated 3D models depicting
trabecular regions of interest (ROIs) used for morphological analysis. B) Trabecular separation
within trabecular ROIs (P = 0.0052) C) Trabecular number (P <0.0001). D) Structural model
index (SMI) (P = 0.0139). E) Trabecular bone volume/tissue volume percentage (BV/TV) (P =
0.0008). F) Mean thickness of trabeculae within the ROl (P = 0.0057). G) Trabecular BMD
calculated against hydroxyapatite rode of known density. (*P < 0.5, **P < 0.05, ***P < 0.01,
*¥%%p < 0.001).
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Figure 2.7: A) Representative examples of 3D colour-coded models of regions of interest
(ROIs) used for trabecular analysis, with a scale bar ranging from low thickness (red) to high
thickness (blue). B) Trabecular thickness midrange values plotted against the percentage of
trabecular bone within each given thickness range.
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2.3.4. Histological Assessment of ECM Component Distribution and Bone

Marrow Adiposity:
Masson’s Trichrome staining was used to visualise the distribution of ECM components
in 4 um sections of murine tibiae, including Collagen fibres and connective tissue

components (Blue) Keratin, muscle, intracellular proteins (Red) and Nuclei (Purple)

(Figure 2.8).
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Figure 2.8: Representative image of trabecular bone within a cross section of murine
tibia stained with Masson’s trichrome, showcasing the three stains: Collagen fibres and
connective tissue components (Blue) Keratin, muscle, intracellular proteins (Red) and
Nuclei (Purple). Coloured arrows highlight visible osteoblasts (orange), osteocytes
(green) and osteoclasts (red). Scale bar is 50 um.
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Sections of murine tibiae were stained with Masson’s trichrome to investigate bone
morphometry and composition. Orchiectomised, placebo treated mice demonstrated
markedly reduced trabecular bone compared to sham operated and testosterone
treated counterparts (Figure 2.9). Additionally, there was an increased presence of
empty space within the bone marrow of orchiectomised mice treated with placebo
compared to sham operated and testosterone treated animals. Masson’s Trichrome
staining indicated slightly reduced presence of collagen (blue), and muscle fibres and/or
keratin (red) compared to sham operated, placebo treated controls, although this was
not quantified (Figure 2.9). Adiponectin staining was utilised as a marker of adipocytes
to confirm the presence of adipocytes in the marrow, and analysis revealed a significant
increase in adipocyte edged regions indicating lipid droplet area in orchiectomised,

placebo treated controls compared to sham operated controls (Figure 2.9).
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Figure 2.9: Representative images of cross sections of tibiae from each group stained
with Masson’s trichrome (A) and an immunohistochemical stain for adiponectin, with red
arrows to indicate lipid droplets (B). Scale bars are 100 um and 50 um respectively. Lipid
droplet (LD) percentage area (C) within randomly taken images of control (n = 8),
orchiectomised (n = 8) and orchiectomised, testosterone treated (n = 10) murine tibiae
bone marrow stained for adiponectin via IHC. (*P < 0.5).
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2.3.5. Immunohistochemical Analysis of Bone Cell Markers in Murine
Tibiae:

IHC staining was performed on sections of mouse tibiae to assess the impact of
testosterone depletion with or without testosterone treatment on the presence of
several markers associated with bone cell differentiation and activity. RUNX2
immunopositivity was used as a measure of early osteoblast differentiation, whereas
ALP immunopositivity was used to assess mature osteoblast activity and mineralisation.
Results showed significantly decreased cortical RUNX2 immunopositivity (Figures 3.10D,
3.11C) (P=0.0426) in orchiectomised mice treated with testosterone compared to sham
operated control mice. No significant differences were detected in trabecular RUNX2
immunopositivity (P > 0.9999), cortical (P > 0.9999) or trabecular (P > 0.9999) ALP

immunopositivity (Figures 3.10, 3.11).
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Figure 2.10: Representative images of alkaline phosphatase (ALP) (A, B) and RUNX2 (C, D)
immunohistochemistry staining of mouse tibiae sections RUNX2 positivity along the trabecular (A,

C) and endocortical (B, D) surfaces in control (n = 8), orchiectomised (n = 10), and orchiectomised,
testosterone treated mice (n = 10). Scale bars are 50 um.
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Figure 2.11: Percentage immunopositivity of alkaline phosphatase (ALP) (A, B) and
RUNX2 (C, D) immunohistochemistry staining of mouse tibiae sections RUNX2 positivity
along the trabecular (A, C) and endocortical (B, D) surfaces in control (n = 8),
orchiectomised (n = 10), and orchiectomised, testosterone treated mice (n = 10). (*P <
0.5).
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Similarly, RANKL and OPG immunopositivity were assessed to investigate
osteoclastogenesis, and TRAP staining used to quantify mature, active osteoclast bone
resorption. There were no significant differences in OPG percentage immunopositivity
(Figures 3.12, 3.13) between control and orchiectomised (P =0.0917) or orchiectomised,
testosterone treated mice (P = 0.1966). OPG immunopositivity also did not differ
significantly between control and orchiectomised (P = 0.5243) or control and
orchiectomised, testosterone treated (P > 0.9999) (Figure 2.13B) alone between any of
the groups tested, despite a slight trend towards decreased OPG immunopositivity and
increased RANKL immunopositivity in orchiectomised mice treated with placebo.
Additionally, TRAP staining (Figures 3.12, 3.13) revealed no significant differences in the
number of TRAP-stained osteoclasts per mm of endocortical bone surface between
orchiectomised mice and control (P = 0.0091) or orchiectomised, testosterone treated

(P = 0.4024).

Despite no significant differences in either OPG or RANKL immunopositivity (P = 0.3828
and P = 0.0798) respectively, the ratio of RANKL to OPG (RANKL:OPG ratio) was
significantly increased in orchiectomised mice treated with placebo compared to sham
operated controls (P = 0.0063), and this was reduced back to levels which were not
significantly different from controls in orchiectomised mice treated with testosterone

(Figures 3.12, 3.13).
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Figure 2.12: Representative IHC images of control (n = 8), orchiectomised (n = 10), and

orchiectomised, testosterone treated mice (n = 10) osteoprotegerin (OPG) (A), RANKL (B),
Adiponectin (APN) (C), and TRAP stained sections used to determine the number of TRAP
positive osteoclasts per mm of bone surface (N.Oc/BS) (C). Scale bars are 50 um.
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Figure 2.13: Percentage immunopositivity of osteoblasts along the endocortical surface
of control (n = 7) orchiectomised (n = 9) and orchiectomised, testosterone treated (n =
9) stained for A) RANKL and B) OPG. C) The ratio of RANKL:OPG percentage
immunopositivity from IHC stained sections of murine tibiae. Immunopositivity was
originally expressed as a percentage of total count, then used to calculate a ratio.
Statistical significance was determined using a Kurskal-Wallis test. ** = p<0.05.
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2.3.6. Mechanical Testing:

Mechanical testing via 3-point bend testing revealed no significant differences in
maximal force (Fmax) required to induce fracture within tibiae between control and
orchiectomised (P = 0.0527) or control and orchiectomised/testosterone treated mice
(P=0.5247) (Figure 2.12). Despite this, there was a slight trend towards decreased Fmax
in orchiectomised, placebo treated mice compared to controls, and this effect was not

wholly diminished in the orchiectomised mice treated with testosterone (Figure 2.14).
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Figure 2.14: 3-point bend test data from the mechanical testing of control (n = 6),
orchiectomised (n = 11) and orchiectomised, testosterone treated (n = 9). Results are

displayed as A) maximal force withstood by the tibiae before breaking (Fmax) and B)
force applied over time.
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2.4, Discussion:

This study aimed to determine the effects of testosterone depletion and subsequent
replacement therapy on bone microarchitecture, and influence on bone cell
populations. Testosterone deficiency can lead to decreased bone volume and density
parameters, particularly in the trabecular bone leading to an osteoporotic phenotype
(Chin and Ima-Nirwana, 2014; Fui et al., 2014; Golds., et al., 2017). These studies often
focus on femoral and vertebral bone parameters and do not employ HFD feeding
regimes, inflicting an obesity-like metabolic status which in itself has been linked to
decreased testosterone levels and has a significant impact upon bone health. In order
to overcome this, ApoE-/- mice fed a HFD were utilised in this study to recapitulate an
obese metabolic status without increased BMI. The role of ApoE in bone is not well
characterised, and previous studies have reported conflicting findings. In a study of 8-
month old female ApoE-/- mice, it was found that the ApoE-/- mice exhibited increased
vertebral and tibial trabecular bone volume (BV/TV) compared to WT C57BL/6J mice
(Schilling et al., 2005). In contrast, however, a later study of 48 week-old female APOE-
/- mice found that the APOE-/- mice exhibited a severe osteoporotic phenotype with
drastically reduced trabecular BV/TV compared to WT controls (Noguchi et al., 2018).
Due to the well-established role of mechanical load in bone remodelling (Stewart et al.,
2020), there are positive correlations between muscle mass and bone mass (K. Zhu et

al., 2015).

Previous studies often report morphological findings without providing context as to
how these observed changes are controlled at a cellular level. It is therefore poorly
understood whether the marked depletion of trabecular bone observed in testosterone

deficiency is predominantly due to decreased osteoblastic differentiation and
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mineralisation, or increased osteoclastic differentiation and resorption, as testosterone
affects both aspects of bone remodelling (Gao et al., 2017, Payandeh, 2020, Barreiros et
al., 2018). In contrast, results from this study underscore the effects of testosterone

depletion upon osteoclastogenesis, contributing to loss of trabecular bone in vivo.

Finally, the effects of these observed morphological differences are often not
investigated in conjunction with the mechanical strength of the bone, which could
impact upon the prevalence of fracture risk. For this reason, three-point bend testing
methods (Deckard et al., 2017) were employed to test the maximal force to failure of
tibiae after uCT analysis. This allowed for morphological results to be placed into the

wider context of resulting bone strength and could link to potential fracture risk.

2.4.1. The Effects of Testosterone Deficiency and Testosterone Replacement

Therapy Upon Body Weights and Testosterone Levels:

Orchiectomy surgery did not result in any significant differences in body weight
compared to control animals. This is an important feature of the study design, meaning
that there were negligible differences in physiological mechanical load imparted upon
the skeleton from body weight between the groups tested. Body weights were mostly
in the range of 30 — 40 g, which is considered the normal range for mice of that age (The
Jackson Laboratory, 2023), despite the high fat diet feeding regime. There was a slight
trend towards decreased body weight in orchiectomised groups compared to sham
operated controls, but this was not statistically significant. It is possible that, had this
study spanned a significantly longer duration, there would have been a significant
decrease in the body weights due to decreased lean mass of orchiectomised mice

compared to controls, as demonstrated in a study of 6-month old mice (Jiang et al.,
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2023). However, a different study has demonstrated increased body weight in
orchiectomised mice compared to sham controls at 28 weeks of age (M. Kim and Kim,
2021). The differences seen in these studies may not yet have been established in the

present study, as mice were comparatively young at 25 weeks of age.

As expected, the orchiectomy surgery significantly reduced serum testosterone levels in
placebo treated mice compared to sham operated controls, in line with previous studies
showing that surgical castration is a representative model for testosterone depletion
(Wilhelmson et al.,, 2018). Testosterone therapy restored serum testosterone
concentrations to near control levels, indicating that the testosterone treatment regime
successfully increases serum testosterone. The dosage applied in this study largely
resulted in the recapitulation of normal physiological testosterone levels, although a
small number of subjects treated with testosterone exhibited serum testosterone levels

slightly above the usual physiological range.

Despite the HFD-feeding, mean APOE-/- body weights did not increase beyond the
average of 36.3 g for a male C57BL/6J mouse of similar age, suggesting that the feeding
regime used in this study was not sufficient to induce obesity in these animals.
Interestingly, however, a previous study in C57BL/6NTac mice using the same high-fat
mouse chow with an ad libitum feeding regime noted significant weight gain and above
average body weights after just 12 weeks of HFD feeding (Podrini et al., 2013). This may
be due to the resistance of APOE-/- mice to HFD-induced weight gain, as suggested in
previous studies (Huang et al., 2006, Schreyer et al.,, 2003), as VLDL-induced
adipogenesis appears to be APOE-dependent (Chiba et al., 2003). No definitive
conclusions can be drawn regarding HFD-induced weight gain in APOE-/- mice in this

study due to the absence of wild-type and normal-diet controls. However, ApoE
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deficient mice display improved glucose tolerance and insulin sensitivity compared to
WT controls, exhibiting decreased adiposity despite increases in inflammation (Y. Zhang
et al., 2023). In the present study, this attenuated HFD-induced weight gain is beneficial,
as it allows for the assessment of the metabolic effects of obesity separate from those
of increased mechanical load from body weight. One study disputing the resistance of
APOE-/- mice to weight gain has shown that a higher fat content (60%kcal) HFD enriched
with lard induces significant increases in body weight and an obese phenotype in male
APOE-/- mice (King et al., 2010). Studies of human ApoE in obesity have reported that
plasma ApoE levels are elevated in morbidly obese individuals, and that 6 months
following bariatric surgery ApoE levels were barely detectable, establishing a correlation

between body mass index (BMI) and plasma ApoE levels (Zvintzou et al., 2014).

2.4.2. The Effects of Testosterone Deficiency and Testosterone Replacement
Therapy Upon Cortical and Trabecular Bone Parameters:

Several past studies have demonstrated associations between low testosterone and an
osteoporotic phenotype in mice and rats (Blouin et al., 2008; Sophocleous and Idris,
2014). In the present study, much like body weight measurements, cortical bone
parameters did not differ significantly between groups, despite a slight observed trend
to decreased cortical bone volume in orchiectomised, placebo treated mice compared
to sham operated controls. This is potentially because cortical bone is known to be less
metabolically active than its trabecular counterpart (Clarke, 2008; Costa et al., 2020).
Additionally, cortical bone is more responsible for load-bearing and therefore affected
by mechanical loading from body weight (Turner and lwaniec, 2016), with studies
showing direct correlations between cortical bone parameters and body weights.
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In keeping with results from a previous study of testosterone deficiency in rats by Ramli
et al,, (2012) which showed reduced trabecular bone parameters in orchiectomised
mice compared to sham controls, testosterone deficiency resulted in significant
decreases in trabecular bone volume and number, as well as increases in trabecular
separation, thickness, and structure model index, measured by uCT. Trabecular BMD
was also found to be depleted in orchiectomised, placebo-treated mice compared to

sham controls and orchiectomised, testosterone-treated mice.

These results align with the current opinion that testosterone is vital for healthy bone
growth and maintenance, and that testosterone therapy can rescue reduced bone
parameters in testosterone deficient individuals back to control levels (Snyder et al.,
2017). Additionally, previous research indicates that high fat diet feeding regimes
decrease trabecular bone parameters but have no direct impact upon cortical bone
parameters (Rinonapoli et al., 2021), and the results obtained from this study indicate

that testosterone deficiency exacerbate this trend, accelerating trabecular bone loss.

The effect of testosterone deficiency upon trabecular bone depletion highlights the
known relationship between testosterone deficiency and bone disorders such as
osteoporosis (Golds et al., 2017). These morphological changes in trabecular bone
architecture are consistent with those seen during ageing, as the age-related decline in
bone volume is primarily attributed to decreases in trabecular number and subsequent
increases in trabecular spacing, whereas trabecular thickness does not decrease to the

same extent (Chen et al., 2013).

Interestingly, however, decreases in trabecular volume, number, and BMD were

accompanied by increases in mean, mode and maximum trabecular thickness in the

91



orchiectomised, placebo-treated mice. As the standard measurement of trabecular
thickness of the mean thickness of each strand (Bouxsein et al., 2010), it was
hypothesised that the increased mean thickness seen in the orchiectomised, placebo
treated mice may have been due to complete resorption of the thinner trabecular
strands, thereby increasing the average thickness. The use of colour-coded 3D modelling
and plotting the mid-range thickness values obtained from this analysis allowed for
deeper understanding of the effects of testosterone deficiency upon trabecular
thickness. As such, this analysis revealed that it was not simply the disappearance of
thinner strands causing the average thickness to increase. It was instead revealed that
some of the trabeculae were genuinely thicker in orchiectomised, placebo treated mice
compared to other groups. This result is consistent with past evidence that trabecular
thickness is maintained, and in some cases even increased throughout age-related
declines in trabecular bone volume (H. Chen et al., 2013). This observation is possibly a
compensatory effect for the reduced trabecular volume (Glatt et al., 2007), as the
trabecular network will have still been subject to the same amount of mechanical force

due to mice in each group having comparable body weights.

Studies investigating the importance of androgen signalling in bone in rodent models
have presented similar findings relating to decreased trabecular bone volume and
number (Yeh et al., 2019; Wu et al., 2019), but these studies often assess and present
only the mean trabecular thickness values. In this study, however, more in-depth
analysis of trabecular bone parameters has revealed that increases in trabecular
thickness are truly present in testosterone depleted mice. This highlights a potential
compensatory action upon the trabeculae to support the same amount of mechanical

load from body weight with a reduced total trabecular bone volume. A study of
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testosterone treatment in humans revealed a similar increase in mean trabecular
thickness in the tibiae of adult men (Al Mukaddam et al., 2014) indicating that these

results may also be applicable to humans.

Increases in structure model index (SMI) seen in the orchiectomised mice treated with
placebo, indicates the presence of more rod-like structures. This ‘plate-to-rod transition’
has been associated with bone disorder progression in human studies (Felder et al.,
2020), including osteoporosis in post-menopausal women (Akhter et al., 2007). Data in
males is lacking, hence the importance of this study. However, the efficacy of using SMI
to measure rod and plate structure in trabecular bone has previously been disputed due
to the concave structure of trabeculae (Salmon et al.,, 2015), meaning further uCT
analysis via different methods (such as Ellipsoid Factor) may be required to fully
determine the rod/plate ratio in this study. Overall, testosterone deficiency appears to
exacerbate the negative effects of HFD feeding in orchiectomised mice compared to
controls, leading to increased accumulation of fat mass in the bone marrow as well as

reduced trabecular bone volume.

2.4.3. The Effect of Testosterone Deficiency and Testosterone Treatment Upon
Osteoblast Differentiation and Mineralisation:

To build upon the previously discussed morphological changes in mouse tibiae, a variety
of histological and immunohistochemical techniques were utilised to assess the
presence of bone turnover markers on serial sections of the tibiae used for uCT analysis.

These include semi-quantitative immunohistochemical (IHC) detection and analysis of
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markers of osteoblast differentiation and activity, such as RUNX2 (Komori, 2009) and

ALP (Medio and Brandi, 2021).

Testosterone is regarded as a promoter of osteoblast differentiation from mesenchymal
stem cells (Shigehara et al., 2021), activating expression of transforming growth factor-
B (TGF-B) in rats (Gill et al., 1998), and inducing in vitro expression of Runx2 in MC3T3-
E1 murine pre-osteoblasts via Erk1/2 phosphorylation (Gao et al., 2017). In this study,
RUNX2 and ALP immunopositivity in mouse tibiae were used as a measure of
osteoblastic differentiation and mineralisation respectively. However, apart from a
decrease in RUNX2 in the cortical bone of orchiectomised mice, no other significant
differences in RUNX2 or ALP positive cells were observed and thus osteoblasts did not
appear to be responsible for the differences in trabecular bone architecture observed

but may have contributed to cortical bone differences.

These findings directly contradict several previous murine studies (Gill, et al., 1998; Gao
et al.,, 2017; Payandeh, 2020), which suggest that testosterone induces Runx2
expression, and therefore osteoblast differentiation and mineralisation. It is important
to note, however, that this is an endpoint measure and the morphological changes in
bone observed via uCT had already taken place. Therefore, there may have been
significant differences between these parameters at an earlier point in the lifespan and
development of the mice, which would have required sacrifice at an earlier timepoint to
be observed. Similarly, mice in this study were sacrificed at 25 weeks of age; mid-
adulthood in a mouse’s lifespan. Had the study spanned a longer period, the effects of
testosterone deficiency and subsequent replacement may well have been more

pronounced.
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Due to the shared mesenchymal lineage of adipocytes and osteoblasts, it is possible that
the rise in adiposity seen in testosterone deficiency accounts for the decrease in bone
mass, due to a shift in MSC differentiation towards adipogenic lineage and away from
the osteogenic lineage. As well as contributing to osteoblastic differentiation of MSCs,
testosterone is also known to inhibit adipocyte differentiation (Singh et al., 2005; Blouin
et al., 2009; Ren et al., 2017). As such, testosterone deficiency and obesity are closely
linked (Kelly and Jones, 2015), with low serum levels of testosterone being associated

with increased fat mass (Fui et al., 2014).

In this study, testosterone deficient mice were seen to have significantly increased lipid
droplet area in the marrow compared to controls. Alongside data showing reduced
trabecular bone volume in the marrow, this suggests that the testosterone deficiency
significantly impacted the fate of the mesenchymal stem cell population of the marrow,

favouring adipogenic differentiation over osteogenic differentiation.

2.4.4. The Effect of Testosterone Deficiency and Testosterone Treatment Upon
Osteoclast Differentiation and Mineralisation:

It is also possible that the observed decreases in bone parameters in testosterone
deficient mice were not due to decreased osteoblast activity at all, owing instead to
increased differentiation of and therefore subsequent resorption by osteoclasts. IHC for
RANKL and OPG (Barreiros et al., 2018) alongside histological staining for TRAP (Ghayor
et al.,, 2011) were employed to assess osteoclast differentiation and activity,

respectively.

RANKL is secreted from osteoblasts in order to instigate osteoclast differentiation, and

binds to RANK receptors on the surface of haematopoietic stem cells to induce
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differentiation into mature osteoclasts (Boyce and Xing; 2008, Udagawa et al., 2020).
This is ultimately balanced by the secretion of OPG, also from osteoblasts, which is a
soluble decoy receptor to RANKL (Infante et al., 2019) Thus, the ratio of RANKL to OPG
(RANKL:OPG ratio) is often used clinically and experimentally as a determinant of bone
mass and skeletal integrity, (Boyce and Xing, 2008) owing to a direct relationship
between RANKL:OPG ratio and osteoclastogenesis. Orchiectomy surgery has previously
been shown to decrease OPG expression in rats (Shuid et al., 2012) and, contrastingly,
testosterone treatment has also been shown to inhibit OPG mRNA secretion from
osteoblastic cells (Hadjidakis et al., 2007) and serum OPG in elderly men (Khosla et al.,

2002).

Upon investigation of RANKL and OPG immunopositivity in mouse tibiae sections, it was
determined that there were no significant differences between the immunopositivity of
either of these markers individually. However, when expressed as a ratio of RANKL:OPG,
it was determined that RANKL:OPG ratio was significantly increased in orchiectomised
mice treated with placebo compared to sham operated controls. This finding indicates
that testosterone deficiency reduces trabecular bone volume via increasing
osteoclastogenesis through the RANKL:OPG pathway, and therefore subsequent bone
resorption increases. This alteration in RANKL:OPG ratio was attenuated via the addition
of testosterone treatment, indicating that the adverse effects of testosterone depletion
upon osteoclastogenesis are reversible. RANKL:OPG ratio is typically assessed in serum
(Bagan et al., 2017), as opposed to via immunohistochemistry, but unfortunately this

could not be performed due to prioritisation of serum usage for other studies.

Despite the observed differences in RANKL:OPG ratio, TRAP staining and subsequent

histomorphometric analysis did not reveal any statistically significant differences in the
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number of TRAP positive osteoclasts lining the perimeter of cortical bone between any
of the groups tested. There was, however, a trend towards slightly increased osteoclast
number in orchiectomised mice treated with testosterone. This is perhaps partially
because osteoclast number could only be counted on the endocortical surface, and
cortical bone parameters did not significantly differ between groups. Due to the
observed significant decreases in trabecular BV/TV, there was insufficient trabeculae
present in the sections of orchiectomised, placebo treated mice to provide a reliable
assessment of osteoclast number on the surface of trabeculae. Additionally, as these are
endpoint measures it would have been insightful to assess an earlier timepoint in the
mouse’s development, as large amounts of the trabecular bone had already been
resorbed at the endpoint of the present study. A previous study utilising C57 mice has
demonstrated that orchiectomised mice display reduced femoral trabecular bone in
comparison to sham operated controls just 8 weeks after surgery (J. Sun et al., 2022). In
the same study, serum TRAP levels were significantly increased in orchiectomised mice,
indicating that an earlier measurement or different methodology in the present study

may have provided more valuable insights.

2.4.5. The Effect of Testosterone Deficiency and Testosterone Treatment Upon
Bone Mechanical Strength:

Osteoporosis is often defined by the occurrence of fragility fractures in men, and has
been closely linked to hypogonadism (Golds et al., 2017). Testosterone deficiency is
often considered a risk factor for osteoporotic fracture, owing in part to decreased BMD.
(Shigehara et al., 2021). Despite significantly decreased trabecular bone parameters and
a slight trend towards decreased cortical bone volume, the mechanical strength of tibiae
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from orchiectomised, placebo treated mice tested via 3-point bend test did not differ
significantly between groups. This result indicates that there was no significant increase
in mechanical strength in the tibiae of testosterone deficient mice compared to controls.
This is likely due to the fact that cortical bone is a more significant contributor to overall
mechanical strength than trabecular bone (Oksztulska-Kolanek et al., 2016).
Additionally, cortical BMD did not differ significantly between groups in the present
study and was highest on average in the orchiectomised mice. Despite this, average
maximal force to fracture was lowest in orchiectomised mice in the present study. One
possible explanation for this is the observed but unquantified decrease in tibial bone
collagen content in orchiectomised mice via Masson’s Trichrome staining, as collagen
provides flexibility and helps to absorb impact, thereby mitigating fracture risk (Viguet-
Carrin et al., 2006). Finally, in keeping with results in humans (Snyder et al., 2024b) TRT
did not increase tibial mechanical strength, and in fact tibiae from mice treated with
testosterone displayed the lowest average maximal force to fracture. This could indicate
that testosterone therapy may not improve fracture risk, although further studies
assessing more sites and measures of fracture risk, with sufficient sample size and

duration to provide adequate statistical power are needed to clarify this.

Most studies in the field focus on hip and vertebral fractures, and this study instead
investigated only tibiae. Whilst ankle fractures are among the top 5 most common
fracture sites in men (Bergh et al., 2020), the three point bend testing model applied to
tibiae in this study is not wholly representative of physiology and fracture risk, and is
instead a measure of raw mechanical strength of the bone. Similarly, it is possible that
more insights could have been unearthed utilising other techniques, such as finite

element analysis (Meslier and Shefelbine, 2023), or micro-indentation (Arnold et al.,
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2017), or even assessing other bone regions. For example, a micro-indentation study of
murine vertebrae in orchiectomised mice revealed significantly decreased vertebral
Vicker’s Hardness and elastic modulus in orchiectomised mice compared to sham
controls (Teng et al.,, 2023). To conclude, the effects of testosterone replacement

therapy upon bone mechanical strength are unclear from the results of this study

2.4.6. Conclusion:

In conclusion, the results obtained in this study indicate that orchiectomy-induced
testosterone deficiency significantly reduces trabecular bone parameters in APOE”
mice, and that TRTnormalises these parameters back to control levels. The exact
mechanism by which these morphological changes take place remains unclear, although
results indicate increased osteoclastogenesis and adipocyte differentiation occur at the
expense of osteoblast differentiation in testosterone deficient mice. However, these
alterations in bone microarchitecture and cell behaviour did not significantly alter the
mechanical properties of murine tibiae, possibly owing to the unaltered cortical

parameters.

The effects of testosterone deprivation upon MSC differentiation are comparable to
those of ageing, in which the cells exhibit reduced ALP activity, ECM mineralisation, and
expression of osteogenesis related genes (Chen et al.,, 2021) such as RUNX2. This
establishes a role for the age-related decline of testosterone (Stanworth and Jones,
2008), like that of oestrogen deficiency in post-menopausal women, a well-studied and
accepted contributor to bone loss and osteoporosis (Ji and Yu, 2015; Lupsa and Ubsigna,
2015). These findings highlight the detrimental effects of testosterone deficiency upon

bone health, independent of changes in body weight, as well as the potential benefits
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of testosterone therapy for the treatment of bone loss due to testosterone deficiency in
men. However, these findings may not translate to improvements in fracture risk as a

result of TRT in humans, and further studies are required to explore this relationship

further.

3. Chapter 3: Impact of Leptin Deficiency on Male Tibia and
Vertebral Body 3D Bone Architecture Independent of

Changes in Body Weight:

This chapter is based on a manuscript entitled “Impact of leptin deficiency on male tibia
and vertebral body 3D bone architecture independent of changes in body weight “,
published in Physiological Reports (Williamson et al., 2023). Contributions: Micro-CT,

histology, IHC and mechanical testing data collection and analysis, manuscript writing.
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3.1. Introduction:

Leptin, a potent anorexigenic adipokine secreted by adipocytes, plays an important role
in cardiometabolic regulation (Belin de Chantemele et al., 2009; De Jonghe et al., 2012;
do Carmo et al., 2011). Leptin has also been shown to play a role in bone remodelling
through the central nervous system (CNS) as well as by its peripheral actions, including
direct effects on bone cells (Ducy et al., 2000; Takeda et al., 2002; Turner et al., 2013;
Yue et al., 2016). However, it is still controversial whether leptin primarily increases or
decreases bone volume and mineral density via peripheral or CNS actions (Ducy et al.,
2000; Hamrick et al., 2005; Karsenty and Khosla, 2022; Turner et al., 2013; Yue et al.,
2016). Confounding factors that may contribute to this uncertainty include a lack of
control for body weight and leptin sensitivity (Bahceci et al., 1999; Bartell et al., 2011;
Coleman, 1973; Duan et al., 2007; Grethen et al., 2012). Furthermore, recent advances
in 3-dimensional (3D) micro-computed tomography (LCT) image analysis have not been
utilised in previous studies and yet they may reveal more detailed assessment of bone

microarchitecture in particular potential regional differences.

Leptin’s CNS actions on bone remodelling have been investigated using
intracerebroventricular (ICV) leptin infusion in leptin deficient Ob/Ob mice and have
provided contrasting results, with some studies demonstrating a decrease (Ducy et al.,
2000) while others show an increase in trabecular bone volume (Bartell et al., 2011;
Turner et al., 2013), after leptin infusion. Differences in the dose of leptin administered
in these studies may account for some of the variability in bone morphology observed,
although each study did observe a reduction in body weight irrespective of leptin dose.

Therefore, global leptin deficiency via the Ob/Ob mouse model without the
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reintroduction of leptin, controlling for body weight, was selected to reduce these

confounding factors in the present study.

Iwaniec et al., (2009) evaluated the effect of hypothalamic leptin gene therapy on bone
architecture and reported that increased body mass was associated with increased
cortical bone volume, independent of leptin signalling. However, deletion of leptin
receptors on skeletal stem cells increased trabecular bone volume/tissue volume
(BV/TV%) suggesting that leptin has non-CNS actions that reduce bone volume (Yue et
al., 2016). In contrast, peripheral leptin delivery in Ob/Ob mice for 2 weeks increased
the bone forming surface of cortical endosteum as well as trabecular osteoblast surface
and density compared to vehicle treated Ob/Ob mice (Hamrick et al., 2005). Transfer of
bone marrow (BM) from leptin-receptor deficient mice to irradiated wild type (WT)
controls, also resulted in reduced bone formation rate, compared to WT controls or
irradiated WT controls transferred with BM from WT controls (Turner et al., 2013). Many
of these apparent inconsistencies may be related to leptin-mediated changes in body
weight which can also influence bone remodelling. Furthermore, most research into the
effects of leptin on bone have been completed in murine models. Epidemiological
studies on the association of leptin with bone architecture are unclear. The relationship
between serum leptin levels and BMD in children aged 11 years old were inconclusive
(Kouda et al., 2019). Results often show positive, inverse or no association between

circulating leptin and bone parameters.

Body weight alters bone morphology due to compressive and tensile forces applied to
the bone via gravity and skeletal muscle contraction (Greene and Naughton, 2006; Klein-
Nulend et al., 2012). An increase in compression and tensile forces normally leads to

increase bone formation, resulting in increased bone volume and/or density (Ducher et
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al., 2005; Uto et al., 2017; Zhang et al., 2008). However, the impact of obesity and the
loading effects of increased body mass index (BMI)/adiposity or eating a high fat diet
(HFD) on bone growth and turnover have also proven controversial. Increased BMI has
been described as beneficial to bone volume/density and fracture prevention (C De Laet
et al., 2005; Dominic et al., 2020; Palermo et al., 2016). Conversely, Xheng et al., (2021),
and Driessler et al., (2010) demonstrated that obesity negatively impacted bone, with
HFD and central obesity uncoupling bone resorption and formation, leading to increased
fracture risk and osteoporosis (Driessler and Baldock, 2010; Zheng et al., 2021).
Nevertheless, weight-pairing in mice has demonstrated that obesity may attenuate the
morphological changes in femur and lumbar vertebral bone associated with leptin

deficiency (Turner et al., 2014).

Most papers reporting on changes in bone architecture over the past decade have
conformed to the guidance proposed by Bouxsein et al., in 2010. However, advances in
image analysis of uCT data show reporting only mean values may mask underlying
regional specific differences in morphology, specifically trabecular thickness between
experimental groups. To identify these differences and the effect of leptin deficiency
alone on tibia and vertebral bone, this study controlled for changes in body weight by

weight-pairing lean and obese Ob/0Ob to lean and obese C57 controls.

The hypothesis of this body of research was that leptin signalling alters bone turnover
independent of concomitant changes in body weight associated with obesity and

increased leptin levels.

The aims of this study were:

1. To establish the impact of leptin signalling independent of body weight upon

bone microarchitecture.
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To investigate the cellular mechanisms underpinning leptin-related alterations
in bone morphology.
To assess the independent effects of leptin signalling-induced changes in bone

morphology upon the mechanical strength of murine tibiae.
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3.2. Materials and Methods:

3.2.1. Experimental Design:

The multifaceted effects of obesity on bone health result in difficulties separating the
independent effects of leptin signalling and mechanical load from body weight upon
bone. This study utilised leptin deficient Ob/Ob mice, weight paired to either lean or
obese C57 counterparts to isolate the effects of leptin signalling and mechanical load in
vivo. Ob/Ob mice in both groups had their access to food restricted in order to tightly
control calorific intake, allowing for weight pairing to C57 counterparts fed either a ND
or a HFD from 612 weeks to 24+2 weeks of age. Food intake and Body composition
parameters were measured throughout the study to confirm the success of weight-
pairing. This study was performed in tandem with another study utilising waste tissue
from the same animals at the University of Mississippi Medical Center in line with NC3Rs,

and all timepoints were selected accordingly.

Tibiae and vertebrae were harvested for analysis at 24+2 weeks of age, and
morphological changes in the cortical and trabecular regions were quantified separately
using uCT with post-imaging processing software. The mechanisms underpinning
observed morphological changes were then investigated using histological and
immunohistochemical techniques, including the assessment of markers of osteoblastic
differentiation and activity as well as osteoclastic differentiation and activity. Finally, the
mechanical properties of the tibiae were assessed via 3-point-bend testing to assess the

impact of alterations in bone morphology upon bone mechanical strength.
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3.2.2. Ethical Approval:

This study was approved by the Institutional Animal Care and Use Committee (IACUC)
of the University of Mississippi Medical Center, Jackson, MS (Approval Number
1154C/1154D). All animal experiments followed the Guide for the Care and Use of
Laboratory Animals (2011 Eighth Edition, National Research Council) for the welfare of
laboratory animals. All necessary procedures were implemented to minimize the pain
and suffering of animals. This included the avoidance of unnecessarily harsh food
restriction regimes using high fat diet, instead feeding obese Ob/Ob mice a standard

chow diet. No animals, samples or data were excluded from the reporting.

3.2.3. Mice and Treatments:

Male C57 (n=8) control mice and male leptin deficient Ob/Ob (n=8) mice on the C57BL/6)
background were purchased from Jackson Laboratories at 6+2 weeks of age and placed
into 4 groups: lean C57; lean Ob/Ob-WP; obese C57; obese Ob/Ob-WP. Mice were
placed in individual cages in a 12-h dark (6 PM to 6 AM) and light (6 AM to 6 PM) cycle.
Mice were given free access to water throughout the study. Leptin deficient lean Ob/Ob
mice were fed control diet (CD, Harlan Teklad/ENVIGO, CA 8640, energy 3.0 kcal/g,
percent kcal from fat (17%), protein (29%), carbohydrate (54%) and food restricted from
6+2 weeks to 2442 weeks of age to match their weight (weight-pair WP) with the weight
of C57BL/6 (C57) control mice fed CD ad libitum. Leptin deficient obese Ob/Ob mice
were fed CD and food intake was controlled from 612 weeks to 24+2 weeks of age to
match their weight with the weight of C57 control mice HFD ad libitum (HFD, Harlan

Teklad/ENVIGO, TD-0881, energy 4.7 kcal/g, % kcal from fat (44.6%), protein (14.7%),
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carbohydrate (40.7%). Ob/Ob mice body weights were matched to within 5% of C57 lean
and obese controls. Food intake and body weight were measured twice a week along
with weekly magnetic resonance imaging (4-in-1 EchoMRI-900TM; Echo Medical
System, Houston, TX) to determine body composition. Mice did not require anaesthesia
during EchoMRI. No animals, samples or data were excluded from the reporting. This
work was performed at Mississippi Center for Obesity Research, University of Mississippi

Medical Center by Alexandre da Silva, Jussara M. do Carmo, and Sydney Moak.

3.2.4. Food Restriction:

Data from literature shows Ob/Ob mice eat approximately 6g chow per day,
corresponding to a kcal consumption between 18-28 kcal per day depending on
constituents of the diet (Skowronski et al., 2017). Consistent weight-pairing to C57
controls required the Ob/Ob mice to have their daily food intake restricted to
approximately 8 kcal per day (Figure 1B). This translated to either 1.7 g/day on the high
fat chow (4.7 kcal/g) or 2.6 g/day on the regular chow diet (3 kcal/g). To feed these
animals the high fat chow would constitute a food restriction of over 70% for 24 weeks.
As such, it was decided on animal welfare grounds that regular chow would be used to
avoid undue stress over the extended period of the study. The body composition data
show the comparisons in body fat mass and lean mass between the groups. This work
was performed at Mississippi Center for Obesity Research, University of Mississippi

Medical Center by Alexandre da Silva, Jussara M. do Carmo, and Sydney Moak.
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3.2.5. Tissue Harvest:

At 24+2 weeks of age, mice were euthanized by excess isoflurane (100%) followed by
exsanguination. Both tibiae and L3 lumbar vertebrae were fixed in 4%
paraformaldehyde with sodium dihydrogen orthophosphate dehydrate and disodium
hydrogen orthophosphate dehydrate for 48 hours before being placed in 70 % EtOH and
shipped to Sheffield Hallam University. This work was performed at Mississippi Center
for Obesity Research, University of Mississippi Medical Center by Alexandre da Silva,

Jussara M. do Carmo, and Sydney Moak.

3.2.6. Micro-CT Imaging:

Samples were removed from 70 % EtOH, wrapped loosely in cellophane, mounted into
a plastic cylinder and scanned on a Bruker Skyscan 1272. Scanning parameters include
50 kV X-ray voltage, 200 pA X-ray current, 0.5 mm aluminium filter; 4.3 — 7 um voxel size
with 180° tomographic rotation and a 0.7° step rotation. Reconstruction was performed
using NRecon software (Bruker Skyscan) and included beam hardening correction of 20
% and post-alignment optimisation. Bone mineral density (BMD) was quantified from 2

mm standard calcium hydroxyapatite (CaHA) calibration rods (Bruker Skyscan).

Tibia samples were analysed in two distinct regions. Firstly, to normalize analysis of
cortical bone, measurements were taken exactly 1 mm off-set from the bridge break of
the growth plate, progressing distally for 1 mm. Secondly, trabecular bone was
normalized by measuring 0.2 mm off-set from the bridge break of the growth plate and
progressing distally for 1 mm. Lumbar vertebrae (L3) sample analysis took place from

the first section of distal trabeculae with no primary spongiosa and progressed
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proximally for 2 mm. For each animal both tibiae were analysed and the single mean

value from both measurements were reported.

3.2.7. Image Post-processing:

Post reconstruction analyses of uCT images were processed in serial slices using CTAn
(Bruker Skyscan) software. A normalized region of interest (ROI) was defined by
freehand drawing for both cortical and trabecular bone and used during analysis of each
tibia and vertebrae throughout the study. Thresholding for cortical BMD was consistent
within groups, despeckling white spots was applied to each ROI before 3D analysis was

performed.

3.2.8. Quantitative Morphometry:

Quantitative assessments of bone morphometry were performed as previously

described (2.2.10)

3.2.9. 3D Colour Coded Bone Thickness Analysis:

Regional trabecular bone thicknesses were analysed qualitatively using 3D colour
coding. Trabecular mid-range thickness values were generated from regions of interest
after thresholding and despeckle processing, as outlined above. Contrast stretching in
3D space filtering was applied to the colour-coded datasets, before being modelled in
CTvox (Bruker Skyscan). Regional differences in trabecular bone thickness were analysed
qualitatively using a standardised mid-range transfer function set from minimum 0.00

mm to maximum 0.12 mm. The outer medulla of the trabeculae was partitioned by using
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the erosion function within CTAn to segregate a 200 um diameter from the outer most
edge of the ROI around the circumference of the ROI. The remaining trabecula inside

the original ROI excluding the outer medulla was calculated as the inner core.

3.2.10. 3D Colour Coded Bone Density Analysis:

Regional specific 3D colour coded bone density maps were generated in CTVox from
original CTAn ROI data sets. Regional differences in cortical bone density were analysed
qualitatively using a standardised mid-range transfer function and plotted against the

limit values of attenuation ranging from minimum 0.0 g/cm?3 to maximum 2.6 g/cm3.

3.2.11. Tissue Preparation:

Left tibiae were decalcified in 20% EDTA for 2 weeks at 4°C on a rocker then embedded
in paraffin using standard procedures. Four-micron sections were cut using a microtome
(Leica, Germany) and left to dry at 37°C for 2 weeks prior to immunohistochemistry and
histological staining procedures. Right tibiae were left unprocessed for mechanical

testing and stored in 70% IMS at 4°C.

3.2.12. Haematoxylin and Eosin Staining:

Haematoxylin and Eosin staining was performed as previously described (2.2.13)

3.2.13. Histological Assessment of murine tibiae and L3 vertebrae:

Masson’s Trichrome staining was performed as previously described in section 2.2.14 to

investigate the composition of bone and bone marrow sections, allowing for the
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visualisation of collagen and other ECM component distribution throughout the
sections. Similarly, TRAP staining was performed also as described to assess the
presence of active, resorbing osteoclasts along the endocortical surface of bone.
Tartrate Resistant Acid Phosphatase (TRAP) stained microscope slides were assessed as

previously described.

3.2.14. Immunohistochemistry:

Immunohistochemistry staining was performed as previously described in Chapter 2 to
investigate osteoblast differentiation and activity via RUNX2 and ALP, and osteoclast
differentiation via RANKL and OPG immunopositivity in osteoblasts along the

endocortical surfaces of tibiae and vertebrae sections.

3.2.15. Image Capture and Quantification of IHC:

Mounted, dry microscope slides were assessed as previously described in Chapter 2.

3.2.16. Three-point Bending Biomechanical Test:

The mechanical strength of non-decalcified right tibiae was assessed via a three-point

bend test as previously described in Chapter 2.

3.2.17. Statistical Analysis:
Data are presented as mean # standard deviation or individual data points and median
values. Statistics software GraphPad Prism v8.1.1 was used to test for normality using

Shapiro Wilk normality test. Data were subsequently analysed using one-way analysis of
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variance (ANOVA) with post-hoc Tukey test or Kruskal-Wallis with Dunn’s Multiple
Comparison for 3 groups or more. Student T-Test and Mann Whitney for comparison of
2 groups. A P value of <0.05 was considered statistically significant. Type Il Error was
calculated using IBM SPSS Statistics v.26, whereby the average observed Power® was

calculated as 0.88.

112



3.3. Results:

3.3.1.  Leptin Deficiency Increased Fat Mass Independently of Body Weight:

Food restriction of lean Ob/Ob mice resulted in similar body weights at 24+2 weeks of
age compared to lean C57 mice fed CD, 27.55+1.63g vs 28.58+0.87g (P = 0.3100). Body
weight gain was evenly matched throughout the study duration (P > 0.9999) (Figure
2.1A). Similarly, obese Ob/Ob fed CD and obese C57 fed HFD had similar body weights
at 24+2 weeks of age, 40.00+0.55 g vs. 42.38+4.08 g (P = 0.2927). Body weight gain was
evenly matched throughout the study duration (P> 0.9999), respectively. The obese C57
and obese Ob/0Ob groups had significantly increased body weights at 24+2 weeks of age
compared to lean equivalent genotypes, +32.5% and +31.1% respectively (P = <0.0001),

(Figure 3.1A).

Weight-pairing of lean Ob/Ob with lean C57 mice was maintained via food restriction as
shown by a significant reduction of 18% in average daily Kcal intake in the Ob/Ob group
(P =0.0318), (Figure 3.1B). Obese Ob/Ob consumed on average 34% less Kcal per day to
maintain body weight of weight matched obese C57 controls (P = 0.0005) (Figure 3.1B).
Lean Ob/Ob had significantly higher fat mass (P = 0.0194), but similar lean mass (P =
0.0768) compared to lean C57 mice over the duration of the study (Figures 3.1C and D).
Obese weight-paired Ob/Ob mice had significantly increased fat mass (P = 0.0002) and
significantly less lean mass (P = 0.0003) compared to obese C57 controls consuming a

HFD (Figures 3.1C and D).
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Figure 3.1: Body composition of male C57 and weight-paired lean or obese Ob/Ob mice.
Lean C57, Lean Ob/Ob and Obese Ob/Ob were fed a control diet (CD), Obese C57 were fed
a high fat diet (HFD). A. Body weight (g); B. Average daily food intake in Kcal; C. Fat Mass
(g); D. Lean mass (g). Mean * STDev., n=4/group. One-Way ANOVA or Kruskal-Wallis;
*P<0.05.
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3.3.2.  Leptin Deficiency Reduced Tibia Cortical Bone Volume Independently
of Body Weight:

Tibia cortical BV was significantly reduced in lean Ob/Ob (P=0.003) and obese Ob/Ob
(P=0.004) mice when compared to lean C57 controls, whereas obese C57 mice exhibited
similar (P = 0.989) tibia cortical BV compared to lean C57 controls (Figure 3.2A). Tibia
cortical BMD was unaffected by leptin deficiency or increased body weight compared to
lean C57 controls (Figure 3.2B). Overall tibia cortical thickness was also unaffected by
leptin deficiency or increased body weight compared to controls (Figure 3.2C).
Qualitative regional increases in tibia cortical BMD (g/cm3) were mapped to areas
associated with compression loading including the interosseous crest (IC) and the

proximal tibia crest (PTC) (Figure 3.2D).

115



Cortical BV (mm?)

=
=]
1

o
<)
]

0.6

0.4

Lean C57

B 18- C.
= 2010— o2 g it A
hd P °
S 16- 2ee oo *t A s |
a g
= <
< 0.054
— =
8 149 3
£ 3] i
o e
© 3
12 T T T T 0.00 T T T T
A A A A
(\o" QA*Q & 0,48 Q,&Q & \532
2 O = 9 SIS & O
NEEROP Y & & &
& & S 2
: & °
Lean Ob/Ob Obese C57 Obese Ob/Ob

Figure 3.2: Proximal tibia cortical bone morphology at 24+2 weeks of age of male C57
and weight-paired lean or obese Ob/Ob mice. A. Cortical bone volume (BV) (mm3); B.
Cortical bone mineral density (BMD) (g/cm3); C. Cortical Thickness (mm); D. 3D colour

coded density map (g.cm3) showing increased density at interosseous crest (IC) and
proximal tibial crest (PTC). n=4 Mean and individual data points. One way-ANOVA or
Kruskal-Wallis with post-hoc multiple comparisons, *P<0.05 vs. Lean C57.
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3.3.3. Leptin Deficiency and HFD Reduced Tibia Trabecular Bone Number,
Bone Mineral Density, and Increased Trabecular Separation:

HFD fed obese C57 mice exhibited the greatest reduction in tibia trabecular BV/TV%
(P<0.0001) and BMD (g.cm?3) (P = 0.003) compared to lean C57 controls (Figure 3.3A and
E). Lean and obese Ob/Ob mice also exhibited 35% and 29% reductions in trabecular
BV/TV%, respectively, compared to lean C57 control mice (P < 0.0001 and P = 0.001,
respectively) (Figure 3.3A). Leptin deficiency also significantly reduced BMD compared
to lean C57 controls (Lean Ob/Ob vs. Lean C57 P = 0.0367; Obese Ob/Ob vs. Lean C57 P
= 0.0272) (Figure 3.3E). The changes in bone volume appear to be due to a significant
reduction in trabecular number (Lean Ob/Ob vs. Lean C57 P = 0.0006; Obese C57 vs.
Lean C57 P < 0.0001; Obese Ob/Ob vs. Lean C57 P = 0.0102) (Figure 3.3B) and
proportionate increase in trabecular separation (Lean Ob/Ob vs. Lean C57 P = 0.263;
Obese C57 vs. Lean C57 P < 0.0025; Obese Ob/0Ob vs. Lean C57 P =0.1128) (Figure 3.3C).
Leptin deficient or HFD fed C57 mice did not significantly reduce mean trabecular
thickness compared to lean C57 controls (Lean Ob/Ob vs. Lean C57 P = 0.1167; Obese

C57 vs. Lean C57 P <0.1167; Obese Ob/0Ob vs. Lean C57 P = 0.1868) (Figure 3.3D).

117



40+ E 0.3- * :7;10-
1S
3 z A E 8-
> 30 S o =
S X x oy & 0.2- g * &% 3 tx
: T | : o
5 20 o 2 o
z |t N 5 41 s
1) o ﬁAﬁ < 0.11 © APA
8 104 8_0 A =} 3 2 8_8 A
= o 3 o ™=
g E
0 T T T T £ 0.0 T T T T ~ 0 T T T T
A Q A Q A A 3 A Q
00% ‘o¢\ @éo ~o\$ cho Q§Q edj ‘0$Q (\6 O$ z% O°$
Vo Q 2 @) > @) 2 QO (o 2
AR S Y & ¥ &
@) O (@) @)
0 @Q’ rz§\ eq’ 'b(\ 6Q’
& & & & & &
Y %) % o v o)
E
'E 0.06 087
I [
% bk g'06 =t +
® o 0.6
2004 ¢ ° 58 add Y
3] =
E D047 o
3
3 0.02- 3 —'—3 o
2 & 027 0 O i R
o o
© -
ol 0.00 1 1 1 1 0.0 I 1 1 1
Oé\ \SQ O(’;\ $Q Oé\ O§Q Cf;\ $Q
N O (2 M) (]
G O % @) > O % Q
N OQ\ OQQ O\ N2 0\ O“Q’ OQ\
@ N o
e{b Q,e ) Q
v O‘O v o)

Figure 3.3: Proximal tibia trabecular bone morphology at 2412 weeks of age of male C57
and weight-paired lean or obese Ob/Ob mice. A. Trabecular bone volume/tissue volume

(BV/TV) (%); B. Trabecular number (mm'l); C. Trabecular separation (mm); D. Trabecular

thickness (mm); E. Trabecular bone mineral density (BMD) (g/cms). n=4 Mean and
individual data points. One way-ANOVA or Kruskal-Wallis with post hoc multiple
comparisons, *P<0.05 vs. Lean C57.
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3.3.4. Regional Differences in Tibia Trabecular Thickness Distribution Are
Masked by Overall Thickness Mean:

A qualitative 3D colour-coded thickness transfer function from 0.009 — 0.112mm was
developed and applied to demonstrate the distribution of tibia trabecular thickness
across the entire 3D ROI. Although leptin deficiency and HFD induced increases in body
weight, were not associated with any overall difference in mean trabecular thickness
compared to lean C57 control mice (Figure 3.3D). The qualitative 3D colour-coded
thickness maps revealed regional specific changes in thickness distribution and

maximum thickness values across all groups (Figure 3.4B).

Lean Ob/Ob mice exhibited a significant increase in percentage of thinner struts (0.017-
0.026 mm, P<0.0006) and a significant reduction in the percentage of mid-range to
thicker struts (0.043-0.060 mm, P<0.0062) compared to lean C57 controls. Obese C57
mice exhibited a significant reduction in percentage of mid-range struts (0.034-0.043
mm, P<0.0001) and a significant increase in the percentage of thicker struts (0.060-0.069
mm, P<0.0047) compared to lean C57 controls. Obese Ob/Ob mice closely matched the
distribution pattern of lean Ob/Ob mice whereby obese Ob/Ob exhibited a significant
increase in thinner struts (0.026-0.034 mm, P<0.0002) and a significant reduction in mid-
range to thicker struts (0.043-0.060 mm, P<0.0214) compared to lean C57 controls
(Figure 3.4A). Furthermore, trabeculae were segmented into two sections, an inner core
and outer medulla for region specific analysis (Figure 3.5A). Trabecular thickness of the
inner core region was significantly reduced in the Lean Ob/Ob compared to the lean C57
control mice, Figure 3.5C (P=0.0014), however the outer regions across all groups were

unchanged (Figure 3.5B).
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Figure 3.4: Proximal tibia trabecular bone morphology at 24+2 weeks of age of male C57
and weight-paired lean or obese Ob/Ob mice. A. Thickness distribution (mm); B. 3D colour
coded thickness map (mm). n=4 Mean and individual data points. One way-ANOVA or
Kruskal-Wallis with post hoc multiple comparisons, *P<0.05 vs. Lean C57.
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Figure 3.5: Inner vs. Outer proximal tibia trabecular bone morphology at 24+2 weeks of age
of male C57 and weight-paired lean or obese Ob/Ob mice. A. Representative model of inner
and outer medullar trabecular bone region of interest; B. Outer medullar trabecular
thickness (mm); C. Inner trabecular thickness (mm). n=4 Mean and individual data points.
One wav-ANOVA with post hoc multinle comparisons. *P<0.05 vs. Lean C57.
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3.3.5. Leptin Deficiency Reduces Vertebral Cortical Bone Thickness:

Leptin deficiency in lean mice significantly reduced vertebral cortical bone volume
compared to lean C57 controls (P = 0.046) (Figure 3.6A). However, body weight did not
significantly alter overall vertebral cortical bone volume. Similarly, vertebral cortical
BMD was unchanged in leptin deficient Ob/Ob mice or HFD fed C57 mice compared to
lean controls (Figure 3.6B). Cortical thickness, however, was reduced by leptin deficiency
independent of increased body weight as both lean Ob/Ob (P = 0.0124) and obese
Ob/Ob (P = 0.0183) mice had significantly reduced mean vertebral cortical thickness
compared to lean C57 controls (Figure 3.6C). Qualitative regional 3D colour maps of

BMD demonstrated a similar distribution pattern across all four groups (Figure 3.6D).

3.3.6. High Fat Diet Reduced Vertebral Trabecular Bone Volume, Number
and Mineral Density:

Leptin deficiency and HFD significantly reduced vertebral trabecular BV/TV% (Figure
3.7A). However, only obese C57 mice fed a HFD had significant reductions in both
trabecular number (Figure 3.7B) (P = 0.0089), mineral density (Figure 3.7E) (P = 0.0027)
and a complementary increase in trabecular separation (Figure 3.7C) (P = 0.0050).
Reductions in lean Ob/Ob vertebral bone volume were associated with reductions in
trabecular thickness (Figure 3.7D) rather than number (Figure 3.7B). Reductions in
vertebral bone volume of obese Ob/Ob were associated with small but insignificant
reductions in both vertebral trabecular number and thickness, which resulted in a

significant increase in vertebral trabecular separation (Figure 3.7C).
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Figure 3.6. Vertebral cortical bone morphology at 24+2 weeks of age of male C57 and

weight-paired lean or obese Ob/Ob mice. A. Cortical bone volume (BV) (mmg); B. Cortical

bone mineral density (BMD) (g/cms); C. Cortical Thickness (mm); D. 3D colour coded

density map (g.cm3) of vertebral body cortical bone. n=4 Mean and individual data
points. One way-ANOVA or Kruskal-Wallis with post-hoc comparisons, *P<0.05 vs. Lean

C57.
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Figure 3.7. Vertebral trabecular bone morphology at 24+2 weeks of age of male C57 and weight-

paired lean or obese Ob/Ob mice. A. Trabecular bone volume/tissue volume (BV/TV) (%); B.
Trabecular number (mm-l); C. Trabecular separation (mm); D. Trabecular thickness (mm); E.

Trabecular bone mineral density (BMD) (g/cma). n=4 Mean and individual data points. One way-

ANOVA or Kruskal-Wallis with post-hoc comparisons, ¥P<0.05 vs. Lean C57.
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3.3.7. Regional Differences in Vertebral Trabecular Thickness Distribution
are Masked by Overall Thickness Mean:

A qualitative 3D colour-coded thickness transfer function from 0.009 — 0.103mm was
developed and applied to examine the distribution of vertebral trabecular thickness
across the entire 3D ROI. Although lean Ob/Ob mice were the only group to show a
significant reduction in trabecular thickness compared to lean C57 control mice (Figure
3.7D), the 3D colour maps (Figure 3.8B) revealed changes in thickness distribution and
maximum thickness values across all groups. Lean Ob/Ob mice exhibited a significant
increase in percentage of thinner struts (0.014-0.028 mm, P<0.0459) and a significant
reduction in the percentage of thicker struts (0.056-0.070 mm, P<0.0053) compared to
lean C57 controls. Both obese C57 and obese Ob/Ob mice closely matched the percent
distribution of thin and thick trabecular compared to lean C57 mice. However, both
obese groups exhibited a significant increase in the percentage of mid-range struts at
0.042 mm (Obese C57 P=0.0031; Obese Ob/Ob P<0.0001) compared to lean C57 controls

(Figure 3.8A).
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3.3.8. HFD and Leptin Deficiency Alter Bone Marrow Composition:

Masson’s Trichrome staining was used to assess the bone marrow and ECM composition
within sections of murine tibiae and L3 vertebrae. Whilst mice fed a HFD exhibited
increased spaces within the marrow compared to lean C57 counterparts, the tibial bone
marrow of Ob/Ob mice was almost completely occupied by these spaces (Figure 3.9).
Blue staining, denoting the presence of collagen, was also diminished in tibial sections
of Ob/Ob mice compared to C57 counterparts. However, these differences were not

observed in vertebral sections from the same mice (Figure 3.9).

127



Lean C57

HFD C57

Obese Ob/Ob

Figure 3.9: Representative images depicting Masson’s Trichrome stained sections of
tibiae and L3 vertebrae from C57 mice fed a normal diet (n = 4), C57 mice fed a high fat
diet (n = 4) and weight paired Ob/Ob mice. Scale bars are 500 pm.
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3.3.9. Leptin Deficiency Significantly Reduces OPG Expression in the Tibiae
of Obese Ob/Ob Mice, but Not the Vertebrae:

Cells exhibiting immunopositivity for markers of osteoblast and osteoclast activity were
counted microscopically along the endocortical perimeter of stained tibial and vertebral
sections, and results expressed as the percentage of total cells counted which were
immunopositive. Neither tibial Runx2 (Figure 3.10A) nor ALP (Figure 3.10B)
immunopositivity differed significantly between any of the groups tested, although
median tibial immunopositivity of these osteoblastic markers was consistently lowest in
the obese Ob/Ob mice compared to the other two groups tested. No significant
differences were observed in tibial RANKL immunopositivity between the groups (Figure
3.10C), despite a slight increase in median tibial RANKL expression in obese Ob/Ob  mice
compared to the other groups tested. However, tibial OPG immunopositivity was
significantly decreased in obese Ob/Ob mice compared to lean Ob/Ob mice (Figure
3.10D) (P = 0.0089). These alterations in tibial OPG expression resulted in a decreased
RANKL:OPG ratio in obese Ob/Ob mice compared to obese C57 controls (Figure 3.10E)
(P = 0.0054). Despite this, the number of TRAP positive osteoclasts per mm of
endocortical surface was significantly decreased in obese C57 (P = 0.0303) and obese

Ob/Ob (P = 0.0107) mice compared to lean C57 controls (Figure 3.10F).
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Figure 3.10: Tibial percentage immunopositivity counted along the endocortical surface
of Runx2 (A), ALP (B), RANKL (C), OPG (D) immunohistochemistry stained sections,
RANKL:OPG immunopositivity ratio (E) and osteoclast number per mm quantified via
TRAP staining (F) of tibiae sections from control C57 mice fed a normal diet (n = 8), C57
mice fed a high fat diet (n = 4) and Ob/Ob mice fed a normal diet, weight paired to HFD
fed C57 mice (n = 8).

130



Lean C57 HFD C57

Obese ObOb
ey T . \ '_‘l
%’Q. ".o} '\\ A b

A
RUNX2

B
ALP

625 R T\ )
41” !} "v,.':

f
- (
X \
(@] 2 1l !
<
e /
3 -,
i
— [ s
3',
£ )
o2 )
o i
w oy
(=) a ) )
o
T
w3 ‘
WAL
% K\ AR

E
TRAP

s
o ‘W : ‘»l' ;‘ i \ A & :
Figure 3.11: Representative images of Runx2 (A), ALP (B), RANKL (C)
immunohistochemistry staining and TRAP staining (E) of tibiae sections from control C57

mice on a control (n = 8), C57 mice fed a high fat diet (n = 4) and Ob/Ob mice fed a
normal diet. Scale bars are 50 um.

e T

) e

, OPG (D)

131



In the vertebrae, neither Runx2 (Figure 3.12A) nor ALP (Figure 3.12B) immunopositivity
differed significantly between any of the mice tested. Similarly, there were no significant
differences observed in vertebral RANKL (Figure 3.12C) or OPG (Figure 3.12D)
percentage immunopositivity or RANKL:OPG (Figure 3.12E) ratio between any of the
groups tested, although overall RANKL:OPG ratio was lowest in obese Ob/Ob mice, in

keeping with trends seen in the tibial analysis.
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Figure 3.12: L3 vertebral percentage immunopositivity counted along the endocortical
surface of Runx2 (A), ALP (B), RANKL (C), OPG (D) immunohistochemistry stained
sections, RANKL:OPG immunopositivity ratio (E) and osteoclast number per mm
guantified via TRAP staining (F) of tibiae sections from control C57 mice fed a normal
diet (n = 8), C57 mice fed a high fat diet (n =4) and Ob/Ob mice fed a normal diet, weight
paired to HFD fed C57 mice (n = 4).

133



Lean C57 HFD C57 Obese ObOb

o
a
N
A
%
S
2
4
(@]
a
w
A
5]

Figure 3.13: Representative images of Runx2 (A), ALP (B), RANKL (C), OPG (D)
immunohistochemistry staining of L3 vertebra sections from control C57 mice on a
control (n = 8), or high fat (n = 4) diet and weight-paired Ob/Ob mice fed a normal diet.

Scale bars are 50 um.
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3.3.10. Observed Alterations in Bone Microarchitecture Did Not

Significantly Affect Bone Strength:

3-point bend testing was applied to test the mechanical strength of murine tibiae,
assessing the maximal force each tibia could withstand before breaking. Despite no
statistically significant differences, tibiae from Ob/Ob mice required consistently less

force to induce fracture in a 3-point bend test (Figure 3.14).
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Figure 3.14: A) Average force applied over time to HFD-fed C57 (n = 3) and
weight-paired Ob/Ob”- murine tibiae (n = 3) in a 3-point bend mechanical test.
B) Maximal force applied to tibiae before breakage.
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3.4. Discussion:

3.4.1. Effects of Leptin Deficiency on Cortical and Trabecular Bone
Morphology:

Previous studies have provided contradictory results on the role of leptin on bone
morphology in vivo. However, few studies have accounted for the changes in body
weight associated with the anorexigenic effects of leptin. This aim of this study was to
provide a long-term in vivo investigation using a mouse model of leptin deficiency
(Ob/0Ob) and weight-paired them to lean and obese C57 controls, to better understand

the role of leptin on bone morphology independent of changes in body weight.

The current study demonstrates that leptin deficiency, independent of changes in body
weight, reduced tibia cortical bone volume, trabecular BV/TV%, number and mineral
density. Assessment of average changes in trabecular thickness were shown to mask

significant differences in the region and size distribution of trabeculae within the tibia.

An extensive review by Reid et al.,, (2018) detailed the effects of leptin and leptin
deficiency in Ob/Ob mice on the skeleton including tibia and vertebrae. However, most
data included were published before 2013 and in most instances the impact of
differences in body weight due to leptin deficiency or leptin administration were not

determined.

Previous studies have shown that reductions in overall tibia and vertebral body bone
volume were closely linked to increased bone marrow adipose tissue (BMAT) (Costa et
al., 2019; Suresh et al., 2020). BMAT has been suggested to play a role in regulating the
trabeculae of long bones of the femur and tibia with numerous studies suggesting
important interactions between red marrow adipocytes and bone cell differentiation.

As both osteoblasts and red marrow adipocytes differentiate from the same pluripotent
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mesenchymal stem cell lineage, there is evidence to suggest a competitive relationship
(Hamrick et al., 2005). In fact, leptin receptor activation promotes adipogenesis whilst
suppressing osteogenesis in BM stromal cells (Yue et al., 2016). Leptin also has been
shown to affect bone turnover by acting directly on bone cells, producing an anabolic
effect on osteoblasts, whilst inhibiting osteoclastogenesis (Reid et al., 2018). Treatment
of primary osteoblasts with leptin has also been shown to cause dose-dependent
increases in in vitro mineralisation and alkaline phosphatase (ALP) activity (Reseland et
al., 2009). Similarly, early evidence suggested that leptin signalling enhanced the
differentiation of bone marrow stromal cells into osteoblast lineage, whilst suppressing
adipogenic differentiation (Thomas et al., 1999). In recent years, conflicting evidence
has suggested that leptin signalling promotes adipogenesis whilst suppressing
osteogenesis in mesenchymal stromal cells and that a high fat diet promotes
adipogenesis through LepR signalling in bone marrow stromal cells (Yue et al., 2016).
Morphological analysis outcomes from the current study are consistent with the
hypothesis that leptin deficiency may reduce osteoblast differentiation, promoting
adipogenesis in the red marrow, as evidenced by the increased presence of white space
in the marrow of Ob/Ob animals comparative to both lean C57 and weight paired, HFD
fed C57 controls. However, immunohistochemical analysis did not reveal any significant
alterations in osteoblastic factors in either tibial or vertebral bone, in keeping with
results from a 2023 study conducted by Duan et al., which found no significant
differences in RUNX2 gene expression via PCR between C57 mice and Ob/Ob
counterparts, although the animals in this study were not weight paired. Results from
the present study instead indicate that differences in tibial bone morphology may be
caused by enhanced osteoclastogenesis via increased RANKL:OPG ratio in leptin

deficient animals. Interestingly, this suggested increase in tibial osteoclastogenesis did
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not translate to increased TRAP positive endocortical osteoclast count in the tibiae of
Ob/Ob mice. This is potentially due to the significantly increased presence of lipid
droplets in the tibial bone marrow of these animals, resulting in far fewer osteoblasts
and osteoclasts observed within the bone marrow. Similar dramatic increases in lipid
marrow content were reported in leptin receptor deficient (Db/Db”") mice during a 2023
study by Wan et al.,, further highlighting the importance of leptin signalling in
maintaining balanced differentiation of MSCs in tibial bone marrow. The study,
however, did not investigate the lipid content or bone turnover markers within the
vertebrae, in which the mechanisms governing increased bone marrow adiposity appear

to be unaffected, or at least affected to a lesser extent, by Leptin signalling.

3.4.2.  Effects of High Fat Diet on Cortical and Trabecular Bone Morphology:
In the vertebral body, reductions in BMD were only significant in the HFD induced obese
C57 mice compared to lean C57 controls. This finding is consistent with those of Patsch
et al.,, (2011) who demonstrated reductions in vertebral trabecular BMD in response to
both short and long-term HFD induced obesity. These results are despite differences in
sample collection including analysis of long vs. short bones, 2D histological vs. 3D uCT
analysis and the level of resolution of uCT imaging 10.5um vs. 7 um resolution. Cao et
al., (2009) demonstrated a significant reduction in BV/TV% in C57 mice fed a HFD
compared to controls, similar to results of the current study. However, Cao et al., (2009)
did not determine the independent contribution of body weight or leptin. Furthermore,
obese C57 mice exhibited significant reductions in trabecular BV/TV% compared to lean

C57 controls. This result supports the findings of Montalvany-Antonucci et al., (2018)
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who demonstrated that a HFD decreased femur trabecular BV/TV% by approximately

50% compared to controls.

Leptin’s role in controlling bone morphology in HFD induced obese subjects is further
complicated by the possibility that increased adiposity may lead to leptin resistance in
the CNS and in peripheral tissues (Mendoza-Herrera et al., 2021). Several potential
mechanisms of leptin resistance have been identified (Gruzdeva et al., 2019), including
cleavage of LepR’s intracellular domain by matrix metalloproteinase-2 (MMP-2) in
response to obesity-induced inflammation (Mazor et al., 2018). Leptin resistance may
occur in obese individuals with high circulating leptin levels, and potential mechanisms
involved have been covered in detail previously (Sdinz et al., 2015). Some studies suggest
that leptin resistance in obesity may be selective with an attenuation of many of the
metabolic responses to leptin but preserved effects to activate the sympathetic nervous
system and to raise blood pressure (do Carmo et al., 2013; Hall et al., 2019). Whether
obese C57 male mice in the current study were affected by leptin resistance, perhaps
explaining some of the similarities with obese Ob/Ob mice bone morphometry, requires
further investigation. This could have been achieved during the lifespan of the mice
Furthermore, whether the effects could be mediated via direct (mesenchymal stem

cells) or indirect (CNS) mechanisms is unclear and beyond the scope of this investigation.

3.4.3. Effects of Mechanical Load from Body Weight on Cortical and

Trabecular Bone Morphology:
Lean mass and fat mass are believed to independently contribute to bone remodelling
and have positive correlations with increased compressive force of the knee joint in

obese individuals (Messier et al., 2014). In humans, an increase in lean mass is associated
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with a greater increase in whole body BMD (mg.cm?) (Zhu et al., 2015), whereas low
muscle mass positively correlate with low BMD (Hamrick et al., 2004). These data
suggest that lean mass is a better predictor of BMD than fat mass. However, the current
study demonstrated that obese groups with 30% higher overall body mass and a
significant increase in % fat and % lean mass had a significant reduction in tibia
trabecular BMD and no change in cortical BMD compared to lean C57 controls. A study
of 224 women also recently demonstrated that percentage fat mass is negatively
associated with whole body BMD (Engberg et al., 2020). Furthermore, pre-pubertal
obese children have a significant decrease in whole body BMD and bone mineral content
(BMC) when compared to lean controls after normalizing for lean mass (Rocher et al.,
2008). Studies of independent cohorts of adolescent children also show that adiposity is
inversely correlated with BMD in specific bone regions (Hong et al., 2010; Pollock et al.,
2007). These data suggest that fat mass may be inversely correlated with trabecular

BMD but not cortical in the tibia of mice.

Tibia and vertebral body cortical and trabecular bone volume was consistently reduced
in the obese groups compared to lean animals. This observation is consistent with
findings of other groups who demonstrated that bone volume is not positively
correlated with increases in load. Cao et al., (2009) demonstrated that increased body
weight due to HFD did not significantly increase tibia cortical bone area (mm?) in C57
mice compared to control mice fed a CD. Furthermore, Lorincz et al., (2010) when
adjusting for body mass demonstrated cortical BV (mm?/g) was actually reduced in high
fat, high sucrose fed C57 mice with increased body weight. Turner et al., (2013)
demonstrated, via histomorphometry, that trabecular femur epiphysis BV (%) was

similar in Ob/Ob and wild type controls despite a significant difference in body weight.
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This finding agrees with the current study which demonstrates that increased overall
body weight due to leptin deficiency or HFD did not increase cortical bone volume (mm?3)
in either C57 or Ob/0Ob mice, and in fact a significant decrease in BV/TV% was observed
in tibia and vertebral body trabeculae. Although Cao et al., analysed a smaller trabecular
bone ROI and at a different offset from the bridge break, they identified trabecular
BV/TV% and number were decreased in mice fed a HFD, and trabecular separation was
increased. Iwaniec et al., (2009) found that increased body mass due to HFD, as opposed
to leptin gene therapy, was responsible for an increase in mid-shaft femur cortical BV,
and thickness. These findings suggest that leptin deficiency independent of body weight
partially account for the adverse effects of HFD on bone morphometry, and that
increased body weight may ameliorate some of the negative effects of leptin deficiency

alone.

3.4.4. Trabecular Thickness and Clinical Implications:

Consistent with the results of Cao et al., (2009), the current study demonstrated that
average trabecular thickness remained unchanged in response to leptin deficiency
independent of load or diet. However, visual inspection of the 3D data highlighted
spatial differences in the thickness of core trabeculae compared to trabecular medulla.
Technological advancement in uCT imaging/analysis in the last 10 years, including the
3D spatial reconstruction of cortical and trabecular thickness and density, has allowed
for the visualisation of regional specific changes in morphology. The current study has
been able to categorise the trabeculae in 3D in a way that has previously not, to our
knowledge, been described in this model. Kerckhofs et al., (2016) demonstrated a

similar system of 3D colour mapping of tibia trabecular thickness in a HFD model of type
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2 diabetes mellitus and found an overall increase in trabecular thickness and no change

in BV/TV%, or separation in their model.

Knowledge of the regional and spatial changes associated with trabeculae in particular
is important as links between fracture risk and trabecular thinning have been well
established in humans (McCloskey et al., 2016; Osterhoff et al., 2016; Tamura et al.,
2004). For example vertebral trabecular bone score (TBS) in both men and women was
a significant independent predictor of fracture (C. De Laet et al., 2005). Furthermore,
Fields and Keaveny (2012) summarised that trabecular architecture, most notably a
reduction in vertical struts, increased vertebral fragility. They also concluded that
increasing knowledge of regional specific changes in trabeculae is important to improve
fracture risk predictions in a clinical setting. Femoral neck fracture risk may also be
reduced if interventions focus on increasing proximal femur trabecular bone
architecture (Thomas et al., 2009). Obesity and percentage fat accumulation have been
linked with all incidence fracture risk in older adults more so than BMI (Gandham et al.,
2020). However a recent meta analysis of fracture risk in obese adults described the
need for site specific fracture studies, specifically differences in bone microarchitecture
in models with and without obesity (Turcotte et al., 2021). In this study, although no
statistically significant differences were observed in maximal load withstood by tibiae
during 3-point bend testing, Ob/Ob tibiae consistently withstood less force then weight
paired C57 counterparts. These findings are in line with findings from a study from
Soloman et al., in 2014, which revealed that the tibiae of C57 mice treated with a leptin
agonist were consistently able to withstand more load than untreated controls. All
vertebrae were utilised for immunohistochemical analysis, and therefore no mechanical

testing could be performed upon these samples. Lack of statistical significance in this
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study may have been overcome with the inclusion of more samples, as only three

samples from each group were available for mechanical testing.

3.4.5. Confounding Factors and Limitations:

It should be noted that the obese Ob/Ob mice were fed a CD instead of the HFD fed to
the obese C57 controls in the interest of animal welfare. Therefore, the Obese Ob/Ob
mice ate a different profile of dietary fats and carbohydrates compared to the Obese
C57 group. Dysregulation of the gut microbiota and its role on bone turnover have been
discussed previously (McCabe et al 2019). HFD, defined as a diet from which >30% of
energy intake is accounted for by lipid consumption, has been reported to exert an
effect upon bone, promoting bone loss and osteoporosis (Qiao et al., 2021) (Silva et al.,
2019). HFD-fed mice are often used to model obesity-induced bone loss (Zhang et al.,
2022). However, the independent effects of HFD consumption on bone remodelling are
difficult to separate from the concomitant effects of HFD-induced increases in
mechanical load from body weight, serum leptin, leptin resistance and body fat
percentage (Han et al., 2021) (Mendoza-Herrera et al., 2021). The possibility that the
obese C57 mice fed the HFD may become leptin resistant was considered due to the
similar response in measured parameters to the obese Ob/Ob mice. It is well established
that adipose tissue depots are positively correlated with circulating plasma leptin levels
(Lonnqgvist et al., 1997) and both obese C57 and obese Ob/Ob exhibited significant

increases in overall body fat mass.

In addition, HFD promotes adipogenic differentiation of MSCs and yellow bone marrow
formation, in turn suppressing osteoblast differentiation (Qiao et al., 2021). Despite

results from this study providing no clear links between adiposity and osteoclast
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number, co-culture of preosteoclasts with adipocytes in vitro has been shown to
increase the presence of TRAP-positive multinucleated osteoclasts in vitro (Montalvany-
Antonucci et al., 2018). HFD induced links to oxidative stress (OS) may also play a role.
In brief, the exact relationship between OS and HFD consumption on bone remodelling
remains poorly defined. However, it is known that HFD contributes to oxidative stress
via production of reactive oxygen species (ROS) (Tan and Norhaizan, 2019) and ROS have
been shown to activate osteoclast differentiation whilst inducing osteocyte apoptosis
and inhibiting osteoblast activity, facilitating bone resorption and suppressing bone
formation (Domazetovic et al., 2017). Similarly, HFDs induce metabolic inflammation in
many organs, increasing levels of endotoxins, hormones (growth hormone//insulin-like
growth factor-1 and elevated parathyroid hormone) circulating free fatty acids and
inflammatory mediators (Duan et al., 2018). There are clearly many links between HFD
feeding and bone turnover that are beyond the scope of this study but have been largely
controlled for by maintaining total body weight and comparing body composition in the

form of fat and lean mass.

Finally, tibiae from lean Ob/Ob mice were unavailable for immunohistochemical analysis
or mechanical testing, limiting the ability of this study to draw conclusions regarding the
effects of leptin deficiency upon bone turnover markers in the absence of increased
mechanical load from body weight. Alongside this, blood serum from these animals
were unavailable during this study but would have been utilised to shed more light on
cellular mechanisms underpinning the morphological changes observed in this study.
For example, this work could have included assessment of RANKL:OPG ratio in blood
serum instead of via IHC, which is more widely utilised method of assessing RANKL:OPG

ratio, an important predictor of bone health and the balance of bone formation and
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resorption in the clinic (Marcadet et al., 2022). Similarly, assessment of circulating leptin
levels in the blood plasma of these animals would have provided additional insights into
the metabolic profiles of these animals; including assessing leptin resistance in C57 mice

and confirming the absence of leptin expression in Ob/Ob animals.

In conclusion, leptin deficiency independent of changes in body weight had a significant
effect on both tibia and vertebral cortical and trabecular bone in vivo. The overall
morphological changes were similar in size and effect to that of HFD induced obesity.
However, technological advances in image analysis of uCT data have enabled previously
hidden changes in regional and spatial trabecular thickness to be quantified using 3D
spatial segmentation. Further analysis using this segmentation approach may allow
clinicians to better understand overall fracture risk and more accurately help identify

preventative measures in at risk groups.
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4, Chapter 4: |Interactions Between Hormone
Signalling and Mechanical Loading in Murine Bone Cells In

Vitro:
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4.1. Introduction:

Mechanical loading imparted upon the skeleton from body weight and physical activity
has profound effects on bone remodelling by altering the differentiation and activity of
osteoblasts, osteocytes, and osteoclasts (Stewart et al., 2020). These mechanical signals
are required for healthy development and maintenance of the skeleton in utero and
throughout human lifespan (Robling and Turner, 2009), and alterations in mechanical

loading can have significant effects upon bone health (Cao, 2011).

Traditionally, obesity is believed to benefit bone health by increasing body weight, and
therefore the well-established effects of mechanotransduction in bone; resulting in
increased BMD (Hou et al.,, 2020). However, there are several other important
physiological differences between obese and lean individuals which are often
overlooked or not controlled within in vivo studies, when investigating the relationship
between obesity and bone health. These include differences in various endocrine

factors, nutrition, and physical activity (Hou et al., 2020).

The isolated effects of mechanical loading upon various monolayer bone cell models in
vitro have been widely studied, using a broad range of techniques including vibration
(Garcia-Lépez et al., 2020), substrate strain (Banes et al., 1985) and fluid shear stress
(FSS) (Wittkowske et al., 2016). This study aimed to investigate the relationship between
leptin and testosterone signalling on mechanotransduction in vitro, without the
presence of confounding variables which are present in many in vivo studies such as

nutrition and differences in activity.

FSS is widely used in vitro to model the effects of mechanotransduction, due to its ease
of application, reproducibility, and physiological relevance. The effects of FSS are

essential for various processes throughout the body, ranging from maintenance of the
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endothelial layer in response to frictional forces generated by the blood flow (Roux et
al., 2020) to the mechanical stimulation of bone cells by the flow of interstitial fluid (ISF)
through skeletal pores (Wittkowske et al., 2016). ISF flows freely through the Lacunae-
canaliculi system (LCS) within bone, the LCS is comprised of channel-like structures
surrounding osteocytes within mineralised bone tissue, allowing for nutrient exchange
and the elimination of metabolic waste in bone tissue (L. Wang, 2018). Compressive
mechanical loading of bones results in matrix deformation, and drives the flow of ISF
through the LCS with greater force than in soft tissues (Duncan and Turner, 1995), as the
fluid is forced through the narrow channels connecting osteocytes. This results in
increased FSS within the LCS, and is estimated to range between 0.8 and 3 Pa
(Weinbaum et al., 1994). This establishes FSS as an important source of mechanical

stress within bone, and one which can be deployed in vitro with relative ease.

Primary osteoblasts isolated from human bone tissue are considered good candidates
for preclinical research due to interspecies variation (Jonsson et al., 1999). However, the
behaviour of these cells depends on a variety of unavoidable factors which can be
controlled by working with cell lines derived from animals (Ansari et al., 2021). The
MC3T3-E1 pre-osteoblast cell line, derived from primary cells collected from the calvaria
of a newborn mouse are widely used in studies investigating osteoblastic mechanisms,
including the effects of mechanotransduction in bone (Wittkowske et al., 2016). Most
studies utilising MC3T3-E1 cells do so as a model of pre-osteoblasts, investigating early
osteoblast differentiation and osteogenic factors. However, differentiation of MC3T3-
E1 pre-osteoblasts into mature, mineralising osteoblasts can be induced via the addition
of ascorbic acid, B-glycophosphate and dexamethasone to cell culture media (Hwang

and Horton, 2019). MC3T3-E1 cells cultured in this modified differentiation medium
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demonstrate significantly increased in vitro mineralisation compared to a-MEM alone

after 21 days of culture (lzumiya et al., 2021).

Previous studies have demonstrated that application of FSS to MC3T3-E1 cells
significantly increases their growth and proliferation (Y. Yang et al., 2023), as well as
driving osteoblastic differentiation via expression of the key osteoblast gene RUNX2 (Pei
et al., 2022; Yu et al., 2017). Application of FSS to MC3T3-E1 cells in vitro for as little as
one hour increases RUNX2, ALP and Col | protein expression as well as in vitro
mineralisation (Pei et al., 2022), indicating increased differentiation to mature
osteoblasts vs static, unloaded controls. The effects of mechanotransduction upon
MC3T3-E1 pre-osteoblasts in culture has been widely studied, however the effects of
mechanical load on mature, differentiated MC3T3-E1 cells are less well documented.
Furthermore, the effects of hormone signalling upon mechanoresponsivity within these

cells is still not understood.

Osteocytes are another important cell mechanoresponsive cell type in bone, which were
represented in this study with the use of the MLO-Y4 osteocyte cell line. The MLO-Y4
cell line, derived from murine long bone, is an osteocytic cell line expressing long
dendritic processes forming functional gap junctions between neighbouring cells
(Bonewald, 1999). This cell line has been utilised to investigate osteocytic mechanisms
of mechanotransduction in vitro in both 2D and 3D environments (Zarka et al., 2021).
Much like results from similar studies using MC3T3-E1 pre-osteoblasts, application of
FSS to MLO-Y4 cells in vitro results in the promotion of OPG and inhibition of RANKL

expression (Liu et al., 2022).

Traditional 2D cell culture methods rely on adherence of cells to a flat surface, typically
polystyrene, to provide mechanical support for cells and allow for homogenous nutrient
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access and therefore homogenous growth and proliferation (Duval et al., 2017). Cell
microenvironments in vitro differ significantly from those in vivo, owing in part to
attachments and connections to surrounding ECM and neighbouring cells as opposed to
attachment to a single surface as seen in vitro. Despite the advantages and ease of
application of 2D culture models, they do not wholly represent complex interactions
between bone cells and surrounding ECM (Yuste et al.,, 2021). Increasing ECM
dimensionality from 2D to 3D significantly impacts cell proliferation, differentiation,
survival and mechano-responses (B. M. Baker and Chen, 2012), meaning 2D
representations of cell response to stimuli is only partially representative of in vivo
behaviour. As such, this surrounding ECM plays a crucial role in the conduction of
mechanical forces in vivo, including those from muscle contraction and gravity
(Humphrey et al., 2014), and is therefore a key factor in mechanical homeostasis. In
bone, mechanotransduction is primarily initiated by interactions between various
integrins, expressed by both osteoblasts and osteocytes, and surrounding ECM (Z. Sun
et al., 2016). Interactions between a5B1 and a3B1 integrins mediate mechanical
responses of cells of osteoblast lineage through attachments to various ECM

components including fibronectin (Liu et al., 2023).

As such, a 2014 study by Matthews et al., provided a comparison between MC3T3 cell
behaviour in 2D monolayer and 3D collagen hydrogel cultures, demonstrating that
several bone-associated genes including osteocalcin and ALP were upregulated in
MC3T3 cells when cultured in 3D compared to 2D for a period of 24 days. Additionally,
cells cultured in 3D exhibited increased differentiation and therefore mineralisation

compared to 2D controls (Matthews et al., 2014). Results from this and similar studies
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highlight the importance of recreating a representative bone microenvironment to

accurately assess cellular responses to stimuli.

Various 3D models of cell culture have emerged in recent years as promising tools to
deepen our understanding of complex cellular responses to stimuli in a physiologically
relevant, 3D setting (Yuste et al., 2021). One such 3D culture method involves the use of
high cell density spheroid models, enhancing cell-cell interaction. This 3D culture
method greatly enhances gene expression of several osteocyte markers in MC3T3-E1
pre-osteoblasts compared to 2D cultures, indicating increased osteoblast maturation (J.
Kim et al.,, 2021). Furthermore, MC3T3-E1 spheroid cultures display increased
mineralisation and differentiation when cultured in osteogenic medium (Koblenzer et
al., 2022). Together, these results establish spheroid models as a useful, responsive tool
for the study of bone cell behaviour in 3D. Despite this, however, the model does not
lend itself to mechanical testing, although one recent study did achieve this by
encapsulating spheroids in alginate gels which were subsequently subjected to

compressive loading (Thai et al., 2024).

Other studies of bone cell behaviour in 3D utilise porous hydroxyapatite artificial bone
scaffolds, created via lyophilisation of liquid scaffold components to produce a porous
3D scaffold (T.R. Kim et al.,, 2019). These structures provide enhanced mechanical
strength compared to spheroid cultures, and the compositions can be tweaked to
include a number of components including chitosan, hydroxyapatite nanoparticles and
collagens (Selim et al., 2024). Additionally, lyophilised scaffolds provide representative
mechanical properties for the study of bone, and can be used to study the effects of
compressive loading (Touaiher et al., 2023). However, these systems require great

precision to reliably produce uniformly porous scaffolds, introducing a degree of
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variability into studies where the production of these scaffolds cannot be tightly

controlled (Diez-Escudero et al., 2021).

Alongside these methods, hydrogel scaffolds, often consisting of Collagen type |, have
been used to encapsulate cells in a hydrophilic polymer network with similar osmolality
to physiological tissues (Duval et al., 2017). These hydrogel scaffolds can be used to
recapitulate the bone microenvironment, fostering osteoblast proliferation and
differentiation (S. Kim and Lee, 2020). Collagen type |, a vital component of bone matrix,
is a favourable candidate material for use in 3D hydrogel scaffolds due to its ability to

form intrinsic cell-binding motifs and nanoarchitecture (Chung et al., 2013).

The aim of this study was to investigate the interactions between hormone signalling
and in vitro mechanical loading in cells of osteoblast lineage. By assessing both individual
and combined effects, this work aims to provide insights into the influence of

interactions between hormone signalling and mechanical loading in bone.

The hypothesis for this work package was that testosterone and leptin treatments will
alter bone cell response to mechanical loading in vitro, either bolstering or attenuating

the effects thereof in comparison to mechanical loading alone.

The aims of this study were:

1. To establish the impact of testosterone treatment upon bone cell

mechanoresponsivity in vitro.

2. To establish the impact of leptin treatment upon bone cell mechanoresponsivity

in vitro.

3. To establish a suitable model to further investigate interactions between

hormone signalling and mechanical loading in 3D in vitro studies.
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4.2. Materials and Methods:

4.2.1. Experimental Design:

This study aimed to establish a model suitable for the investigation of interactions
between mechanotransduction and leptin or testosterone signalling in both osteoblast
(MC3T3-E1) and osteocyte (MLO-Y4) murine cell lines. The effects of leptin or
testosterone in vivo are often hard to separate from the effects of concomitant
alterations to mechanical loading from body weight, and this series of experiments was
designed to investigate interactions between the two pathways as well as their

independent effects on different bone cell types.

To achieve this, 2D FSS and 3D hydrostatic loading strategies were applied to cells in
vitro, either alone or in combination with leptin or testosterone treatment and
compared to static controls. FSS is widely used in vitro to model the effects of
mechanotransduction, and is sufficient to elicit osteogenic effects in MC3T3-E1 cells (Pei
et al., 2022). Similarly, hydrostatic loading has been applied in a variety of settings, and

also stimulates osteogenesis in vitro (H.-X. Shen et al., 2022).

Alterations in expression of key genes of interest including RUNX2, ALP, RANKL, OPG,
SPOCK1, LepR and AR were assessed against housekeeping genes using gRT-PCR for 2D
cell culture and FSS experiments. ALP enzyme activity in the conditioned media was also
measured. For 3D culture experiments, cells were grown in either collagen hydrogels, or
a hydroxyapatite-containing hydrogel, B-Gel. MG63 cells were used initially as a model
to develop the 3D culture system. The effects of the treatment regimens upon matrix
deposition was assessed using Masson’s trichrome and Alizarin red histological staining

techniques.
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4.2.2. MC3T3-E1 Cell Culture and Differentiation:

MC3T3-E1 murine pre-osteoblastic cells (ATCC) were cultured in ascorbic acid free a-
MEM (Gibco) containing 10% FBS (Gibco) and 1% Pen-Strep (PAA Laboratories) and
maintained in a 5% CO, humidified environment at 37°C. Medium was changed every
three days. MC3T3-E1 cells were differentiated in modified a-MEM (Gibco) containing 2
mg/mL dexamethasone (Merck), 10 mM B-glycophosphate (sigma), and 50 pg/mL L-

ascorbic acid (Sigma). Medium was changed every three days for a total of 21 days.

4.2.3. MLO-Y4 Cell Culture:

Flasks were coated with rat-tail Collagen | (Corning) diluted to 0.15 mg/mL in 0.02M
filter-sterilised acetic acid at least 1 hour before use. MLO-Y4 murine osteocyte-like
cells, a kind gift from Stefaan Verbruggen at the University of Sheffield, were cultured in
rat tail collagen | coated cell culture flasks with a-MEM (Gibco) supplemented with 2.5%
foetal bovine serum (FBS), 2.5% foetal calf serum (FCS) and 1% penicillin/streptomycin
(PAA Laboratories). Cells were maintained at 37°C, 5% CO; and 95% humidity during

culture in an incubator.

4.2.4. Leptin and Testosterone Treatment:

MLO-Y4 or undifferentiated/differentiated MC3T3-E1 cells were seeded at a density of
6x10° cells/mL in 25cm? culture flasks and allowed to adhere overnight before treatment
with either complete a-MEM containing 80 ng/mL of recombinant leptin (Invitrogen,
Massachusetts, United States) 10 ng/mL of testosterone (Sigma) or complete a-MEM
control. Cells were incubated in leptin or media control for 24hrs prior to application of

fluid shear stress. Leptin treatment concentrations were chosen to recapitulate the
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2013)

4.2.5. Leptin and Testosterone Degradation in Cell Culture Media:

Leptin (Abcam, ab108879) and testosterone (Abcam, ab198666) ELISA kits were used to
assess the degradation of hormone treatments in cell culture media over a period of 72
hours, in the presence of MC3T3-E1 cells. Leptin and testosterone stocks were diluted
to 15 ng/ML in complete a-MEM (Gibco) alongside a complete media only control.
Treatment media was then collected after 0, 2, 4, 8, 24, 48, or 72 hour time points and

frozen at -20°C before testing alongside a freshly made, unfrozen 0 hour time point.

The ELISA kits were used according to manufacturer instructions. Briefly, all supplied
materials and samples were allowed to equilibrate to room temperature prior to use.
The provided leptin standard was reconstituted to form a 32 ng/mL leptin solution in
the supplied diluent buffer, which was then serially diluted further in diluent buffer to
create additional standard concentrations of 8, 2, and 0.5 ng/mL as per manufacturer

instructions alongside a 0 ng/mL standard containing only diluent buffer.

Fifty microlitres of sample, standard or blanks were added in triplicate to each well of
the supplied ELISA plate before covering with sealing tape and incubating for 2 hours at
RT. Wells were then washed 5 times with 200 pL of 1X wash buffer and thoroughly dried
before adding 50 pL of 1X biotinylated leptin antibody to each well, covering with sealing
tape and allowing to incubate for a further 2 hours at RT. The plate was then washed as
described above prior to adding 50 uL of 1X SP conjugate to each well, covering and
incubating for 30 minutes at RT. After another wash, 50 pL of stop solution was added

to each well and mixed thoroughly. Absorbance readings were measured at 450 nm
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immediately using a ClarioStar reader (BMG Labtech), and background was deducted

from media only controls (Figure 4.1).
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Figure 4.1: Concentrations of leptin (A) and testosterone (B) in cell culture media over the
course of 72 hours, measured via ELISA.

4.2.6. Fluid Shear Stress Application:

25cm? cell culture flasks seeded with either differentiated or undifferentiated MC3T3-
E1 cells, or MLO-Y4 cells with or without hormone treatment were placed against the
outside edge of a see-saw rocker (Fisher Scientific) at 30 rpm (0.5hz) inside an incubator
and cultured for a further 24hrs whilst rocking prior to harvesting. Resulting fluid shear
stress imparted upon the cell-laden surface by the movement of cell culture media was

calculated as 0.88 Pa (8.8 dyne/cm?) using the following equation:
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Previous work has shown that 5 dyne/cm? is sufficient to elicit a response in the gene
expression of MC3T3-E1 cells, with 10 dyne/cm? providing a more significant impact (Pei

et al.,, 2022).

4.2.7. RNA Extraction:

Cell culture media was aspirated before cells were washed with PBS, and RNA was
extracted using Trizol (Life Technologies) for 5 minutes at RT. Two hundred microlitres
of chloroform (Sigma) was added to the solution before vortexing and allowing for
separation for 3 minutes at RT before centrifugation at 12,000 g for 15 minutes at 4°C.
Once separation of the DNA, RNA and protein layers had occurred, the top, clear
aqueous RNA layer was aspirated and added to 500 uL of molecular grade isopropanol
(Sigma) and mixed before storage at -80°C to precipitate RNA. RNA samples were
defrosted on ice prior to centrifugation at 12,000 g for 30 minutes. The supernatants
were removed before washing in 0.5 mL of 90% ethanol, and samples were centrifuged
again at 7500 g for 15 minutes. Supernatants were removed, and RNA pellets were left
to air dry on ice for 30 minutes. Once dry, the RNA pellet was resuspended in 14 yL of

sterile dH0.

4.2.8. cDNA Synthesis:

RNA samples were denatured at 60°C for 5 minutes prior to the addition of 36uL of

complete mastermix (Table 4.1). Samples were then incubated at 42°C for 2 hours
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followed by 80°C for 10 minutes in a QuantStudio 3 real-time PCR system (Life
Technologies, California, United States), prior to cooling to 4°C and storage at -20°C until

use.

Table 4.1: Reverse transcriptase mastermix components. For each 14uL sample, 36l of
complete mastermix is added. dNTPS, Bioscript 5x RT buffer and Bioscript RT enzyme all
purchased from Bioline. Random hexamers and RNase free H,0 purchased from Thermo
Fisher.

Component Volume per reaction (L)

dNTP mix (200 mM) 1.5
Random Hexamers (50 mM) 1.0
Bioscript 5x RT buffer 5.0
Bioscript RT enzyme 0.5
RNase free H20 28.0

4.2.9. Gene Expression Assessment via RT-qPCR:

Expression of target genes was assessed comparatively to housekeeping genes, B-actin
and GAPDH via the use of quantitative real-time polymerase chain reaction (QRT-PCR),
utilising pre-designed, commercially available Tagman™ primers designed to detect
cDNA corresponding to genes of interest (Table 4.2) (Thermo Fisher Scientific).
Housekeeping genes B-Actin and GAPDH were selected for their stable expression in

cells subjected to planned treatment regimes.
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Table 4.2: List of mouse primers (ThermoFisher, UK) used for gRT-PCR experiments,
alongside associated assay IDs.

Target Gene Assay ID

B-Actin Mm00483039_m1

GAPDH Mm99999915_g1

RUNX2 MmO00501584_m1

ALP MmO00475834_m1

OPG MmO00435454 m1

RANKL Mm00441906_m1

LepR Mm00440181_m1

AR Mm00442688_m1

SPOCK1 Mm00486393_m1

gRT-PCR was performed upon triplicate samples from three biological repeats of fluid
shear stress +/- hormone treatment regimens and appropriate controls. A 2 uL volume
of cDNA sample was added in duplicate to wells of 96-well FAST PCR plates (Thermo
Fisher Scientific). qRT-PCR mastermix was prepared by combining 5 pL of 2x Tagman fast
mastermix (Life Technologies) with 0.5 uL of relevant Tagman™ primers and 2.5 plL

sterile deionised H,0 per reaction.

Plates were sealed with MicroAmp™ optical adhesive film (Thermo Fisher Scientific), and
briefly centrifuged in a plate centrifuge to collect samples at the bottom of the wells.
Target gene expression was assessed using a QuantStudio 3 real time PCR instrument
(Life Technologies) utilising the fast programme. In this regime, the temperature was
first ramped to 95°C for 10 minutes to activate the Taqg polymerase, prior to 50 cycles of

denaturation at 95°C for 1 second, and subsequently annealing and extension at 60°C

159



for 20 seconds. Results were analysed using the 22t method (Livak and Schmittgen,
2001) and presented as relative expression of target genes normalised to the average

CT values of GAPDH and B-actin.

4.2.10. MG63 Cell Culture and Maintenance:

MG63 human osteosarcoma cells (ATCC) were cultured in a-MEM (Gibco) supplemented
with 10% FBS (Gibco) and 1% Pen-Strep (PAA Labdoratoriesi) (complete media) and
maintained in a 5% CO,, 21% O, humidified environment at 37°C. Cells were passaged
at 80 % confluence and used prior to passage 20. Mycoplasma testing was performed
on conditioned media samples from live cultures every 6 months, and no mycoplasma

infections were detected throughout.

4.2.11. Collagen Gel Constructs:

Collagen gel constructs occupying a total volume of 300 uL were cast in a 48 well plate
according to manufacturer instructions. Briefly, MG63 cells were detached and counted
as previously described, before adding 50 pL of cell suspension to 250 ulL of rat tail
collagen (Corning, New York, United States) at a density of 1.25x10° cells per mL of gel.
For acellular controls, a matched 50 plL volume of complete media was added to gels as
a control. Reagents were kept on ice throughout to prevent the collagen from setting
prematurely, and sterile NaOH was added last to increase the pH of the solution and
initiate polymerisation of the collagen gels. For cell-containing gels Gels were mixed
thoroughly using a syringe to ensure homogenous distribution of cells throughout the
construct, and equal dispersion of the NaOH setting agent to ensure equal setting.

MG63-containing or acellular control 3D collagen type | constructs were cast into wells
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of a 48 well plate and any bubbles were removed with a syringe before allowing gels to
set at 37 °Cfor 1 hour. Once gels were set, 300 uL of complete media was added to wells
and gels were cultured as normal for a further one, two, or four weeks, with media

changes every 3 days.

4.2.12. Cell-laden Collagen | Gel Processing:

Gels were harvested at one-, two-, or four-week time points and fixed in 10% neutral
buffered formalin for 1 hour at room temperature. Gels were then washed in PBS before
processing to paraffin wax in a TP1020 tissue processor (Leica Microsystems, Milton
Keynes UK). Briefly, samples were dehydrated in a series of graded IMS solutions (70,
80, 90, and 100 % w/v) for 30 minutes each. Samples were then cleared through Sub-X
(Leica Biosystems and finally 60°C liquid paraffin wax under vacuum for 30 minutes in
each solution. After processing, gels were sliced in half and embedded in paraffin wax,
with one half embedded longitudinally and the other embedded laterally to allow for
two distinct cross sections. Embedded gels were then cut into 4 um sections using a
microtome (Leica Microsystems) and mounted to extra adhesive microscope slides

(Leica Microsystems) before being left to dry for two weeks at 37°C.

4.2.13. Immunohistochemistry and Histology:

IHC staining for FAK (Abcam, ab40794, 1:500) and Ki67 (Abcam, ab15580, 1:500) and
histology procedures were performed with enzyme antigen retrieval as previously

described in section 3.2.16.
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4.2.14. Hydrogel Preparation:

Three dimensional studies were performed using a hydrogel system previously shown
to support bone cells (Thorpe et al., 2016, 2018) known as B-gel. To formulate B-gel an
exfoliated suspension of Laponite® clay particles (25-30 nm diameter, < 1 nm thickness)
(BYK additives Ltd.) was prepared via vigorous stirring of 0.1 g of Laponite® in 9mL of
deionised h;0 for 24 hours. 0.783 g of 99% N-isopropylacrylamide (NIPAM) (Sigma),
0.117 g of N, N’-Dimethylacrylamide (DMAc) (Sigma) and 9 mg of 2-
2’azobisisobutyronitrile (AIBN) were added to the resulting suspension and stirred for
an additional 1 hour. This suspension was then passed through a 5-8 um pore filter. The
hydrogel was prepared to this stage by Joseph Snuggs and Ronak Janini. Polymerisation
was initiated by heating to 80°C for a minimum of 4 hrs. Polymerisation is evidenced by
a transition from a transparent, colourless liquid into a milky white suspension. The
resulting hydrogel suspension is a statistical copolymer, composed of 1% Laponite,
7.83% NIPAM, 1.17% DMAc and 90% w/w water. At this stage, the gel was cooled to
50°C and 0.5 mg/ml of hydroxyapatite nanoparticles (< 200 nm) (Sigma, 702153) were

mixed into the suspension until homogenous.

4.2.15.

4.2.16. 3D Cell Culture of MC3T3-E1 Cells in Hydrogel:

Hydrogel suspensions were allowed to cool to 38-39°C in a temperature-controlled cell
culture unit before differentiated or undifferentiated MC3T3-E1 cells were mixed with
the gel at a density of 5x10° cells/mL of hydrogel, and 300 pL cell containing constructs
were cast in 48 well plates, giving a density of 1.5x10° cells per gel. Cell-laden gels were

then allowed to set for 1 hour before the addition of relevant cell culture media. The
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gels were then cultured for a further 48 hours before the addition of hormone treatment

as previously described.

4.2.17. Hydrostatic Loading of 3D Cell Constructs:

After 24 hours of culture in appropriate hormone treatment media, triplicate cell-laden
hydrogel constructs were transferred to MechanoCulture TN (CellScale) loading wells
containing 7 mL of control media or hormone treatment media described in section
4.2.8, with the addition of 12.5 mM HEPES to maintain pH within the sealed load
chamber. Gels were hydrostatically loaded with oscillating 0.1 - 0.3 mPA of pressure
every 0.5 seconds for 3 hours. Control gels were moved into matched volumes of
treatment/control media and placed in the same incubator for the duration. After
loading, gels were incubated for either a further 3 or 24 hours prior to fixation and

collection of conditioned media.

4.2.18. Matrix Deposition Within Hydrogel Constructs:

Triplicate sample gels were removed from culture and fixed for 24hrs in 10% formalin at
room temperature, before washing with PBS and processing to paraffin wax as
previously described in section 4.2.12. Processed gels were embedded in paraffin and
sectioned at 4um on a Leica Microtome and mounted to Leica X-tra corner clipped slides
with a positively charged coating (Leica Microsystems, Milton Keynes, UK) and left to dry
and adhere for 2 weeks at 37 degrees. Sections were then dewaxed through a series of
Sub-X (Leica Microsystems, Milton Keynes, UK) solutions (3 x 10 minutes) and
rehydrated through graded IMS (Fisher, Loughborough, UK) solutions (3 x 10 minutes).

Sections were then washed in distilled water for 5 minutes before staining with either
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Alizarin Red (2% w/v, pH 4.2) (Sigma Aldrich, Poole, UK) for 15 minutes or Masson’s
Trichrome (Atom Scientific) according to instructions. Sections were then dehydrated
through a series of IMS (4 x 10 minutes) and cleared in sub-x (3 x 10 minutes) and
mounted in Pertex (Leica Microsystems, Milton Keynes). Stained sections were left to
dry for 48 hours before imaging using an Olympus BX60 microscope and captured by a
MicroCapture v5.0 RTV digital camera (Q Imaging, Buckinghamshire, UK) and CellSens
software (Olympus). Three images of random fields of view were captured for each

triplicate samples. This step was performed blinded.

4.2.19. Alkaline Phosphatase (ALP) Activity Assay:

ALP activity was assessed using a commercially available assay kit (Signa-Aldrich,
MAK447) according to manufacturer’s instructions. Briefly, all conditioned media
samples from in vitro loading experiments and reagents were defrosted on ice and 50
pL of each sample was added in duplicate to wells of a 96 well plate, followed by 150 uL
of the supplied working reagent and mixing. Optical density (OD) values were measured
immediately against a tartrazine calibrant and a media blank at 405 nm using a ClarioStar
reader (BMG Labtech) and again after 4 and 20 minutes of reaction time. ALP enzyme

activity was calculated using the following equation:

(ODt20 — ODt0)x RxnVol x 35.3

ALPIU/L = (ODcal — ODblank)x SmplVol x T
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4.3. Results:

4.3.1. Differentiation of MC3T3-E1 Cells /n Vitro:

Relative gene expression of RUNX2, OPG and ALP were measured over the 21 day course
of differentiating MC3T3-E1 cells in vitro to assess changes in key markers of bone
formation throughout the course of differentiation (Figure 4.2). Whilst none of the

alterations observed were significant, RUNX2 expression was highest after 21 days.
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Figure 4.2: Relative gene expression of RUNX2 (red), OPG (green) and ALP (blue) in
MC3T3-E1 cells over the course of 21 day in vitro differentiation in modified cell culture
media.

4.3.2. Gene Expression of Key Bone Cell Markers in Undifferentiated MC3T3-E1
Cells:

Gene expression of several key bone factors was assessed using gPCR to assess the
effects of leptin and testosterone treatment, either alone or alongside in vitro FSS.

RUNX2 expression was quantified to determine the effects of hormones and in vitro
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mechanical load upon osteoblastic cell differentiation, no significant differences were
detected between cells subjected to hormone treatment with or without FSS and static
controls (Figure 4.5A). However, mean RUNX2 expression was consistently higher in
MC3T3-E1 cells treated with testosterone (Figure 4.3A), more so alone (P =0.4431) than

when in combination with FSS (0.9262).

Additionally, ALP gene expression was used as an indicator of the effect of treatment
regimens upon MC3T3-E1 cell mineralisation. Despite no significant differences
between the groups, there was a slight trend towards decreased ALP expression in both,
static (P =0.8676) and loaded (P = 0.8470) testosterone treated conditions (Figure 4.3B).
A very slight reduction in the ALP expression of cells subject to FSS (P = 0.9650) was
reversed when combined with leptin treatment which resulted the highest mean ALP

expression (P = 0.5071) (Figure 4.3B).

The ratio of RANKL:OPG gene expression was also assessed, to investigate the
implications of these treatment conditions for osteoclastogenesis in vivo. Gene
expression levels of RANKL and SPOCK1 were consistently below the limit of detection
in all groups tested and are therefore not displayed. However, OPG expression was
detected in all samples tested and remained consistent across all groups with no
significant differences, despite an observed trend towards increased OPG expression in

cells subjected to a combination of FSS and leptin treatment (P = 0.0906) (Figure 4.3C).

Gene expression of androgen and leptin receptors also did not differ significantly
between groups, but did show slight responses to hormone and FSS treatment regimes.
Firstly, mean AR receptor expression was consistently higher in MC3T3-E1 cells
subjected to FSS alone (P = 0.7474), especially when paired with leptin (P =0.3760), and

less so when combined with testosterone treatment (P > 0.9352) conditions (Figure
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4.3D). Similarly, LepR gene expression did not differ significantly between any of the
groups, despite a small decrease in untreated cells subjected to FSS compared to
controls (P>0.9999) (Figure 4.3E). There were no significant differences detected in ALP

activity, measured via colorimetric assay using cell culture media (Figure 4.3F).
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Figure 4.3: Relative gene expression of RUNX2 (A), ALP (B), OPG (C), AR (D), and LepR
(E) measured via RT-gPCR, and ALP activity (F) in cell culture media from
undifferentiated MC3T3-E1 cells treated with FSS and either 80 ng/mL leptin (n = 3) or
10 ng/mL testosterone (n = 3) alongside static controls (n = 3).
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4.3.3. Gene Expression of key bone cell markers in differentiated MC3T3-E1
cells:

Similar to findings in undifferentiated MC3T3-E1 cells, differentiated counterparts
showed no significant differences in RUNX2 expression in response to any of the groups
tested (Figure 4.4A). Additionally, despite no statistical significance, slight trends seen in
undifferentiated cells were reverted, with slightly decreased mean RUNX2 expression in
both static and loaded MC3T3-E1 cells treated with testosterone (P > 0.9999) (Figure

4.6A).

ALP expression also did not differ significantly between groups (Figure 4.4B). Similarly,
OPG expression did not differ significantly between groups but was again highest in
MC3T3-E1 cells subjected to combined FSS and leptin treatment (P = 0.8259), whilst
testosterone and FSS had little effect (Figure 4.4C). RANKL and SPOCK1 gene expression
were once again below the detectable limit for all conditions tested and are not
displayed. No significant differences in AR expression were detected in differentiated
MC3T3-E1 cells in response to treatments, and the slight effects of load and
testosterone seen in undifferentiated cells were no longer present (Figure 4.4D).

Treatments also did not alter LepR gene expression significantly (Figure 4.4E).
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Figure 4.4: Relative gene expression of RUNX2 (A), ALP (B), OPG (C), AR (D), and LepR (E)
measured via RT-qPCR, and ALP activity (F) in cell culture media from MC3T3-E1 cells
treated with FSS and either 80 ng/mL leptin (n = 3) or 10 ng/mL testosterone (n = 3)
alongside static controls (n = 3) after 21 days of culture in differentiation medium.

4.3.4. Gene expression of key bone cell markers in MLO-Y4:

A similar set of experiments utilising the same methodology and treatment regimes was
performed upon MLO-Y4 cells. This work aimed to investigate whether the effects of
hormones and mechanical load upon bone turnover were predominantly due to

osteoblastic cells, or those of osteocytic lineage.

Despite clear expression of both housekeeping genes used in this study (Table 4.3), all

other genes of interest tested in this study were below the limit of detection. Most
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notably, neither AR nor LepR expression were detected in any of the samples tested,
and thus they were not used for further studies investigating effects of Leptin and

Testosterone.

Table 4.3: Average CT values obtained from qRT-PCR analysis of B-Actin and GAPDH
gene expression in MLO-Y4 cells subjected to loading and hormone treatment regimes.

Control FSS 80 ng/mL | 80 ng/mL 10 ng/mL 10 ng/mL
Leptin Leptin Testosterone Testosterone +
+ FSS FSS
B-Actin | 27.300 | 31.920 28.528 33.208 28.024 32.216
GAPDH | 27.132 | 31.630 26.371 33.051 25.509 30.326

4.3.5. Suitability of 3D collagen gels for in vitro loading:

Four micron sections of acellular and MG63-laden collagen gels were stained with HandE
and assessed microscopically to determine cell viability when cultured in 3D collagen
gels, and the suitability of the constructs for histological analysis. HandE stained MG63
cells were evident in the cell laden constructs, and the acellular controls did not
demonstrate any false positives or background staining (Figure 4.5). There were
consistently more cells present in gels fixed after 4 weeks of culture than those only

cultured for 1 week.

170



1 Week 4 Weeks

Acellular

MG63

Figure 4.5: Representative images of H&E stained 4 um sections of MG63-laden and
acellular collagen gel constructs after 1 or 4 weeks of culture. Scale bar = 50 um.
V denotes the presence of MG63 cells within the gel.
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Additionally, MG63 cells cultured within collagen gels for 4 weeks displayed
immunopositivity for both Ki67 (Figure 4.6A) and FAK (Figure 4.6B), indicating that these

cells were still proliferating within the gel and were able to detect the presence of

mechanical loading.

Isotype Ki67

.....

Isotype FAK

Figure 4.6: Representative images depicting immunohistochemical staining for Ki67 (A) and

FAK (B) of 4um thick collagen gel sections cultured with MG63 cells for 4 weeks prior to
staining. Scale bars are 50 um.
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These 3D collagen gels were then subjected to compressive loading in vitro, but lacked
the mechanical stiffness required to withstand even compressive loading and were
destroyed in the process. As a result of this, an alternative, stiffer matrix of

hydroxyapatite laden B-Gel was used for all future 3D cultures.

4.3.6. Matrix deposition of MC3T3-E1 cells in a 3D in vitro model of bone:

Massons Trichrome and alizarin red staining were used to assess collagen and calcium
matrix deposition respectively within 4 um sections of cell-laden B-gel in response to
mechanical loading via in vitro hydrostatic loading, alone or in combination with either
leptin or testosterone treatment. In addition to this, undifferentiated MC3T3-E1
preosteoblasts were compared to MC3T3-E1 cells in which differentiation had been

induced with osteogenic media supplements.

Although these qualitative assessments cannot be reliably quantified, there is a clear
trend towards increased collagen deposition, identifiable by deep blue staining, in both
loaded and static conditions in undifferentiated MC3T3-E1 cells treated with either
leptin or testosterone, compared to untreated controls (Figure 4.7). Conversely, only
loading was able to induce increased collagen deposition in MC3T3-E1 cells
differentiated in osteogenic medium for 21 days during 3D culture. In these
differentiated MC3T3-E1 cells, neither leptin nor testosterone treatment resulted in any
observable differences in collagen deposition compared to untreated controls although

loaded gels appeared to contain more collagen (Figure 4.7).
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Figure 4.7: Representative images depicting Masson’s trichrome stained sections of B-
gel constructs laden with either undifferentiated MC3T3-E1 cells, or MC3T3-E1 cells
that had been differentiated in osteogenic medium for 21 days. Cell-laden constructs
either remained unloaded or were subjected to 0.3 mPa of hydrostatic pressure,
alongside treatment with either 10 ng/mL testosterone or 80 ng/mL leptin. n = 3 for all

groups. Scale bars are 100 um.
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Similarly, although unquantifiable, alizarin red staining revealed that both leptin and
testosterone staining appeared to slightly increase the presence of calcified nodes
highlighted by deep red staining, in static, undifferentiated MC3T3-E1 cells (Figure 4.8).
Hydrostatic loading appeared to increase the presence of calcified nodes in both
untreated and leptin treated cells, but not in testosterone treated cells, compared to
static controls. As observed with collagen deposition, neither leptin nor testosterone
treatment appeared to increase calcification in differentiated MC3T3-E1 cells; although

in this case load did not appear to significantly alter matrix deposition either (Figure 4.8).

Both hormone treatments, but not hydrostatic loading, induce increased matrix
deposition in undifferentiated MC3T3-E1 cells. In differentiated MC3T3-E1 cells,
hormone treatments no longer induce this effect and load is a more potent inducer of

matrix deposition.
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Figure 4.8: Representative images depicting Alizarin red stained sections of B-gel
constructs laden with either undifferentiated MC3T3-E1 cells, or MC3T3-E1 cells that
had been differentiated in osteogenic medium for 21 days. Cell-laden constructs either
remained unloaded or were subjected to 0.3 mPa of hydrostatic pressure, alongside
treatment with either 10 ng/mL testosterone or 80 ng/mL leptin. n = 3 for all groups.
Scale bars are 100 um.

176



4.4. Discussion:

This work aimed to investigate the combined and independent effects of hormones and
mechanical load upon murine bone cells in vitro, using both 2D and 3D cultures. MC3T3-
E1 cells were used primarily in this study to model the response of pre-osteoblasts to in
vitro mechanical loading with or without leptin or testosterone treatment; including
alterations in markers of differentiation and osteogenic activity. Alongside this, MC3T3-
E1 cells can also be used as a model of mature, differentiated osteoblasts after culture
in osteogenic medium (Hwang and Horton, 2019). Previous studies have shown that,
once differentiated, these cells show significant increases in expression of several

osteoblastic markers including ALP and RUNX2 (Ju et al., 2022).

The response of undifferentiated and mature MC3T3-E1 cells to hormones and
mechanical load was assessed in 2D using in vitro FSS, which has been widely used to
simulate mechanical loading in vitro in a variety of models (Meng et al., 2022; Nile et al.,
2023; Wittkowske et al., 2016), notably including MC3T3-E1 cells (Pei et al., 2022).
Similarly, cyclical hydrostatic loading was employed to investigate the same conditions
a 3D in vitro model, using MC3T3-E1 cells seeded within B-gel, a hydroxyapatite
nanoparticle containing hydrogel (Thorpe et al., 2016). Hydrostatic loading in vitro is
used as an alternative model of mechanotransduction in vitro (H.-X. Shen et al., 2022),

and can also be applied to a 3D gel construct (Mahdi Souzani et al., 2023), unlike FSS.

Outputs from this work include measurements of gene expression and ALP activity in
response to mechanical load, with or without hormone treatments, in 2D, and matrix
deposition parameters thereof in a 3D gel system. It was hypothesized that leptin and

testosterone treatment could attenuate or bolster the effects of mechanical loading.
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4.4.1. The effect of Hormones and Mechanical Load on MC3T3-E1 and
MLO-Y4 Gene Expression In Vitro:

Previous studies employing various different loading regimes have revealed that both
FSS (Mai et al., 2013) and hydrostatic loading (H.X. Shen et al., 2022) elicit increased
expression of osteogenic genes as well as proliferation and growth (Y. Yang et al., 2023)
in MC3T3-E1 cells. In contrast, FSS treatment regimens applied to MC3T3-E1 cells in this
study, either with or without hormone treatment, did not result in any significant
differences in any of the genes tested. Despite no statistical significance, results suggest
a relationship between both hormone treatments and mechanical load, although the
exact relationship and underpinning mechanisms remain unclear and require further

study to elucidate.

It is possible that leptin enhance the responses of MC3T3-E1 cells to FSS induced
mechanical loading, as evidenced by the slight trends towards increased OPG, ALP, and
AR expression in leptin treated, loaded cells, although further studies with improved
statistical power are required to investiaget this relationship further. This suggestion
does not align with a previous study in mice, indicating that leptin signalling is a negative
modulator of mechanosensitivity in vivo (Kapur et al., 2010). Despite results from several
previous studies indicating that FSS increases osteogenesis via RUNX2 (Mai et al., 2013;
Pei et al.,, 2022; Yu et al., 2017), this trend was not observed in the present study.
Variable factors involved in in vitro loading procedures include the length of time cells
are subjected to load as well as the amount of force applied; and differences in these
factors significantly alter cellular response (Pei et al., 2022). In the present study,
MC3T3-E1 cells were subjected to FSS for 24 hours before RNA extraction, which is

significantly longer than most studies in the field. A 2020 study by Song et al., indicated
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that the osteogenic effect of FSS via Runx2 is achieved via upregulation of PIEZO1 in
MC3T3-E1 cells. Interestingly, despite significant increases in PIEZO1 expression shown
after five to thirty minutes of FSS, PIEZO1 expression levels had returned to control
levels in cells loaded for one hour (Song et al.,, 2020). Although FSS and hormone
treatment did not result in any significant increases in RUNX2 in the present study,
results from the study by Song et al., may offer one potential explanation for this
unexpected finding. Had the loading regimes in the present study taken place over a
shorter duration, it is entirely possible that results obtained would have been more in
line with those from similar previous studies. However, these previous studies do not
account for the fact that bone is under constant loading forces from body weight, and
thus experiments utilising longer loading regimes are necessary to advance our
understanding of the effects of load in vivo. Furthermore, assessments of protein
expression are essential to determine if short term transient responses in mRNA are

translated to changes in protein expression.

Despite little differences in ALP or OPG expression in cells treated with either leptin or
FSS alone, combined leptin and FSS treatments appeared to increase gene expression of
these targets slightly (P = 0.5071 and P = 0.8470 respectively). This finding aligns with
previous research suggesting that leptin improves loading-induced bone recovery after
a period of unloading in mice (Kawao et al., 2019). However, as RANKL gene expression
was consistently below the limit of detection in these samples, and may also have been
elevated, no definitive conclusions can be drawn about the potential resulting effects
on RANKL:OPG ratio; and therefore osteoclastogenesis. Previous studies have, however,
shown that leptin treatment inhibits the expression of RANKL in MC3T3-E1 cells

(Lamghari et al., 2006).
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AR expression was consistently highest in cells subjected to FSS, indicating that
mechanical loading may be a positive modulator of androgen signalling. This hypothesis
is consistent with results in humans, showing that mechanical loading from resistance
exercise increases AR mRNA concentration in blood serum (Bamman et al., 2001).
However, a more recent study found that mechanical loading via resistance exercise did
not significantly alter serum androgen or AR, but did increase AR-DNA binding in adult
men (Cardaci et al., 2020). Although not statistically significant, undifferentiated MC3T3-
E1 cells subjected to FSS displayed slightly reduced LepR expression, indicating a role for
mechanical loading in the regulation of leptin signalling in immature osteoblasts.
However, this reduction was abolished in cells treated with either leptin or testosterone
in combination with mechanical loading. This may be tied to leptin’s role in regulating
energy expenditure and physical activity, further indicating a two directional dialogue

between hormone signalling and mechanotransduction.

The response of differentiated MC3T3-E1 cells to mechanical load have not been
reported prior to this study, presenting a gap in current knowledge. Both
undifferentiated and differentiated MC3T3-E1 cells were assessed in this study, by
employing a well-established method of in vitro differentiation in osteogenic medium
(Hwang and Horton, 2019) prior to FSS and hormone treatments. This allowed for
comparisons between the effects of hormones and mechanical loading upon mature
osteoblasts, which are not often assessed, alongside undifferentiated counterparts.
These comparisons suggest that, once differentiated, MC3T3-E1 cells exhibit slightly
altered responses to FSS and hormone treatments compared to undifferentiated
counterparts. For example, Testosterone treatments no longer resulted in slightly

increased RUNX2 expression in differentiated MC3T3-E1 cells compared to untreated
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controls. This is perhaps due to the fact that the cells had already differentiated, as
demonstrated by a peak in RUNX2 expression after 21 days in cell culture medium, and
no longer expressed RUNX2 as a result (Hwang and Horton, 2019). Similarly,
differentiated MC3T3-E1 cells were overall less affected by hormone treatments along
compared to their undifferentiated counterparts, whereas FSS and combination
treatments largely induced a response. This could be due to a decline in lepR expression
during the advancement of osteoblast differentiation, as suggested by Matic et al., in
2016. Although no such evidence is available to suggest that AR expression also declines
with osteoblast maturity, differentiated MC3T3-E1 cells showed no notable responses
to androgen therapy. A similar decline of AR expression with osteoblast maturity would
provide one possible explanation for the reduced sensitivity of differentiated MC3T3-E1
cells to androgen signalling. With this in mind, it would have been beneficial to this body
of work to assess LepR and AR expression at various timepoints throughout the
differentiation process. Interestingly, however, FSS consistently had a slight stimulatory
effect upon LepR receptor expression, suggesting that mechanical load may sensitise
osteoblasts to the effects of leptin signalling. Additionally, a study in LepR deficient
Db/Db mice found that mechanical load in the form of vibration mitigates decreases in
bone quality associated with leptin deficiency (Jing et al., 2016). Together, these results
could imply that the osteogenic effects of leptin and mechanical load upon mature
osteoblasts share common downstream pathways. For example, the JAK/STAT pathway
has been closely linked to both leptin signalling (Gurzov et al., 2016) and
mechanotransduction (Q. Hu et al., 2023). This hypothesis aligns with previous findings
that selective STAT3 inactivation in osteoblasts impairs osteogenesis by decreasing

osteoblast differentiation (Zhou et al., 2021).
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Finally, gene expression levels in MLO-Y4 samples were consistently below the limit of
detection for all genes of interest in this study. However, previous studies investigating
the cell line have reported expression of RUNX2, ALP, RANKL and OPG among other
commonly assessed markers in MLO-Y4 cells (Li et al., 2012; Wittkowske et al., 2016).
The primers used to detect expression of target genes were the same as those used for
MC3T3-E1 cell samples, which returned positive amplification data. Alongside
detectable expression of both housekeeping genes, this suggests that the lack of
expression observed was genuine, despite contradictory findings in other studies.
Importantly, gene expression of receptors for testosterone and leptin were both below
the limits of detection, implying that these cells will have been unaffected by hormone
treatments. Conversely, another study of MLO-Y4 cells found that leptin increased
proliferation alongside expression of OPG and ALP (Fan et al., 2017). LepR expression
was not assessed in the study, but the response to treatment implies that MLO-Y4 cells
do typically express this receptor. Similarly, studies investigating the effects of FSS upon
MLO-Y4 cells report significant effects of FSS upon gene expression, particularly
decreases in RANKL:OPG ratio (Li et al., 2012; Liu et al., 2022; Yan et al., 2018). Again,
these results suggest that MLO-Y4 do express these genes in culture. Therefore, it is
likely that the lack of expression observed in this study is due to other factors, including

perhaps the passage number of the cells, which is unknown.

Additionally, although MLO-Y4 cells have been used extensively in in vitro studies of

osteocyte mechanobiology, these cells do not express and secrete sufficient levels of

may not have provided a suitable model for the present study.
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Overall, loading regimes employed in this study were not comparable to those used in
other studies, meaning that some previously observed alterations in gene expression in
response to FSS were not present. Future studies investigating the relationship between
hormones and mechanical loading in vitro should utilise shorter bouts of in vitro loading
to relate more closely to previous studies. As expression levels of the genes of interest,
importantly including LepR and AR, were below detection limits in MLO-Y4 cells, MC3T3-

E1 cells were used for further studies.

4.4.2. Collagen Hydrogels Containing MG63 Cells are Not a Viable,
Representative Model of Mechanical Loading In Vitro:

Initially, the human osteosarcoma cell line MG63 was utilised as a highly proliferative,
easily cultured model of osteoblastic-like cells capable of forming ECM attachments (Yoo
etal., 2016). These cells were used to in the development of a 3D culture system capable
of withstanding and transducing applied mechanical force in vitro, initially a collagen
hydrogel. In line with a number of previous studies using a variety of cell types within
collagen hydrogels (Caliari and Burdick, 2016; Hesse et al., 2010; Ishida-Ishihara et al.,
2022), MG63 cells remained viable and proliferative after 4-weeks of culture within the
gels. Alongside this MG63 cells are known to express FAK (Lei et al., 2011; Yoo et al.,
2016), enabling ECM attachments, and maintained FAK expression measured via
immunopositivity in the present study, suggesting that these cells are

mechanoresponsive.

Despite this, initial loading experiments revealed that these collagen hydrogels lacked
the mechanical stiffness to withstand even a small amount of compressive force. The

gels were destroyed completely by as little as 0.1 N, the smallest force applicable by the
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load cell used in this study. Previous studies have overcome this drawback of collagen
hydrogels by applying compressive loading to gels confined within wells of a silicone well
plate (Vazquez et al., 2014). However, attempts to recapitulate this method by culturing
collagen gels inside silicone rings prior to loading did not provide a solution. The Young's
modulus of gel-containing rings was the same as that of empty rings, suggesting that the
collagen gels were not experiencing any of the load applied (data not shown). Instead,
future 3D cell culture was performed using B-gel scaffolds to provide more structural

support, alongside hydrostatic loading regimes.

Similarly, whilst MG63 cells were viable within the collagen gel, and showed signs of
ECM attachment suggesting mechanosensitivity, they are not a wholly representative
cell model of normal osteoblastic phenotype due to their tumour origin (Czekanska et
al., 2014). Therefore, further investigations were conducted utilising MC3T3-E1 cells to

more accurately represent the osteoblastic phenotype.

4.4.3. The Effect of Hormones and Mechanical Loading Upon MC3T3-E1
Cell Matrix Deposition in 3D:

Whilst FSS in 2D is a valid model of the effects of mechanical loading in vitro, and has
been shown to induce a response, these systems do not represent the 3D environment
in which bone cells reside. In order to overcome this limitation, cells can be encapsulated
within 3D constructs allowing for cell attachment, and therefore transmission of
mechanical load, in 3D (Yuste et al., 2021). In the present study, immature or
differentiated MC3T3-E1 cells were embedded into a hydroxyapatite-containing
hydrogel and subjected to hydrostatic loading with or without hormone treatment.

Findings in undifferentiated MC3T3-E1 cells indicate that both leptin and testosterone
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treatment increased collagen and calcium deposition within hydrogels, whereas
mechanical loading alone did not induce any significant alterations. Conversely,
mechanical loading increased matrix deposition in differentiated MC3T3-E1 cells, but

neither hormone treatment had a significant effect.

In line with results from this study, leptin has previously been shown to increase collagen
type | expression and secretion in human osteoblasts (Reseland et al., 2001) and hepatic
stellate cells (Choudhury et al., 2006; Garcia-Ruiz et al., 2012). Increased collagen
secretion was observed in both static and loaded conditions treated with mechanical
loading, with slightly increased intensity of staining in loaded constructs compared to
static controls. However, these differences cannot be reliably quantified, and further
work is required to identify the combined effects of leptin and load upon collagen
secretion. Similarly, the present study did not identify the form of collagen present in
these treatment conditions. This could be assessed for each different collagen subtype
using IHC, as performed in previous studies (X. Ren et al., 2017). Findings from a study
suggest that leptin deficient mice display decreased expression of Collagen type X
(Kishida et al., 2005), implying that leptin treatment may have increased or facilitated

collagen type X deposition, alongside collagen type | (Garcia-Ruiz et al., 2012).

Alongside observed increases in blue staining, indicating the presence of collagen in
Masson’s trichrome stained collagen gel constructs, constructs treated with leptin
exhibited increased red staining and nodule size when subjected to Alizarin red staining,
indicating calcium deposition in comparison to untreated controls. Increases in
mineralisation in response to leptin has also been reported in osteoblasts extracted

from rats (Cheng et al., 2018) and bovine aortic smooth muscle cells (Zeadin et al., 2012).
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The observed osteogenic effect of leptin was amplified when applied in combination

with hydrostatic loading, further suggesting an interaction between the two pathways.

Similar increases in both collagen and calcium deposition were observed in
undifferentiated MC3T3-E1 cells treated with testosterone regardless of mechanical
load. This effect of androgens upon bone cell mineralisation has been observed in
previous studies (Balkan et al., 2005; Wiren, 2005), and the anabolic effects of

testosterone on bone are well documented (Mohamad et al., 2016).

In contrast to findings in undifferentiated MC3T3-E1 cells, matrix deposition in
differentiated MC3T3-E1 cells was instead primarily influenced by mechanical loading,
whilst showing reduced responsivity to either hormone treatment alone. Collagen
deposition was consistently highest in differentiated MC3T3-E1 cells subjected to
hydrostatic loading compared to static controls, regardless of hormone treatment. This
aligns with results from 2D assessment of gene expression in these cells under similar
conditions, implying that differentiated MC3T3-E1 cells are less sensitive to hormone
treatments in favour of increased mechanosensitivity. Despite this, however, results
also indicated a synergistic effect of leptin and mechanical load, denoted by increased
presence of calcified nodules compared to either treatment alone. However, all
measures performed in this study consisted of unquantifiable, qualitative assessments
of stained hydrogel sections, and as a result no definitive relationships can be

established.

Future work in this field would certainly include IHC evaluation of cell-laden B-gel
sections to evaluate differentiation, proliferation and mineralisation profiles of these
cells, providing more valuable insights into the mechanisms underpinning the results of
this study.
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4.4.4. Conclusion:

Together, results from this study further imply a link between leptin and testosterone
signalling and mechanical loading. Although the exact relationship between these
factors remains unclear, it is suggested that these hormones may influence the response
of both immature and differentiated MC3T3-E1 cells to mechanical load in vitro. Despite
no significant alterations in gene expression, leptin and testosterone treatments in
combination with mechanical load influence these cells more significantly than either
condition alone, resulting in a response that is greater than the sum of its parts.
Moreover, the responses to both hormone and loading regimens differ between
undifferentiated and differentiated MC3T3-E1, with undifferentiated cell matrix
deposition primarily affected by hormones, and differentiated MC3T3-E1 cells

influenced instead by load.

This work has created viable models to assess interactions between hormones and
mechanical loading in vitro in both 2D utilising fluid shear stress, and 3D via the
hydrostatic loading of hydrogel constructs, and provides a foundation for future work to

delve deeper into these pathways.
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5. Chapter 5: General Discussion and Future Directions:
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This work investigated the interconnected roles of testosterone, leptin, and HFD on
bone morphology and metabolic regulation, employing a combination of animal models
and cell culture studies. The findings of this research contribute to our broader
understanding of the endocrine regulation of bone health, particularly in the context of

metabolic disorders and hormone deficiencies.

Chapter 2 demonstrated that testosterone deficiency significantly affects bone
architecture, particularly by reducing trabecular bone volume and number.
Testosterone was found to play a role in suppressing osteoclastogenesis via the
RANKL:OPG pathway, resulting in significant morphological alterations in the tibial

trabeculae of orchiectomised mice, and these parameters were restored by TRT.

These findings were extended in Chapter 3 by investigating how leptin deficiency and
HFD influence bone health. Leptin-deficient (Ob/Ob) mice exhibited compromised
cortical and trabecular bone structure, independent of body weight. These alterations
differ between vertebral and tibial regions, indicating site-specific actions of leptin
signalling. Meanwhile, HFD exacerbated bone loss, particularly in trabecular regions,
whilst increasing tibial marrow adiposity; suggesting that obesity and leptin resistance

contribute to bone loss.

Alongside this, Chapter 4 provided mechanistic insights into the synergistic effects
between hormone treatment and mechanical loading in osteoblasts. These effects were
assessed in both immature pre-osteoblasts and fully differentiated osteoblasts,
providing important mechanistic context. Although no clear mechanisms of action were
established, both leptin and testosterone treatments appeared to modulate the
responsivity of osteoblasts to mechanical loading, ultimately resulting in subtle
differences in gene expression in vitro. Together, these findings suggest interplay
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between mechanotransduction and leptin or testosterone signalling pathways,

indicating that further studies are required to elucidate these shared mechanisms.

5.1. The Role of Testosterone in Bone Metabolism:

Testosterone has long been recognised for its anabolic effects on bone, primarily
through its influence on bone formation (Shigehara et al., 2021). However, this work
adds an important layer to our understanding by highlighting the potential anti-
resorptive properties of testosterone via RANKL:OPG ratio modulation, resulting in
altered trabecular microarchitecture. Results obtained from the present study
emphasise testosterone's protective role in maintaining bone mass and integrity,
potentially through indirect effects on osteoclast precursor cells alongside direct effects
upon osteogenesis. These findings align with clinical observations of decreased BMD in
hypogonadal men (da Costa et al., 2004; Lincoff et al., 2023) and postmenopausal
women (Gupta et al., 2012; Jiand Yu, 2015), where declining testosterone and oestrogen
respectively are associated with bone loss and increased osteoclast activity. Alongside
this, TRT appears to be a viable intervention to prevent the loss of trabecular bone
associated with testosterone deficiency, again aligning with results in human trials

indicating that TRT increases BMD, especially in the trabeculae (Snyder et al., 2017).

However, the observed slight reductions in the mechanical strength of tibiae from
orchiectomised mice were not restored by TRT. This indicates that, despite restoring
trabecular microarchitecture, TRT may not have any significant effects upon fracture
riskin the tibiae. This hypothesis has been investigated in a human trial revealing that
TRT did not improve fracture risk in middle-aged and older men, instead resulting in a

numerically higher fracture risk than in those treated with placebo (Snyder et al., 2024).
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This finding suggests that TRT may be detrimental to bone-related clinical outcomes,
despite previously observed benefits to BMD and trabecular parameters. One possible
explanation for this observation is the effects of testosterone on bone composition
beyond the often-assessed mineral content, owing instead to the presence of various
collagens and other ECM components, which also impact fracture risk (Sieverts et al.,

2022).

Additionally, results from in vitro studies undertaken as part of this work did not reveal
any clear relationships between testosterone supplementation and expression of
several key markers of gene expression in MC3T3-E1 pre-osteoblast cells, despite a slight
trend towards increased RUNX2 expression. This finding aligns with observed slight
decreases in RUNX2 immunopositivity in the tibiae of orchiectomised mice in the
present study, suggesting that the known increase in osteoblast differentiation in
response to androgen signalling (Notelovitz, 2002) may be reliant upon RUNX2
signalling. However, results from this study were inconclusive, and contradictory
evidence also suggests that androgen does not increase RUNX2 activity (McCarthy et al.,
2003), and further research is required to understand these mechanisms. Testosterone
treatment also increased both collagen and calcium matrix deposition within 3D gels in
the present study, underscoring the anabolic effects of androgen upon bone (Chen et

al., 2019).

Further studies should aim to more broadly assess the effects of testosterone and
testosterone deficiency upon bone composition aside from BMD, and further delineate
the downstream actions of androgen signalling upon both bone formation and

resorption. This will deepen our understanding of the implications of testosterone status

191



on fracture risk, allowing for more informed use of TRT, and other therapies aimed at

improving fracture risk.

5.2. The Role of Leptin in Bone Metabolism:

Leptin’s dual role as a metabolic regulator and bone modulator is increasingly
recognised. This body of work reinforces the concept that leptin is not merely a satiety
hormone but also plays a pivotal role in bone remodelling (Reid et al., 2018). The findings
align with past research suggesting leptin influences bone turnover by promoting
osteoblast differentiation and inhibiting osteoclastogenesis (Thomas et al., 1999).
However, conflicting evidence also suggests leptin may promote adipogenesis over
osteogenesis in mesenchymal stromal cells, particularly under high-fat diet (HFD)
conditions (Yue et al., 2016). Notably, HFD and especially leptin deficiency led to
increased marrow adiposity, further indicating a shift in the bone marrow environment
towards adipogenesis at the expense of osteogenesis. The shift towards marrow
adiposity in the context of leptin deficiency and obesity further illustrates the complex
crosstalk between energy metabolism and bone health, a relationship that is particularly

relevant in the growing obesity epidemic.

Additionally, the study highlights the complexities of leptin's role in bone morphology,
particularly under HFD conditions, where increased body weight did not correlate with
increased bone volume, contrary to expectations. This result suggests that leptin
deficiency and HFD may have overlapping negative effects on bone health, complicating
the relationship between obesity, bone morphology, and leptin signalling. Technological
advances in 3D imaging allowed for a more detailed analysis of trabecular structure,

revealing important regional differences in bone morphology that could improve
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fracture risk predictions (Sass et al., 2024). Although in vitro experiments with MC3T3-
E1 cells revealed no significant alterations in gene expression response to leptin
treatment in the present study, leptin treatment did appear to increase the deposition
of both calcium and collagen matrix by MC3T3-E1 cells in 3D hydrogel constructs.
Together with decreases seen in cortical bone volumes of murine tibiae and vertebrae,
these findings align with previous suggestions that leptin may be an important regulator

of bone formation (Reid et al., 2018).

Leptin deficiency significantly affects bone morphology independent of body weight,
with changes similar to those induced by HFD. This study underscored the need for
further research to clarify the mechanisms by which leptin and diet influence bone
health, particularly using advanced imaging techniques to better understand fracture

risk.

5.3. Interactions Between Hormones and Mechanical Loading in

vitro:

It is possible that interactions between hormone signalling and mechanotransduction
pathways are responsible for some of the inconsistencies observed in previous studies
investigating the relationship between obesity and bone health. This study aimed to
investigate the combined and independent effects of hormones (leptin and
testosterone) and mechanical load on murine bone cells in both 2D and 3D in vitro
cultures, focusing on their influence on osteogenic activity and differentiation markers

in pre-osteoblasts and mature osteoblasts.
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It was found that leptin enhanced the response of MC3T3-E1 cells to mechanical loading
in 2D cultures, as indicated by trends toward increased expression of osteogenic
markers such as OPG and ALP. Based on previous work in the field, it was expected that
FSS alone would induce significant increases in osteogenic genes such as RUNX2 whilst
suppressing RANKL:OPG ratio (Li et al., 2012; Pei et al., 2022). However, significant
changes in gene expression were not observed in the present study, possibly due to the

extended duration of loading applied.

Initial attempts to use MG63 cells within collagen hydrogels for 3D mechanical loading
were unsuccessful due to the gels' inability to withstand compressive forces, leading to
a shift to athermoresponsive polymer scaffold (B-gel) which has previously been shown
to support osteoblast cell phenotype (Thorpe et al., 2016) and provided a scaffold with

improved structural support enabling the application of mechanical loading.

In the 3D culture system, undifferentiated MC3T3-E1 cells treated with leptin and
testosterone exhibited increased collagen deposition and mineralization, whereas
mechanical loading alone did not produce significant changes. In contrast, matrix
deposition in differentiated cells was primarily driven by mechanical load, with hormone
treatments having a reduced impact. A synergistic effect was noted when mechanical

load and leptin were combined, resulting in increased calcified nodule formation.

Results obtained in this study suggested a complex interaction between hormone
signalling and mechanical loading, with differing effects between undifferentiated and
differentiated osteoblasts. While the precise mechanisms remained unclear, it was
evident that the combination of hormonal treatments and mechanical load had a more
pronounced effect than either factor alone. This research provides a foundation for

future studies to explore the pathways involved in bone cell mechanotransduction and
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hormone interactions using the developed 2D and 3D models. This research should aim
to identify shared pathways between hormone signalling and mechanotransduction and

provide insights into the mechanisms governing their synergistic effects.

5.4. Future Directions:

The work detailed in this thesis provides a foundation for further research in the field,
which should aim to elucidate the mechanisms facilitating interactions between
hormones and mechanical load with respect to bone growth and remodelling. These
studies should aim to further isolate the effects of individual hormones from those of
diet or mechanical load. Further studies should also strive to elucidate the cellular

mechanisms governing interactions between these hormones and mechanical load.

5.4.1. Elucidating The Role of Testosterone in Bone Remodelling:
This study investigated the role of testosterone deficiency and subsequent testosterone
replacement therapy in a murine model of metabolism disorder. One aspect that is not
clear from this study, is the contributions of the high fat diet feeding regimes employed
throughout this study to the alterations seen in bone parameters. Similarly, whether
these effects differ between ApoE-/- animals with a compromised metabolism
compared to C57 mice has not been investigated in the present study. Findings from a
previous study by Schilling et al., in 2005, it was revealed that ApoE-/- mice exhibit
increased bone formation compared to controls, implying that these mice may have had
altered bone physiology. To overcome these limitations, future work could include a

similar study, this time comparing the effects of orchiectomy and TRT in animals fed a
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HFD to those fed a normal diet. Alongside this, C57 mice could be utilised as a control to
assess any differences in response between ApoE-/- animals with a compromised

metabolism and those without.

Furthermore, in order to assess the role of testosterone’s aromatisation to oestrogen,
predominantly by fat tissue (Shigehara et al., 2021), these studies could include test
groups treated with Tamoxifen, an established oestrogen receptor modulator, or
Anastrozole; an aromatase inhibitor (Farrar and Jacobs, 2024), alongside testosterone.
This would allow future research to uncouple the effects of these two interlinked sex
hormones, providing more important insights into the independent effects of

testosterone upon bone remodelling.

Finally, future studies in the field should investigate a wider range of bone regions
including hip and vertebral assessments. These inclusions would allow for a more
comprehensive view of the effects of testosterone and testosterone deficiency in bone,
allowing for more direct comparisons between results obtained and clinical studies.
Alongside this, more emphasis should be placed on bone composition beyond BMD.
Although decreased BMD is associated with increased fracture risk, this does not mean
that the inverse is true in individuals with significantly increased BMD. In fact, higher
BMD is sometimes associated with brittle bones and therefore increased fracture risk
(Gregson et al., 2013). Alongside this, there are other major contributors to bone
mechanical strength besides BMD, including trabecular microarchitecture and bone
composition. The immunohistological assessment of collagens, particularly collagen I,
within bone samples would provide deeper insights into the likely mechanical properties

of the bones. This work would build upon the findings of the present study and provide
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important context regarding the implications of testosterone deficiency and TRT for

fracture risk.

Alternatively, in the interest of minimising the use of animal models where possible,
several strategies have emerged to recapitulate an obese phenotype in vitro (Ghanemi
etal., 2022), including altering the lipid and cytokine content of cell culture media. These
techniques could be leveraged to investigate interactions between testosterone and
bone cells in obese and control conditions in vitro, without the need for any further
animal studies. However, in vitro studies in this field may be lacking some important
physiological factors present in animal models, including mechanical loading from body
weight and the aromatisation of testosterone in fat tissue (Lee et al., 2013). To
overcome this, study design could include in vitro FSS and hydrostatic loading regimes,
as utilised in the present study, alongside the conditions outlined above. Similarly, co-
culture studies of bone cells and adipocytes incorporating these conditions would
theoretically allow for the effects of testosterone aromatisation to oestrogen to be
observed, particularly if conditions with and without oestrogen inhibitors were
employed. Oestrogen inhibitors have previously been used in MC3T3-E1 cells, resulting
in decreased ALP and RUNX2 expression (Schiavi et al., 2021). Together, this work would
provide further insights into links between androgen signalling, metabolism, and diet

with respect to bone health.

5.4.2. Elucidating the Role of Leptin in Bone Remodelling:
The work described in this thesis has provided insights into the effects of leptin
deficiency upon bone morphology, drawing attention to regional differences in

morphological changes. However, this study did not clarify whether the differences
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observed were the result of central or direct actions of leptin. Future studies could
address this limitation with the inclusion of conditional, brain specific LepR knockout
mice, as utilised in a 2020 study by Ren et al., Utilising these mice, the authors were able
to demonstrate that neuronal leptin signalling is essential for the development of an
obese phenotype in leptin deficient animals (Z. Ren et al., 2020). Similarly, comparisons
between the bone morphologies of brain specific LepR knockout mice and global
knockout counterparts would provide insights into the regio-specific effects of leptin
signalling on bone metabolism. This work would build upon the findings of the present
study and delineate the signalling pathways responsible for the alterations seen in leptin

deficient mouse morphology, be they central or direct.

Furthermore, the effects of leptin resistance were not explored in the present study; a
factor with potential significance in the obese C57 mice fed a HFD. Blood plasma samples
were not available for analysis in the present study, but future studies in the field should
aim to assess serum leptin and insulin concentrations and assess leptin resistance in C57
mice. Serum leptin and insulin concentrations could be assessed via a simple ELISA
(Burnett et al., 2017) leptin resistance can be further assessed via glucose tolerance
tests, measuring glucose metabolism and insulin sensitivity which are often impaired in

leptin-resistant states (Enriori et al., 2007).

Additionally, to further separate the effects of leptin from those of load in these animals,
it may have been pertinent to assess the calvaria of leptin deficient and control animals
alongside the tibiae and lumbar vertebrae. Previous studies have performed calvarial
analyses using the same techniques as used for other bone samples in the present study,
including micro CT (Shim et al., 2022) and IHC (W.H. Wang et al., 2020). As the calvarium

does not bear any load from body weight, the comparisons between leptin deficient and
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WT samples would isolate the effects of leptin deficiency. This, in turn, would allow for

direct observations regarding the effects of leptin and leptin deficiency.

Finally, the only remaining variable that was not addressed in the present study is the
diet fed to the obese control and leptin deficient mice. Leptin deficient mice in the obese
group could not be fed a HFD during this study, unlike their C57 counterparts. This is
because the food restrictions necessary to weight-pair a leptin deficient mouse to a wild-
type mouse would have been far too restrictive and, as a result, unethical. This means
that differences in diet nutritional content may have played a role in differences
observed in the present study. Future studies should aim to advance our understanding
of the impact of diet, particularly HFD, upon bone remodelling despite body weight. This

work would allow for more steadfast conclusions to be drawn from the present study.

5.4.3. Unravelling Interactions Between Mechanotransduction and

Hormone Signalling:
Loading regimes in future FSS studies aiming to establish relationships between
hormone signalling and mechanotransduction should aim to more closely align with
those demonstrated in previous studies. The work of Pei et al., in 2022 demonstrated
that the duration of FSS applied is a crucial factor determining responses in gene and
protein expression, and future work should employ a similar strategy, assessing the
impact of FSS at various timepoints. This would allow for more direct comparisons
between findings to current knowledge in the field and may also reveal more prominent

effects of in vitro mechanical load.

Whilst results from the present study suggest the presence of interactions between

hormones and mechanotransduction with respect to bone cell behaviour in vitro, these
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findings could be expanded upon further. For example, future studies should assess the
expression of various markers of bone turnover, including RUNX2, RANKL, and OPG in
the MC3T3-El-containing B-gel construct sections. This could be achieved via IHC

staining of sections, as used for Masson’s Trichrome and Alizarin Red histological stains.

Additionally, mechanical load is detected and transmitted through different receptors
and pathways, as discussed in the introduction to this thesis. It is unclear which of these
pathways, if any, is linked to leptin or testosterone signalling, and exactly how these

distinct pathways interact with one another.

To assess this, hormone treatments used in conjunction with mechanical load in the
present study could be combined with inhibitors of specific mechanoreceptors. One
such mechanoreceptor with an established, effective inhibitor is TRPV4, a
mechanoreceptor which increases leptin production when activated (Sdnchez et al.,
2021). It is possible to inhibit TRPV4 signalling using a number of antagonists, including
Ruthenium red, Capsazepine, and several others (Kumar et al., 2023). Application of this
principle to TRPV4 and other mechanoreceptors would allow for the uncoupling of
hormone-induced changes in bone cell behaviour from the effects of mechanical
loading, providing important insights into exactly which mechanotransduction pathways

overlap with those of hormone signalling.

Due to its commonality between leptin signalling and mechanotransduction pathways,
JAK/STAT signalling is a likely candidate to link the effects of the two factors in bone. The
JAK/STAT pathway is activated by both leptin signalling (Gurzov et al., 2016) and
mechanotransduction (Q. Hu et al., 2023), providing an intriguing avenue for further
investigation which has not yet been explored. This relationship could preliminarily be
assessed with a relatively straightforward experimental design employing any of the
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various inhibitors of the JAK/STAT pathway (Shawky et al., 2022) alongside leptin and
mechanical load. This would help determine whether the interplay between leptin and
load is mediated by JAK/STAT signalling or if additional mechanisms are also involved.
Similarly, JAK/STAT signalling could have been assessed in the present study by assessing

STAT3 phosphorylation in protein fractions extracted from the cells (Lee et al., 2002).

No clear links have yet been established between androgen signalling pathways and
those of mechanotransduction, although androgens do interact with integrins, including
the activation of FAK complex (Tsai et al., 2023). This, in turn, presents FAK as a potential
mediator in the interplay between testosterone and mechanotransduction, and future
studies should aim to assess the effects of androgen signalling on FAK expression and
activation. This could be achieved via IHC analysis of FAK in hydrogel sections, allowing
for visualisation of cellular FAK expression within the hydrogels (Wei et al., 2020).
Deeper understanding of the relationship between testosterone, mechanical load, and
bone health will allow for more informed applications of TRT and other measures to aid

bone health in ageing, testosterone depleted men.
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5.5. Concluding Remarks:

This thesis has made contributions to our understanding of the hormonal and dietary
regulation of bone health, alongside interactions between these factors and mechanical
loading. By integrating findings on testosterone, leptin, and HFD, it has provided a view
of how these factors influence bone morphology and metabolism, both alone and in
combination with mechanical load. The results challenge existing paradigms, particularly
regarding the roles of leptin in bone remodelling and underscore the need for a more
nuanced approach to studying bone health in the context of metabolic disorders. The
differential effects of leptin and testosterone on bone turnover and remodelling suggest
potential therapeutic avenues for preventing bone loss. Developing pharmacological
agents that mimic or enhance the bone-protective effects of these hormones could offer
new treatments for osteoporosis and other metabolic bone diseases. Future research,
building on the findings presented here, will be crucial in developing effective strategies
to understand, prevent, and treat bone-related complications in individuals with

hormonal imbalances and obesity.
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Sample size calculations for study into the effects of testosterone and the drug

Rivaroxaban on atherosclerosis

Amy Spencer and Pete Laud

Experiment

The mice in this experiment are a strain that is prone to atherosclerosis. Six groups will
be subjected to various combinations of surgery, replacement testosterone therapy and

treatment with Rivaroxaban as follows:

Table 1: Experimental groups
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Surgery Testosterone Drug
therapy

Group 1 Sham None None
Group 2 Sham None Rivaroxaban
Group 3 Castrated None None
Group 4 Castrated None Rivaroxaban
Group 5 Castrated Testosterone None
Group 6 Castrated Testosterone Rivaroxaban

Testosterone is known to affect the amount of atherosclerotic plaque. Previous
experiments [1] have shown that castrated mice have larger amounts of plaque than
non-castrated mice and when castrated mice are treated with replacement
testosterone, the amount of plaque is decreased. This experiment will look at this
further, and in particular analyse the effects of Rivaroxaban on atherosclerosis in
combination with testosterone. This drug has previously been shown to decrease the

atherosclerotic plague in non-castrated mice [2].

Data from previous studies

A study [1] into the effect of testosterone in atherosclerotic mice had a sham surgery
(untreated) group, a castrated (untreated) group and a castrated group treated with
replacement testosterone. The mean atherosclerotic plaque observed in these groups
was 16.2%, 25.8% and 13.1% of the total area respectively with standard deviations
(SDs) of approximately 8% in the sham surgery and 5.5% in the castrated groups. This
suggests that castrating mice increases plaque area by around 60% and that treating

castrated mice with replacement testosterone decreases plaque area by around 50%.

Another study [2] investigated the effect of Rivaroxaban on mice (these mice were not
operated on or given any other treatment). The control group had mean and SD of 5.7%
(2.6%) compared to 3.3% (1.4%) for the treated group, suggesting that this treatment

reduced plaque areas by around 40%.
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It would be expected that the sham surgery group in [1] and the control group in [2]
should have similar results, which does not appear to be the case from the percentage
plaque areas given. However, this is likely to be due to subjective differences dependent
on the individual assessor. Although there is variability between studies, consistency is
expected within a study. For the sample size calculations given below we will use the
proportional changes observed in the means in both of these studies, but will base the
values of the means and SDs on those observed in [2]. We have chosen to do this
because the sample sizes were larger in this study suggesting better estimates. Also,
although this study does not have any data on castrated mice, the data from [1] suggests
that SDs may be smaller in castrated than non-castrated mice, so power calculations

based on SDs from [2] should be conservative.

Statistical analysis

As mentioned above, the effects of testosterone and Rivaroxaban on atherosclerosis
independently have been shown in previous studies. Therefore, it has been decided to

focus this study on the following comparisons:

e Group 2 vs Group 4: Do mice treated with Rivaroxaban produce a different
amount of atherosclerotic plague dependent on whether or not they are

castrated?

e Group 4 vs Group 6: Do castrated mice treated with Rivaroxaban produce a
different amount of atherosclerotic plaque dependent on whether or not they

are given replacement testosterone therapy?

e Group 5 vs Group 6: Do castrated mice given replacement testosterone therapy
produce a different amount of atherosclerotic plaque dependent on whether or

not they are treated with Rivaroxaban?

Each of these can be tested using a t-test. As there are three co-primary analyses, and
we wish to keep the overall Type | error rate at 5%, a significance level of 5%/3 = 1.67%
will be used. There is some evidence from the previous data to suggest that
Satterthwaite’s t-test for groups with unequal variances might be more appropriate, and

under appropriate conditions this would be expected to increase the power of the tests.
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Further t-tests, including ones using Groups 1 and 3 may be carried out as secondary
analyses, to confirm that the data collected in this study are comparative with those in
similar studies, thus validating the experiment, but the sample sizes given below do not

power for such tests.

Sample size calculations

Group 2 vs Group 4. Based on [2], we expect to see a mean of 3.3% (SD = 1.4%) in the
non-castrated group. If there is the same increase of 60% atherosclerotic plaque in
castrated mice as was observed in the non-Rivaroxaban treated groups in [1], 12 mice
per group would be required to have 80% power to detect this rise to a mean of 5.3%
plaque at the 1.67% significance level. To detect a more modest change of 50% (mean =

5.0% plaque), 16 mice per group would be required.

Group 4 vs Group 6. Assuming that the mean plaque area in Group 4 is 5.3% (SD = 1.4),
8 mice would be required to have 80% power to detect a 50% reduction in plaque area
(to 2.6%) in Group 6 (addition of testosterone) at the 1.67% level. This is the level of
reduction observed in [1] in castrated mice not treated with Rivaroxaban. If it is thought
that the effect could be more modest when Rivaroxaban is used, larger sample sizes may

be needed. Some alternatives are given in Table 2 below.

Table 2: Possible mean plaque areas for the group given testosterone (and the sample
size per group needed) for the test of the addition of testosterone in castrated mice
taking Rivaroxaban. Sample sizes calculated assuming 80% power and 1.67%

significance level.

Comparative reduction inMean plaque area in Group 4 (Castrated +
plaque in Group 6 (CastratedRivaroxaban)*

+ Rivaroxaban +5% 5 3%

Testosterone)

30% 3.5% (20) 3.7% (18)

40% 3.0% (12) 3.2% (11)

50% 2.5% (9) 2.6% (8)

257



*These mean plaque areas are based on those discussed in the Group 2 vs Group 4 test

section

Group 5 vs Group 6. The data in [2] suggests that Rivaroxaban can reduce the plaque
area by 40% in mice that have not been castrated. If this can be assumed to be the same
in mice which have been castrated but have had replacement testosterone therapy we
can calculate the number of mice per group needed to have 80% power to detect such
a change at the 1.67% significance level. If the mean plaque area in Group 6 is 3.2% (SD
= 1.4%), this is 40% lower than a mean plaque area of 5.3% in Group 5. In this case the
required sample size per group is 11. We may wish to assume different values of the
mean plaque area in the two groups and some options are given in Table 3 below, along

with the sample sizes needed to detect the differences.

Table 3: Possible mean plaque areas for the group not given Rivaroxaban (and the
sample size per group needed) for the test of the addition of Rivaroxaban in castrated
mice taking testosterone. Sample sizes calculated assuming 80% power and 1.67%

significance level.

Comparative reduction in |Mean plaque area in Group 6 (Castrated + Rivaroxaban +
plaque in Group 6 Testosterone)**
(Castrated + Rivaroxaban + 3.0% 3.2% 3.5% 3.7%
Testosterone)
30% 4.2% (30) 4.5% (26) 5.0% (20) 5.3% (18)
35% 4.6% (18) 4.9% (16) 5.3% (15) 5.7% (12)
40% 5.0% (12) 5.3% (11) 5.8% (10) 6.2% (9)

**These mean plaque areas are based on some of those given in Table 2 in the Group 4

vs Group 6 test section

Overall sample size strategy. The previous studies [1, 2] observed an increase of 60%, a
decrease of 50% and a decrease of 40% in the area of atherosclerotic plaque when
castration, replacement testosterone therapy (in castrated mice) and Rivaroxaban were
added, respectively, in the absence of other factors. We are now looking at those

changes when the baseline is already affected by something else. It may therefore be
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sensible to look for slightly more modest changes, for example an increase of 50% and

decreases of 40% and 35% respectively. This relates to the following mean plaque areas:
e Group2:3.3%
e Group 4:5.0%
e Group 5:4.6%
e Group 6: 3.0%

Sample sizes needed for the primary analyses with these means are: (2 vs 4) 16, (4 vs 6)
12 and (5 vs 6) 18. This means that while 18 mice would be required in groups 5 and 6,
only 16 would be required in groups 2 and 4, and smaller numbers of mice still could be

used in groups 1 and 3, which will only be used for secondary analyses. This is only one

example of a strategy based on looking for the given changes in the plaque areas.

[1] Testosterone study

[2] Rivaroxaban study
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Immunohistochemistry Isotype Controls:
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Figure 6.1: Isotype controls from Runx2, ALP, RANKL, OPG, and APN IHC staining
procedures. Scale bars are 50um.
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